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Abstract

As we age, sleep patterns undergo severe modifications of their micro and macrostructure, with 

an overall lighter and more fragmented sleep structure. In general, interventions targeting sleep 

represent an excellent opportunity not only to maintain life quality in the healthy aging population, 

but also to enhance cognitive performance and, when pathology arises, to potentially prevent/slow 

down conversion from e.g. Mild Cognitive Impairment (MCI) to Alzheimer’s Disease (AD). 

Sleep abnormalities are, in fact, one of the earliest recognizable biomarkers of dementia, being 

also partially responsible for a cascade of cortical events that worsen dementia pathophysiology, 

including impaired clearance systems leading to build-up of extracellular amyloid-β (Aβ) peptide 

and intracellular hyperphosphorylated tau proteins. In this context, Noninvasive Brain Stimulation 

(NiBS) techniques, such as transcranial electrical stimulation (tES) and transcranial magnetic 

stimulation (TMS), may help investigate the neural substrates of sleep, identify sleep-related 

pathology biomarkers, and ultimately help patients and healthy elderly individuals to restore sleep 

quality and cognitive performance. However, brain stimulation applications during sleep have 

so far not been fully investigated in healthy elderly cohorts, nor tested in AD patients or other 

related dementias. The manuscript discusses the role of sleep in normal and pathological aging, 

reviewing available evidence of NiBS applications during both wakefulness and sleep in healthy 
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elderly individuals as well as in MCI/AD patients. Rationale and details for potential future 

brain stimulation studies targeting sleep alterations in the aging brain are discussed, including 

enhancement of cognitive performance, overall quality of life as well as protein clearance.

1. INTRODUCTION

Growing older is a cause of both deficits in cognition and a reduced ability to initiate and 

maintain sleep (Ohayon et al., 2004). The most common aging-related sleep biomarkers 

include a pattern characterized by light and fragmented nighttime sleep, less slow cortical 

oscillations, and a drop of time spent in deeper sleep stages (N3; Ohayon et al., 2004). Sleep 

features like sleep spindles and K-complexes also demonstrate a dramatic fall in frequency 

and amplitude (Ohayon et al., 2004). This modified sleep pattern, involving a lack of deep 

sleep and disrupted circadian rhythms, is commonly recognized as an aging-related marker. 

Importantly, sleep disruptions have been identified as one of the earliest potential biomarkers 

of progression to dementia (Mander et al., 2016).

Alzheimer’s Disease (AD) is a progressive neurodegenerative disorder characterized by 

multi-domain cognitive impairment, ranging from short-term memory decline to speech 

difficulties, loss of behavioral control and loss of spatial and temporal orientation (Lane 

et al., 2018). Extracellular accumulation of amyloid-β (Aβ) peptide and intracellular 

aggregation of hyperphosphorylated tau proteins concur to AD neuro-pathogenesis and 

clinical symptoms (Ancoli-Israel et al., 2005; Liguori et al., 2014; Lim et al., 2013; Spira 

et al., 2013). Aβ and tau-proteins respectively clump in amyloid plaques and neurofibrillary 

tangles, which ultimately trigger a cascade of effects that leads to multidomain cognitive 

impairments (Lane et al., 2018). Nowadays, AD represents the most common form of 

dementia, affecting 3.9% of elderly individuals worldwide (Calderon-Garcidueñas and 

Duyckaerts, 2018), accounting for more than 72% of dementia cases (Reitz and Mayeux, 

2014). Before a formal diagnosis, patients might present an intermediate stage called Mild 

Cognitive Impairment (MCI), associated with cognitive deficiencies that are however not 

severe enough to cause impairment in the Activities of Daily Living (ADL; Eshkoor et al., 

2015). Interestingly, sleep abnormalities are considered early biomarkers of healthy elderly 

individuals at risk of developing MCI/AD. In fact, MCI/AD patients are more likely to show 

disrupted day–night activity patterns, even in early stages of the disease and/or before the 

clinical onset. For instance, a more accentuated drop in time spent in deeper stage of sleep 

(i.e. N3) is observed in early stage AD patients compared to healthy elderly individuals 

(Westerberg et al., 2012). Furthermore, AD patients also display additional sleep alterations, 

such as reduction of Rapid Eye Movement (REM) sleep (Prinz et al., 1982). Furthermore, 

a lack of deep sleep, together with fragmented and delayed circadian rhythms, slows down 

protein clearance mechanisms (Lim et al., 2013), favoring the consequent increase in Aβ 
levels that characterizes AD neuropathologic progression (Spira et al., 2013).

Therefore, early interventions targeting sleep disruptions may help avoiding, or at least 

slowing, conversion to dementia in vulnerable elderly individuals. Currently available 

experimental treatments for MCI/AD include pharmacological medications, diet, Bright 
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Light Therapy, and Auditory Stimulation. Nevertheless, contrasting results have so far been 

reported. As such, there is a strong need for innovative treatment interventions.

Recently, a few studies have explored the possibility of treating healthy elderly and MCI/AD 

patients with Noninvasive Brain Stimulation (NiBS) techniques to restore sleep quality 

and preserve or enhance physiologically-declining cognitive functions in healthy older 

population. It has been theorized that the promotion of slow waves during NREM stage 

in the elderly population may also have a protective effect on the risk of developing AD 

by enhancing Aβ clearance(Xie et al., 2013). Furthermore, the up-regulation of slow waves 

may restore damage to proteins caused by oxidative stress, as demonstrated in animal 

models (Everson, 2014). Evidence highlights that the amplitude and duration of SWS during 

the NREM stage are both important for the long-term consolidation of newly acquired 

memories, suggesting that sleep enhancement would slow the decline in cognitive abilities in 

healthy elderly individuals.

In this review, we will first introduce general notion on sleep patterns in healthy elderly 

individuals as well as how these mechanisms undergo biological changes related to aging. 

Then, we discuss the bidirectional link between sleep modifications, protein accumulation, 

and AD pathology. We will follow by providing a detailed overview of the most common 

NiBS techniques and protocols. Particular interest will be paid to studies which have made 

use of NiBS during sleep in healthy and pathological aging population, either to quantify 

sleep quality or to manipulate brain oscillations to improve cognitive performance.

2. SLEEP MODIFICATIONS IN HEALTHY AGING

As we get older, substantial modifications of sleep macro and microstructure are part of the 

normal aging process. Sleep in the elderly population is worsened in both length and internal 

structure (Ohayon et al., 2004). The whole circadian rhythm decreases in amplitude and 

shows an early phase-shift (Monk, 2005). In fact, middle and older aged individuals present 

higher subjective sleepiness ratings during the late afternoon and early evening compared 

to younger subjects (Münch et al., 2005). Even so, the sleep-onset latency (time required 

to fall asleep) is almost twice as long as older than younger participants (Crowley, 2002), 

and after falling asleep elderly show a disrupted and shorter sleep pattern. Total Sleep Time 

(TST) lowers from around 7.4h in early life to 5.6h in older age (Crowley, 2002). As a 

consequence, regular diurnal napping increases, growing 25% after the 75th year, therefore 

worsening the cycle shift (Foley et al., 2007). During nighttime elderly individuals usually 

spend twice as much overnight time in unwanted wakefulness (Bliwise, 1993), drastically 

dropping sleep efficiency. Frequent arousals are a result of different concurrent factors. First, 

elderly individuals are more sensitive to the external environment, showing a lower arousal 

threshold to auditory stimuli (Zepelin et al., 1984). Furthermore, once sleep is interrupted, 

the transition from sleep to a fully awake state occurs more rapidly in older subjects without 

a subsequent increase of sleepiness, thereby delaying the start of sleep again (Dement et al., 

1985).

The internal sleep structure is also disrupted. REM-NREM cycles are shorter and fewer, 

with a mean of 3.46 cycles per night in elderly individuals compared to the usual 4–5 in 
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adults (Conte et al., 2014). Singularly, while time spent in the REM stage overnight seems 

to slightly decrease (Ohayon et al., 2004; Redline et al., 2004), this drop is not as noticeable 

as in N3 (also called slow-wave sleep or SWS) stage. In fact, the strongest age biomarker 

is a steady drop of time spent in N3 stage, as proved by a wide meta-analysis and different 

studies on great cohorts of participants (Bliwise, 1993; Cauter et al., 2000; Ohayon et al., 

2004; Redline et al., 2004). N3 is then replaced by a greater amount in lighter phases, 

NREM1 (N1) and NREM2 (N2; Bliwise, 1993; Cauter et al., 2000; Ohayon et al., 2004; 

Redline et al., 2004).

The increase of time in lighter phases is greater in N1 than N2, but this latter undergoes 

more changes in its typical EEG features, with a decrement of sleep spindles (transient 

oscillations occurring at 12–15Hz playing a role in memory consolidation) and both 

spontaneous and elicited K-complexes (Kc, singular waveforms of about 0.5 seconds 

involved in preventing sleep fragmentation; Conte et al., 2014; Clawson et al., 2016; Halasz, 

2005). Sleep spindles (SS) drop, in particular, is due to a substantial change in their form 

and occurrence. With advancing age, spindles undergo a constant decrement in density, 

amplitude, and duration (Carrier et al., 2011; Crowley, 2011, 2002). Disruptions were 

particularly marked during the last cycles (De Gennaro and Ferrara, 2003) and in anterior 

derivations, whereas duration changes were maximal in the posterior prominence (Martin et 

al., 2013), a sign of a differential propagation through the cortical network in the elderly. 

These alterations and SS role in sleep protection may explain difficulties experienced by 

elderly individuals in maintaining sleep during lighter NREM stages (Dang-Vu et al., 2011). 

Similarly, N3 modification is not only in its length but also in its EEG microstructure. A 

drop in total Slow Wave Activity (SWA; spectral power density from 0.5 to 4.5Hz; or delta 

activity), is a pivotal biomarker of aging and is used to test sleep quality and homeostatic 

sleep pressure (Bliwise, 1993; Cauter et al., 2000; Feinberg et al., 1967; Landolt et al., 

1996). Similarly to SS, for elderly individuals, SWA fall is maximal over the prefrontal 

cortex (Carrier et al., 2011; Landolt et al., 1996).

To aggravate brain aging and consequent sleep difficulties, elderly individuals are 

also at higher risk of suffering from primary sleep disorders, such as insomnia and 

sleep-disordered breathing (SDB). Insomnia, diagnosed in case of disrupted sleep-wake 

cycle or difficulty falling asleep with a consequent impairment in daytime functioning 

(Diagnostic Classification Steering Committee TMJC; 2014), shows a prevalence that 

varies significantly between younger and older populations, reaching 40% in over 65 y/o 

individuals (Foley et al., 1995). The second most common sleep disorder in the older 

population is SDB, which includes a spectrum of respiratory disorders occurring during 

sleep with various severity, from benign snoring to obstructive sleep apnea (OSA). The latter 

is particularly insidious because of airflow cessation due to complete or partial collapse 

of upper airways. Similarly, to insomnia, SDB has a higher prevalence in the elderly. In 

a randomly selected cohort of 427 participants, 62% in the range age 65–95 showed an 

SDB (Ancoli-Israel et al., 1991). When diagnosed with SDB (e.g. OSA), elderly individuals 

also suffer significantly more than their younger counterparts with the same diagnosis. The 

influence of OSA on sleep microstructure is, in fact, more disruptive. Less delta activity 

is observed in EEG recordings of young OSA patients compared with older OSA patients, 

while the latter shows more theta, sigma, and alpha power (Lee et al., 2016).
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3. AGE-RELATED BRAIN CHANGES LEADING TO SLEEP ALTERATIONS

Age-related sleep, as well as cognition, motor, and living skills, is modified by dramatic 

alterations at many different levels of the brain, including extracellular changes, cortical 

atrophy, and neuronal loss. Once the pattern of sleep changes, it creates a cascade of 

consequences, establishing a positive feedback cycle that often feeds itself. We address the 

main modifications that happen in the aging brain, linking them to specific sleep disruptions 

in elderly individuals.

One of the most characteristic biomarkers of the aging brain is the neuronal loss 

resulting in cortical volume fallout. It is marked and replicable (Courchesne et al., 2000; 

Pfefferbaum et al., 1994; Resnick et al., 2003; Thambisetty et al., 2010), measured through 

different parameters such as total volume of the brain, cerebrospinal fluid (CSF), gray 

and white matter, cortical thickness, surface area, cell loss, and neuronal shrinkage (for 

a comprehensive review see Sowell et al., 2004). The age-related deterioration in white 

matter is less marked than abnormalities in cell bodies. In older individuals (age 70–80) the 

former is decreased by 13%, versus 26% for the latter (Courchesne et al., 2000). Whereas 

white matter decrease is widespread among the whole brain, gray matter deterioration is 

significantly higher in the frontal and parietal lobes (Resnick et al., 2003; Thambisetty et 

al., 2010). White matter also starts to shrink considerably later. While gray matter starts to 

decrease in volume at the end of childhood, white matter does not reach its volume plateau 

until the 4th decade, and only after it starts declining in volume (Courchesne et al., 2000), as 

is demonstrated by studies using diffusion tensor imaging (DTI; Westlye et al., 2009).

Because SW requires a large number of neurons to propagate, SWA disruptions may be 

a result of shrinking in specific regions (Mander et al., 2016), such as lateral and medial 

prefrontal neuronal loss. Multiple studies showed how a decrement in SW amplitude is 

predicted by neuronal loss in the medial PFC and the middle frontal gyrus, while impairment 

in density are correlated with deterioration of the areas surrounding the lateral fissure 

(insula, superior temporal, parietal and middle frontal gyrus (Dube et al., 2015; Mander 

et al., 2013). The prefrontal area is also impaired in its functionality, with a lower resting 

metabolic rate in older individuals compared to younger ones (Kakimoto et al., 2016). A 

lack of cognitive activity in the elderly, and a subsequent modification in synaptic plasticity, 

is also a causal factor in SWA decline. SW requires not only large populations of healthy 

neurons able to produce oscillations but also efficient synaptic connections among them 

(Esser et al., 2007). Even a rapid increase or decrease in synaptic strength (in number 

or efficacy) during awake states will, therefore, reflect a parallel subsequent enhancement 

or fall in SWA. After wakefulness, slow oscillations renormalize neural activity in N3, 

promoting synaptic depression thanks to low levels of norepinephrine, serotonin, and 

acetylcholine (for a review see Hanlon et al., 2011). More synapses are potentiated during 

wakefulness due to learning and motor tasks, and greater SWA is required during subsequent 

sleep to balance plasticity. An age-related drop in brain plasticity and a lack of cognitive 

activity in the elderly will then require less SWA.

Circadian rhythms are regulated by a complicated network within the brain stem and 

hypothalamic nuclei, which is also affected by age on many levels (for a comprehensive 
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review Rolls, 2012). Simplifying this intricate interrelationship the wake-promoting lateral 

hypothalamic area (LHA) and locus coeruleus (LC) help to maintain stable periods of 

wakefulness, while the preoptic area (POA) modulates LHA and LC function, sending 

inhibitory input to initiate and maintain sleep (Saper et al., 2010). The hypothalamic 

suprachiasmatic nucleus (SCN) is the endogenous clock promoting wakefulness during the 

day and permitting sleep (Mander et al., 2016; Wang et al., 2015). Age-related neuronal 

loss strikes these nuclei differently, disrupting the balance in sleep and wakefulness. The 

SCN age-related modifications involve alterations in neuronal network function, membrane 

properties, and modifications of components in cellular nuclei (for a complete review see 

Farajnia et al., 2014). Examinations post mortem showed a decrement in SCN volume 

and cell number in the elderly (Swaab et al., 1985; Zhou, 1995). Specific neuronal 

subpopulations are particularly affected by this shrinking, including those expressing 

vasoactive intestinal peptide (VIP), receiving direct light input from the retina, maintaining 

synchronicity between endogenous rhythms and the external light-dark cycle (Farajnia 

et al., 2014). Loss of VIP-ergic neurons would lead to a lower influence from light to 

internal rhythms, leading to reduced circadian control from SCN (Wang et al., 2015), and 

therefore advanced phase shift, greater nighttime movements, and an increased number of 

awakenings. Impairment in SCN function also reflects a desynchronized melatonin secretion 

cycle.

Melatonin cyclical concentrations are indeed controlled by the SCN via a multisynaptic 

pathway (for a comprehensive review see Benarroch, 2008). The peak in endogenous 

melatonin is 2 hours before habitual bedtime and is correlated with the onset of evening 

sleepiness. The aging process attenuates melatonin secretion at night in older individuals, 

while diurnal secretion is similar in elderly and young subjects (Cooke and Ancoli-Israel, 

2011; Copinschi and Caufriez, 2013; Münch et al., 2005). Its overnight decrement is linked 

to nocturnal light exposure in the elderly, mediated by the SNC. In fact, light exposure 

during the night results in a dose-dependent suppression of melatonin secretion (Benarroch, 

2008). By contrast, insufficient daytime light exposure, often seen in the elderly due to 

social isolation staying home-bound, elicits a desynchronization of the melatonin secretion 

cycle (Mishima et al., 2001), concurrent with a shift in the sleep-wake cycle.

The LHA is involved in wake-promoting thanks to neurons expressing hypocretin and 

orexin, with connections to other nuclei of the ascending brainstem arousal system. This 

structure, together with the LC, collectively maintains stable wake states (Saper et al., 2010). 

Both undergo a reduction of their neuronal subpopulations during the aging process. Elderly 

individuals show a 10% loss in the number of LHA hypocretin-orexin neurons (Hunt et al., 

2015) and a significant neuronal reduction in LC volume (Sasaki et al., 2006). Deterioration 

in these two structures is partially responsible for fragmentation and fragility of sleep, 

higher frequency arousal, and greater sleepiness during awake states in the elderly. The 

POA is formed by cells expressing inhibitory neuropeptide galanin (Saper et al., 2010), 

which undergoes a significant decline in aging. This results in abnormalities in overnight 

sleep consolidation. In fact, the degree of cell loss in the POA predicts the severity of sleep 

fragmentation in older adults (Lim et al., 2014).
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4. SLEEP AND COGNITION IN NON-PATHOLOGICAL AGING

As we age substantial changes also occur in various cognitive domains. Several studies 

tried to determine whether modifications in SWS, REM, and SS in aging directly lead to a 

general intellective decrease, or if changes in cognition and sleep share a common source, 

such as reduced brain volume, or cardiovascular, or neurochemical changes (for a review see 

Scullin and Bliwise, 2015). Many paradigms have studied how sleep deprivation influences 

subsequent cognitive performance in healthy elderly individuals. Surprisingly, after one 

or more nights of total sleep deprivation and sleep restriction, elderly people show less 

impaired cognitive performance during normal waking hours compared to younger adults 

(Bliese et al., 2007; Bonnet, 1989; Bonnet and Arand, 1989). The older group also presents 

faster reaction times and fewer lapses in tasks presented during normal sleeping hours 

(Duffy et al., 1998). Recent studies of experimentally altered circadian phase in subjects 

of different ages reported maintained reaction times in older versus younger individuals 

(Donnell et al., 2009; Silva et al., 2010). Therefore, even though sleep disruptions are far 

more marked in older adults than in younger adults, the former appears to be more resistant 

to the cognitive effects of sleep deprivation than younger controls. On the other hand, 

elderly people with self-reported insomnia presented a greater cognitive decline at a 3-year 

follow-up, underlining how long-term poor quality sleep is strongly associated with a greater 

risk of cognitive deficits (Cricco et al., 2001).

The main link between cognition and sleep has been provided by memory consolidation, 

the process that strengthens mnemonic traces. Sleep-dependent memory consolidation has 

been investigated by a wide range of learning protocols and results have been extensively 

reviewed (Diekelmann et al., 2009). NREM sleep plays the main role as the promoter of 

conversion of episodic representations from a labile hippocampal-dependent state to an 

increasingly hippocampal-independent one (Diekelmann et al., 2009). In fact, in young 

adults, SWS and delta power predict consolidation of episodic memories (Diekelmann et al., 

2009). Reduction in NREM features due to aging would result in impoverished hippocampal 

memory consolidation, and therefore predict a subsequent decline in memory retention, as 

established in various studies, not only in healthy elderly people (Aly and Moscovitch, 

2010; Backhaus et al., 2007; Giambra and Arenberg, 1993; Mary et al., 2013) but also 

in Mild Cognitive Impairment (MCI) patients (Westerberg et al., 2012). Due to aging, 

brain areas related to memory, such as the hippocampus and prefrontal cortex, undergo 

functional, neurochemical, and structural changes (Kalpouzos et al., 2009; Mander et al., 

2013; Mueller and Weiner, 2009). Consequently, even with adequate sleep, memories would 

not be consolidated as efficiently in older adults (Harand et al., 2012; Pace-Schott and 

Spencer, 2011; Scullin, 2013; Scullin and Bliwise, 2015).

A study by Mander et al. (2015) demonstrated how age-related atrophy of mPFC predicts 

SW drop, as well as long-term episodic memory impairment (Mander et al., 2013). To 

complicate the situation, other studies report negative correlations between memory and 

SWS quantity (Feinberg et al., 1967; Scullin, 2013; Seeck-Hirschner et al., 2012) leaving 

the question open. Results may be cohesively explained by drawing a distinction between 

N3 quantity and N3 quality (measured by the density of SWA). The application of various 

paradigms of transcranial electrical stimulation (tES) has been applied as an innovative and 
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efficient tool to investigate and manipulate this link between SWA and subsequent memory 

performance (see dedicated paragraph).

5. SLEEP DISRUPTIONS IN ALZHEIMER’S DISEASE

Typical age-associated sleep difficulties and disorders worsen life quality in the older 

population resulting in great distress for subjects and their caregivers. Drastic sleep 

disruptions are also a concurrent factor in accelerating and precipitate clinical symptoms and 

prognosis of a wide range of medical conditions, such as cardiovascular disease, arthritis, 

gastroesophageal reflux, and psychiatric comorbidities, including depression and anxiety. In 

particular, an abnormal sleep pattern is a major risk factor for developing Mild Cognitive 

Impairment (MCI), which may convert to Alzheimer’s Disease (AD). MCI identifies a 

spectrum of disease that describes an intermediate stage from normal cognitive function 

to dementia, involving cognitive complaints and deficits associated with minimal or no 

effect on complex daily activities (Roberts and Knopman, 2013), while AD is a chronic 

neurodegenerative disease characterized by extracellular accumulation of Aβ peptide and 

intracellular aggregation of hyperphosphorylated tau.

Drastic sleep modifications characterizing non-pathological aging represent a great risk 

factor for dementia. Studies on community-based populations have highlighted the link 

between delay and shrinkage of sleep-wake cycles (as measured by actigraphy) and the 

odds of developing AD (Tranah et al., 2011). General sleep fragmentation occurring with 

aging is associated with a 1.5-fold increased risk of developing dementia in a 6-year 

follow-up period (Lim et al., 2013). Excessive daytime sleepiness (EDS) itself has also 

been linked with twice the risk of developing dementia in a longitudinal cohort study (Foley 

et al., 2001). General sleep patterns are far more disrupted in AD patients compared to 

age-matched controls (Vitiello and Prinz, 1989). Specifically, AD patients show an increased 

number and duration of awakenings that lead to longer time spent in light sleep stages 

and daytime naps (Hatfield et al., 2004). NREM sleep keeps decreasing after the onset 

of AD and all along with the neurodegenerative progression (Loewenstein et al., 1982). 

Indeed, MCI patients already present a more accentuated decrease in the time spent in 

NREM related to age-matched controls (Westerberg et al., 2012). Decreased nighttime sleep 

efficiency in these patients is accompanied by marked daily EDS (Holth et al., 2017). 

Extreme sleep fragmentation is also observed in the sundown syndrome, associated with 

irritability, anxiety, agitation, and confusion happening from late afternoon to night time. 

Sleep pattern deteriorations similar to AD are also present in healthy elderly at higher 

biological risk for developing dementia, such as ApoE4 allele carriers (Hita-Yañez et al., 

2013).

N3 sleep in AD is characterized by diminished SWA (Prinz et al., 1982). During N2 sleep, 

AD patients present a 40% reduction in Kc density (De Gennaro et al., 2017). While normal 

aging is associated with a decrease in both evoked and spontaneous Kc, AD patients show 

mainly a decrease of the latter over frontal sites (Montplaisir et al., 1995; Prinz et al., 

1982). Kc drop is positively correlated with cognitive decline in AD, tested with the Mini 

Mental State Examination (MMSE; De Gennaro et al., 2017). SS also shows a significant 

drop in AD (Bliwise, 1993; Prinz et al., 1982), accentuated for fast parietal spindle density 
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(Westerberg et al., 2012b). This modification has been linked with impaired immediate 

episodic recall in AD patients (Rauchs et al., 2008). The deterioration of sleep spindles seen 

in MCI patients (Gorgoni et al., 2016) may be an early biomarker of a preclinical stage of 

dementia.

REM sleep shows a significant decrease in AD patients compared to normal controls, 

worsening along with clinical progression (Prinz et al., 1982). This change is due to shorter 

REM episodes, though no effect is seen on the total number of episodes (Petit et al., 2004). 

Other REM features, like muscle atonia and phasic EMG activity, also remain unchanged 

(Montplaisir et al., 1995). REM sleep onset is generally delayed, and the rebound of REM 

sleep following selective deprivation is blunted (Prinz et al., 1982; Reynolds et al., 1990). 

Similar to NREM, REM sleep time is highly predictive of cognitive impairment in both MCI 

patients and healthy elderly controls, showing a strong link with individuals’ MMSE score 

(Liguori et al., 2014). Higher-frequency EEG components, such as alpha, beta, and gamma 

frequencies, have been observed to progressively shift toward slower frequency components 

proportionally with the severity of the disease (for a review Cassani et al., 2018; Huang et 

al., 2000). Overall EEG slowing appears imputable, at least in part, to the diffusion of SW 

and theta waves during awake states and REM stage (Bliwise, 1993b; Hassainia et al., 1997; 

Peter-Derex et al., 2015; Xie et al., 2013), mostly in temporoparietal and frontal regions 

(Petit et al., 2004).

Almost two-thirds of MCI/AD patients display symptoms of at least one sleep disorder, 

often Sleep Disordered Breathing (SDB) or Insomnia (Guarnieri et al., 2012). Successful 

treatment of sleep disorders might act in delaying AD conversion in MCI patients (Osorio 

et al., 2015) and even improve cognitive functions in severe stages of AD (Moraes et al., 

2006). The incidence of obstructive sleep apnea syndrome (OSAS) increases with age, with 

higher risks for AD patients (Hoch et al., 1986; Reynolds et al., 1985). Those who present 

OSAS show more disrupted sleep patterns, characterized by a greater number of awakening 

episodes and less REM and SWS compared to AD patients without OSAS (Cooke et al., 

2006). Some studies have also found a positive correlation between the severity of dementia 

and SDB, both showing progressive linear worsening (Ancoli-Israel et al., 1991).

6. SLEEP, AGING, AND PROTEIN CLEARANCE

Sleep abnormalities that occur very early in the prodromal phase of dementia accelerate AD 

pathogenesis through Aβ and tau proteins accumulation (Ju et al., 2014; Lucey et al., 2017; 

Lucey and Bateman, 2014). The potential link between sleep alterations, amyloid-β, and tau 

accumulation has been already extensively described in healthy elderly (for a review, see 

Holth et al., 2017). Other studies have stressed the correlation between different subjective 

and objective sleep measures and various typical AD features, such as cortical Aβ burden, 

cerebrospinal fluid (CSF) measures of Aβ, and phospohorylated tau (Ancoli-Israel et al., 

2005; Liguori et al., 2014; Lim et al., 2013; Mander et al., 2015; Spira et al., 2013; 

Moraes et al., 2006). Brown and coworkers (2016) investigated Aβ burden by using Positron 

Emission Tomography (PET) with three different amyloid-binding ligands in 184 healthy 

elderly, together with measures of subjective sleep factors derived from the Pittsburgh 

Sleep Quality Index. Longer sleep latency was highly associated with higher neocortical 
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Aβ levels, although sleep duration, sleep efficiency, and daytime sleepiness was not. With 

a similar paradigm, but in a smaller cohort (51 healthy elderly), Branger and coworkers 

(2016) supported Brown et al.’s findings linking Aβ levels in prefrontal regions with longer 

sleep latency, but not with other sleep quality factors. Aβ concentration in the angular 

gyrus, frontal medial orbital cortex, cingulate gyrus, and precuneus has also been shown 

to highly correlate with self-reported poor sleep quality and daytime sleepiness in healthy 

elderly (Sprecher et al., 2017). Studies, where NREM sleep was modulated in healthy, 

middle-aged participants, have confirmed that SWA suppression increases CSF Aβ levels 

in the subsequent morning (Ju et al., 2017). CSF levels of tau and Aβ protein predicted 

the degree of diminished SWA time in AD patients, together with the decrease in sleep 

efficiency and REM time (Liguori et al., 2014). Aβ effects on NREM neurophysiology 

have been described in terms of higher levels of Aβ correlating with deficient SWA and 

subsequent impairment in sleep-dependent memory (Mander et al., 2015; Varga et al., 

2016). Gray matter atrophy in healthy elderly subjects was found to be correlated with 

age-related decline in SWA between a range of 1 to 4Hz (Mander et al., 2013). Differently, 

Aβ modifications in AD were mainly linked to changes in <1Hz SWA (Mander et al., 2015).

Animal studies also support the existence of a bidirectional link between sleep and AD, 

for which rodent AD models display increased sleep fragmentation and shorter NREM 

stages (Guarnieri et al., 2012). Experimentally increasing cortical Aβ has been reported 

to cause fragmentation of NREM sleep (Kang et al., 2009). Both the lack of sleep and 

pattern disruptions contribute to Aβ aggregation, which itself impairs SWS causing a 

vicious cycle of detrimental events (Ju et al., 2014). A few studies have suggested a 

major sleep-dependent role of the glymphatic system in dictating Aβ clearance (Xie et 

al., 2013). During NREM stages, glial cells shrink almost 60%, enabling CSF flow through 

the interstitial space. Clearance is therefore enhanced, removing extracellular toxins and 

metabolic components, including extracellular Aβ. Proteins are vacated twice as fast during 

SWS compared to wakefulness (Kang et al., 2009; Xie et al., 2013). In fact, because 

wakefulness requires a higher neurometabolic rate relative to NREM (Buchsbaum et al., 

1989), longer time spent without sleep directly impacts Aβ clearance. During awake 

states, neurons consume greater levels of oxygen and Adenosine TriPhosphate (ATP). 

NREM not only requires less oxygen and glucose consumption, but it is also responsible 

for ATP replenishment (Dworak et al., 2010). Amplified neurometabolic activity during 

wakefulness results in increased amyloid precursor protein (APP) production, triggering 

Aβ accumulation due to oxidative stress (Misonou et al., 2000). NREM, on the other side, 

actively regulates oxidative stress and promotes cellular repair (Everson, 2014b; Villafuerte 

et al., 2015). Moreover, chronic sleep disruptions and OSAS increase blood vessel stiffness 

by triggering chronic hypertension (Kyrtsos and Baras, 2015). This, combined with cerebral 

amyloid-β angiopathy (Weller et al., 2009), reduces clearance efficiency, thereby favoring 

the accumulation of extracellular Aβ. Therefore, when wakeful metabolic distress is not 

balanced by sufficient sleep, a cascade of neurotoxic and oxidative events promotes AD 

pathophysiology. This has been proven in multiple animal trials (Everson, 2014; Villafuerte 

et al., 2015). Tabuchi (2015) has suggested that changes in neuronal excitability underlie 

the effects of sleep loss on AD pathogenesis. Aβ accumulation due to sleep deprivation was 

successfully blocked by actively decreasing intrinsic cortical excitability in a drosophila AD 
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model. Conversely, increasing cortical excitability phenocopied the effects of sleep reduction 

on Aβ. Through action specific potassium (K+) currents, sleep loss exacerbates Aβ–induced 

hyperexcitability. Wakefulness neuronal activity also enable AD neurodegeneration due to 

wake-promoting peptide named orexin A/hypocretin-1 (Kang et al., 2009). Specifically, in 

transgenic mice that overexpress amyloid precursor protein (APP), Aβ level increases during 

wakefulness and after orexin-A infusion while it decreases during sleep and after infusion 

of an orexin-A receptor antagonist (Kang et al., 2009). In APP mice whose orexin gene is 

also knocked out, Aβ brain load is decreased and sleep time is increased (Roh et al., 2014). 

Moreover, sleep deprivation by the rescue of orexinergic neurons in APP mice increases 

the levels of cortical Aβ (Roh et al., 2014). Similarly, higher CSF orexin-A levels were 

observed in patients with AD compared with controls (Dauvilliers et al., 2014; Liguori et 

al., 2014; Wennström et al., 2012). CSF orexin-A levels are also correlated with tau protein 

levels and sleep-wake alterations in patients with AD (Liguori et al., 2014). Because orexin 

levels may directly influence amyloid clearance, Gabelle and coworkers (2019) collected 

PET images, Aβ load, CSF orexin-A level, and cognitive profile of 23 subjects older 

than 65 years with a diagnosis of narcolepsy type 1 (NT1). NT1 is a chronic disease, 

characterized by EDS and cataplexy, and caused by destruction of orexin neurons. Because 

it is usually diagnosed around 16–20 years of age, individuals without orexin influence on 

Aβ accumulation since young age, may be partially protected by AD risk. The study, in fact, 

showed lower cortical amyloid burden obtained with all subcortical and cortical reference 

regions (except cingulum) in NT1 subjects compared to age and sex matched controls. This 

delayed appearance of amyloid claque in narcoleptic patients proves orexin as one of the 

influencers in Aβ load.

In the last years, new studies are currently shifting the focus of AD research onto REM 

sleep. Indeed, MCI/AD patients, in contrast to healthy elderly patients, demonstrate REM 

abnormalities in overall time spent in this stage, quality, and EEG features (Petit et al., 

2004; Prinz et al., 1982; Reynolds et al., 1990). A reduction in REM time is also positively 

correlated with Aβ levels (Kerbler et al., 2014), presumably mediated by degeneration of 

cholinergic projection neurons within the brainstem and basal forebrain (Montplaisir et al., 

1998).

7. NETWORK MODIFICATIONS DURING SLEEP IN HEALTHY AND 

PATHOLOGICAL AGING

The human brain is organized in a set of functional networks whose synchronized 

activity span between spatially distinct interconnected areas (as measured via functional 

connectivity, FC, analysis using fMRI). These so-called resting-state networks (RSNs) 

include regions responsible for both sensory processing as well as for high order cognition, 

with the main networks being the default mode (DMN), executive control, sensorimotor, 

attention, salience, and visual network (Damoiseaux et al., 2006; Heuvel et al., 2009; Zuo 

et al., 2010). The DMN is particularly relevant due to its pivotal role in the spontaneous 

activity of the human brain. Anatomical regions belonging to the DMN include inferior 

parietal lobules, precuneus, posterior cingulate cortex, medial frontal cortices, lateral-medial 

temporal cortices, and the hippocampi (Kernbach et al., 2018). DMN plays a role in memory 
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consolidation, mental imagery, internal dialogue and maintenance of long-term memory 

(Buckner et al., 2008; Uddin et al., 2009). Furthermore, its oscillatory activity is negatively 

correlated with other resting-state networks and has been promoted as a marker of healthy 

cognitive functioning and healthy aging (Santarnecchi et al., 2017; R. Nathan Spreng et al., 

2016).

As for what concerns the relationship between network alterations and sleep, studies have 

revealed how FC between DMN regions increases in SWS and decreases in REM stages. 

This pattern is also similar to hippocampal activity, which is tightly related to long-term 

memory consolidation and retention (Diekelmann et al., 2011; Diekelmann and Born, 2010; 

Grosmark et al., 2012). DMN’s activity changes during the SWS periods have been found 

to be negatively correlated with those during the REM period (Watanabe et al., 2014). On 

the other hand, the frontoparietal network (FPN), which consists of regions engaged during 

attentional cognitive tasks (Dosenbach et al., 2006; Fair et al., 2009), shows the opposite 

pattern of modulation. Interestingly, local neural activity in frontoparietal areas is reduced 

during SWS periods (Huber et al., 2006, 2004; Nir et al., 2011).

Networks Modification Subsequent to Poor Sleep.

Sleep disruptions have generally been associated with alterations in FC of the DMN and 

attentional networks (De Havas et al., 2012; Scullin, 2017). A nighttime lack of sleep 

has been associated with a deficit in the FC within the DMN the following morning, 

as well as within other RSNs (Kaufmann et al., 2016). Interestingly, using resting-state 

fMRI in healthy controls under controlled sleep deprivation, studies have demonstrated an 

aberrant functional activity not only within the DMN but also between the DMN and its 

negatively correlated regions (De Havas et al., 2012; Verweij et al., 2014). Interestingly, 

patients with chronic sleep disorders (e.g. insomnia) show greater connectivity modifications 

during wakefulness. Santarnecchi and colleagues (2018) reported how patients with chronic 

insomnia present a weaker connection between DMN and the supplemental motor area. 

Furthermore, the authors found that earlier age of insomnia onset positively correlated 

with FC within DMN, suggesting the importance of addressing insomnia-related effects on 

brain connectivity as early as possible to possibly prevent long-lasting DMN connectivity 

reshaping. Additionally, further analysis highlighted a reduction of connectivity between 

the occipital lobe and two bilateral temporal clusters overlapping with the hippocampus 

(Santarnecchi et al., 2018), in line with the known role of temporal lobe structures in 

memory consolidation processes (Riemann et al., 2010; Prince and Abel, 2013; Havekes et 

al., 2016). These studies indicate the potential importance of sleep on the maintenance 

of DMN activity during wakefulness. This is particularly relevant when taking into 

consideration the tight relationship between memory deficit, cortical network modifications, 

and sleep disruptions in aging.

Networks Modifications in Aging.

Overall, the most consistent finding across all studies is that older adults have lower FC 

between regions of the DMN compared to younger adults (Dennis and Thompson, 2014; 

Ferreira and Busatto, 2013). Age-related differences in functional connectivity have also 

been observed in other brain networks such as the dorsal attention (DAN), salience, and 
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sensorimotor networks (Allen et al., 2011; Onoda et al., 2012; Tomasi and Volkow, 2012). 

However, to date, none of these differences have been reported as strong and replicable 

as those observed in the DMN. New studies are now focusing on age-related differences 

in between-network FC in addition to just within-network FC. For example, Spreng and 

colleagues (2016) examined age-related FC differences within and between DMN and DAN. 

They found lower within-network functional connectivity and higher between-network 

functional connectivity in older adults compared to the younger controls (R.N. Spreng et 

al., 2016). Studies also found age-related FC changes in a context of selective attention. 

The Ventral Attention Network (VAN), specifically, underlies selective attention. Deslauriers 

and coworkers (2017) reported greater connectivity among posterior regions of the VAN in 

older adults when compared to a younger cohort, but weaker connectivity among anterior 

regions (right anterior insula, right medial superior frontal gyrus, and right middle frontal 

gyrus). Data suggest posterior regions increasing their engagement in older adults as a 

compensatory consequence of reduced connectivity within anterior regions, suggesting a 

reorganization of network FC as a potential biomarker of aging-related attention deficits 

(Deslauriers et al., 2017).

Networks Disruptions in AD.

Within the AD pathology, DMN posterior-ventral and anterior-dorsal progressive 

deterioration have been observed to closely mirror PET-detected amyloidosis and 

hippocampal atrophy, closely accounting for changes in cognition as well (Buckner et 

al., 2005; Jones et al., 2016). Furthermore, the carriers of the ApoE ε4 allele, which 

is the most potent risk factor for AD, also show DMN impairment similar to that of 

preclinical AD, even in the absence of Aβ deposition in the brain (Sheline et al., 2010). 

As the pathology progresses, the loss of connectivity within DMN posterior regions is 

accompanied by an increase in their interaction with ventral areas instead (Jones et al., 

2016), reflecting a malignant hyperconnectivity that outbreaks DMN boundaries and rather 

starts to involve other brain networks. For instance, key areas of the Salience Network (SN), 

such as the cingulate cortex and ventral striatum, as well as areas belonging to the Executive 

Control Network, show increased connectivity in AD (Agosta et al., 2012; Zhou et al., 

2010). Other studies have pointed out a progressive decrease in Dorsal Attention (DAN) 

and Sensorimotor network (SMN) connectivity to also accompany AD clinical progression 

(Brier et al., 2012), with a different profile of disaggregation differentiating different forms 

of dementia (Zhou et al., 2010).

In general, alterations of network dynamics rather than changes in regional activity seem to 

constitute better markers of disease, and potentially capture subtle changes characterizing 

transitions across disease stages. Interventions targeting sleep dynamics might have a 

beneficial impact on overall cognition and daytime performance in healthy and diseased 

individuals.

8. NONINVASIVE BRAIN STIMULATION (NiBS)

Sleep disorganization appears to be among the earliest observable symptoms of MCI/AD. 

The current concept is that sleep disruption accelerates AD pathogenesis by promoting Aβ 
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and tau protein accumulation. Along this line, it has been suggested that early treatment 

of sleep dysfunctions in young elderly and MCI patients could prevent or slow down 

the progression to dementia (Roberts and Knopman, 2013). Traditional interventions on 

sleep abnormalities include Cognitive-behavioral Therapy, pharmacological medications, as 

well as Bright Light Therapy combined with melatonin administration (Dowling et al., 

2008). Furthermore, auditory stimulation seems also able to enhance SWA and improve 

memory retention (Papalambros et al., 2017). Recent studies have explored the possibility 

of treating healthy elderly and MCI/AD patients with Noninvasive Brain Stimulation (NiBS) 

techniques to restore sleep quality and to preserve or enhance physiologically-declining 

cognitive functions. NiBS techniques include transcranial magnetic stimulation (TMS) and 

transcranial electrical stimulation (tES; Valero-Cabré et al., 2017). Both approaches have 

been applied as potential therapeutic interventions in psychiatry and neurology (Cappon et 

al., 2016; Lefaucheur et al., 2017; Rossini and Rossi, 2007). A brief description of the main 

TMS and tES techniques available to date for mapping and modulating brain functions are 

reported below (Figure 1).

Transcranial Magnetic Stimulation (TMS).

TMS is based on Faraday’s principle of electromagnetic induction: a pulse of electrical 

current flows through loops of wire (forming the magnetic coil) and generates a rapidly 

changing magnetic field perpendicular to coil plane, that induces an electric field parallel to 

the inner surface of the conductor (Rossi et al., 2009). TMS is able to modify intracortical 

excitability and activate distant cortical, subcortical, and spinal structures along with specific 

connections. Different strengths and forms of electrical fields can be generated by TMS, 

modifying physical and biological parameters, such as magnetic pulse waveform, coil shape, 

and orientation, intensity, frequency and pattern of stimulation. TMS has been applied by 

means of several protocols including single pulses (single-pulse TMS), pairs of stimuli 

separated by variable intervals (paired-pulse TMS), or trains of repetitive stimuli at various 

frequencies (repetitive TMS or rTMS). Below we offer a short review of the principal 

TMS-derived measures and protocols.

Single-pulse TMS is applied to the motor cortex at an appropriate stimulation 

intensity, eliciting motor evoked potentials (MEPs) which can be recorded by means of 

electromyography from the contralateral muscles. The activation of corticospinal descending 

pathways by means of TMS has been suggested to occur predominantly via interneurons in 

the superficial cortical layers (Di Lazzaro et al., 2007). MEPs amplitude reflects not only 

the integrity of corticospinal tracts and conduction properties along the peripheral motor 

pathways but also the degree of separation between successive pulses delivered through 

the same coil, with a possible inter-stimulus interval (ISI) lasting from a few milliseconds 

to hundreds of milliseconds. This method is used to explore inhibitory or excitatory 

intracortical networks depending on the intensity and ISI used (Kujirai et al., 1993; Valls­

Solé et al., 1992). rTMS refers to the application of repeated stimuli over a single cortical 

site. Stimulation can be high-frequency (>1Hz) or low frequency (<1Hz; Rossi et al., 2009). 

rTMS can be used to study plasticity-like changes in healthy subjects, as the effects of 

stimulation on cortical excitability have been found to outlast the TMS duration, with 
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differences depending on stimulation parameters and inter-individual variability (Maeda et 

al., 2000).

The combined use of TMS and EEG enables a deeper investigation of local reactivity and 

neural connectivity mechanisms. Indeed, TMS can be used to perturb neuronal networks, 

while EEG can enable the measurement of brain dynamics in response to perturbation 

(Figure 2). TMS pulse to a specific region is indeed known to evoke activation over 

secondary interconnected cortical areas. For this reason, TMS-EEG has become of particular 

interest to study causal communication connections between distant brain regions with 

a high temporal resolution, providing insights into mechanisms of effective connectivity 

(Friston et al., 1993; Massimini et al., 2005). When a single TMS pulse is applied over 

a specific cortical region, the transmission of generated activity can be detected by space­

temporal analysis of TMS-evoked potentials (TEPs; Ilmoniemi et al., 1997). Furthermore, 

time-frequency analysis allow to measure TMS evoked cortical oscillations, highlighting 

how different cortical areas resonate at specific frequencies in response to perturbation (e.g. 

alpha in the occipital cortex, beta in the motor cortex), mirroring their dominant (so-called 

“natural”) spontaneous regional oscillatory activity (Rosanova et al., 2009).

Transcranial Electrical Stimulation (tES).

tES involves the transmission of weak electrical currents (1–2mA) through the scalp to 

modulate firing properties of cortical neurons and ongoing rhythmic brain activity (Paulus 

et al., 2013; Ruffini et al., 2013). tES requires at least two surface electrodes of different 

polarities, soaked with saline water or electroconductive gel, applied to the subject’s scalp 

and connected to a current-controlled waveform generator. Modern versions of tES employ 

multiple small electrodes and detailed, realistic modeling of the electric field generated by 

the montage in the individual brain. Various tES protocols can be implemented by changing 

dose parameters such as shape, position, and numbers of electrodes, current waveform, 

frequency, duration of stimulation and number and timing of sessions. Different techniques 

include transcranial direct current stimulation (tDCS), transcranial alternating current 

stimulation (tACS; Herrmann et al., 2013), and transcranial random noise stimulation 

(tRNS; Paulus, 2011; Ruffini et al., 2013). For the purpose of the review and their 

application in studies of sleep and aging, we below discuss only tDCS and tACS.

tDCS only modulates spontaneous neuronal activity and it does not cause direct neuronal 

firing. tDCS modulates brain excitability through the application of low-amplitude (0.5–

2mA) electrical fields in the cortex (0.2–2V/m, Ruffini et al., 2018). In early studies, tDCS 

was combined with TMS to investigate the modification of primary motor cortex (M1) 

cortical excitability (Nitsche and Paulus, 2000). tDCS induces polarity specific changes in 

the targeted neural population, with anodal depolarization and cathodal hyperpolarization of 

the resting membrane (Nitsche et al., 2005). These modifications have been proved to outlast 

the stimulation time and they were even more robust offline than during current delivery. 

Moreover, it has been demonstrated that the effects can be altered by pharmacological 

interventions acting on the central nervous system (Stagg and Nitsche, 2011).

While tDCS induces a constant, non-oscillating current, tACS generates a current profile 

leading to alternating electric field directions (Herrmann et al., 2013; Tavakoli and Yun, 
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2017). tACS might be used to investigate and modulate neuronal oscillatory dynamics (Antal 

and Paulus, 2013; Paulus, 2011). When applied at one of conventional EEG frequencies 

(0.1–80Hz), tACS is able to interact with ongoing cortical rhythms, causing endogenous 

oscillations to become synchronized with outer stimuli. The efficacy of tACS can, therefore, 

be determined based on induced changes in EEG spectral power and phase-coherence 

induction on stimulated areas and networks (Boyle et al., 2013; T. Roh et al., 2014). To date, 

only “interleaved” EEG-tACS paradigms recording pre- and post-stimulus EEG (to avoid 

signal tACS artifacts on EEG) have been successfully demonstrated (see, e.g., Castellano et 

al., 2017) .

tES devices are portable and have an excellent safety profile (stimulation is generally 

well tolerated, relatively inexpensive, and readily available), therefore their application in 

clinical and research domains is particularly appealing. It has been widely used over the 

past decade and has made significant contributions in the field clinical psychology (for a 

review see Zhao et al., 2017) and cognitive processes (for a review see Kuo and Nitsche, 

2012). Finally, personalized hybrid biophysical and physiological models of brain networks 

are poised to play a key role in the evolution of network-oriented transcranial stimulation. 

Current research is exploring the potential for model-driven optimization of tES to target 

both individual nodes or entire brain networks (Ruffini et al., 2018).

9. NiBS APPLICATIONS IN SLEEP

Historically, the application of an external current to induce sleep-like states started in 

early 1900. Robinovitch (1914) was the first one to introduce the concept of electrosleep 

therapy. Usually, electrosleep applied a pulsating direct current for up to 120 minutes, with 

electrodes attached to eyes and mastoids (for a comprehensive review see Guleyupoglu et 

al., 2013). Although most of the studies lack methodological rigor (e.g., no control with 

sham condition or no electrophysiological measures) this technique indeed induced sleep 

improvements (Brown, 1975; Sergeev, 1963; von Richthofen and Mellor, 1979) including 

inducing sleepiness, damping anxiety, fatigue, and depressive symptoms (Frankel, 1974). 

During the last decade, several TMS studies have also been conducted to investigate the 

physiology and pathophysiology of sleep structure in healthy and clinical populations. A 

growing number of studies exploited a combination of TMS paradigms (sTMS, ppTMS, 

rTMS, as well as TMS-EEG) to (1) gain insights into the mechanisms of sleep disorders 

to reveal patterns of abnormal cortical excitability; (2) assess the effects of specific 

pharmacological interventions; (3) treat patients with (e.g rTMS) in attempt to restore 

physiological excitability levels. We discuss below the successful combination of TMS with 

EEG to investigate cortical oscillations and their modifications during sleep.

TMS and TMS-EEG to Investigate Sleep Dynamics.

Causal relationships between sleep homeostasis, synaptic plasticity, consciousness, and slow 

waves have been investigated within the theoretical framework of the information integration 

theory of consciousness (IITC) proposed by Tononi (2004). In this context, consciousness 

is the ability of the brain to integrate information and effective communication between 

neuronal assemblies is crucial for conscious experience. The current concept is that efficient 
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transfer of neuronal information is strictly dependent on effective brain connectivity, which 

refers to the opportunity for a group of neurons to causally regulate the behavior of other 

groups of neurons inside a network. In this context, the TMS-EEG approach has been 

adopted to understand if mechanisms of fading of consciousness (as during sleep) are related 

to a disruption of effective connectivity. In a series of experiments, TMS-EEG has been 

applied while participants kept their eyes closed on a reclining chair and proceeded from 

wakefulness to NREM sleep. Massimini and coworkers (2012, 2005) assessed the cortical 

reactivity during NREM sleep and compared it to a wakeful state. The authors found that 

TMS pulses during wakefulness generate a systematically organized propagation along 

with short- and long-distance cortico-cortical connections. By contrast, stimulation during 

deep stages of sleep resulted in a local cortical response that did not propagate. Moreover, 

TMS during wakefulness generated low amplitude high-frequency waves, while stimulation 

during sleep evoked high amplitude low-frequency waves. The authors argued that, while 

during wakefulness and REM sleep the brain is able to sustain long-range, complex 

sequences of activation, during NREM sleep, when consciousness dissolves, this ability 

is lost. During NREM stages, the neuronal system disintegrates into independent modules 

that produce the stereotypical SWA. Tononi and Cirelli (2003) have also proposed the 

synaptic homeostasis hypothesis, according to which SWA homeostasis reflects a cascade 

of functional events. These events may restore the level of energy required for synaptic 

functioning and may regulate the activity of cellular elements enabling learning. Therefore, 

if wakefulness is associated with synaptic potentiation resulting in an increase in synaptic 

strength, sleep is instead involved in triggering homeostatic regulation of synaptic weights. 

Consequently, the amplitude of TMS evoked potentials is expected to be higher at the end of 

a day of wakefulness and lower after a night of sleep (Tononi and Cirelli, 2006).

Because sleep deprivation sensitizes the brain to epileptogenic activity, it is considered a 

major risk factor for seizure precipitation in epileptic patients (Dinner, 2002). Different 

studies applied TMS to investigate the link between sleep deprivation and its ability 

to modify cortical and corticospinal excitability. De Gennaro and coworkers (2007) 

investigated those mechanisms by sleepiness assessment, EEG spectral power maps and 

several TMS measures, such as paired-pulse short intracortical facilitation and inhibition, 

and different motor thresholds (MTs), such as standard (ST), lower (LT), and upper 

threshold (UT). The cohort was composed of 33 normal subjects tested before and after 

40 hours of sleep deprivation. Results showed that a night of sleep deprivation profoundly 

affects different measures of cortical activation. EEG slow frequencies increased in most 

cortical regions with a focus on midline frontal and central areas, accompanied by large 

increases in delta and theta activity. Standard MTs, LTs, and UTs, all increased as 

a consequence of sleep deprivation. Short interval intracortical facilitation (SICF) after 

nighttime wakefulness also displays a significant increase, but only in women. Overall 

neural deactivation was associated with an increase in subjective sleepiness, as well as a 

decrease of subjective alertness. Importantly, EEG slowing and loss of complexity are strong 

biomarkers of sleep deprivation, also observed in diseases like Alzheimer’s and Parkinson’s 

Disease (Abásolo et al., 2006; Dauwels et al., 2010; Ruffini et al., 2019). The study by De 

Gennaro et al (2007) partially confirms the synaptic homeostasis hypothesis by Tononi and 

Cirelli (2003) and it poses a first evidence of applying TMS to study sleep dynamics.
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tES to Manipulate Sleep Oscillations.

While a unifying theoretical account of cortical SWA is still lacking, some lines of 

research have provided possible explanations of the underlying mechanisms and functional 

role of SWA and its link with faster oscillations. SW is caused by brief periods of 

hyperpolarization in cortical and thalamocortical neurons due to a firing rate reduction 

of ascending activating neuronal assemblies (down states; Llinás and Steriade, 2006). 

Experimental evidence has supported a strong link between SWA homeostatic regulation and 

learning mechanisms. According to the synaptic homeostasis hypothesis (Tononi and Cirelli, 

2006), modifications in synaptic bounds during waking (e.g. due to learning) influence SWA 

formation and propagation. The up-regulation of SWA synchrony is functionally relevant 

in the consolidation of new memories during sleep. The functional interaction between 

SWA and spindles (SS) is one of the main factors that support this process. When firing 

rate reduction of ascending activating neuronal assemblies generates down-states, SS is 

suppressed. SWA and SS are, in fact, phase coupled during NREM and the spatio-temporal 

coupling between spindles and SWA is believed to trigger replay and strengthening of 

mnemonic traces (Diekelmann et al., 2009).

With the foregoing in mind, tES has been applied to enhance SWA during NREM, 

investigating the relationship between SWA and memory consolidation. Marshall and 

colleagues (2006, 2004) were the first to investigate the effects of anodal slow oscillation 

transcranial electrical current (otDCS, combination of tACS and tDCS) during sleep in 

young adults. Stimulation was applied during SWA in N2 at 0.75Hz on frontolateral areas 

(F3-F4). Participants performed a declarative episodic memory task before nighttime sleep 

and in the morning after awakening. The authors reported improved declarative memory 

linked with increased SWA (Marshall et al., 2006, 2004). Ten years after, Marshall’s group 

also demonstrated a positive effect on cognitive function in rodents, similarly triggered 

by tACS during NREM (Binder et al., 2014). During the following decade, these results 

were replicated, usually in young individuals. Typical experimental paradigms consisted 

of sinusoidal waves applied at frequencies of 0.5–1.2Hz over F3-F4 with an open or closed­

loop tACS device. Enhanced SWA and delta power, triggering an increase in gamma and 

sigma waves followed by better performance in declarative memory tasks, has always been 

reported (Jones et al., 2018; Ketz et al., 2018).

Because subjective sleep quality positively correlates with SWA duration (Akerstedt et al., 

2009), tACS or otDCS applied to enhance SWA and SWS time may also be of interest. 

Ketz and colleagues (2018) not only reported improved memory consolidation following a 

closed-loop tACS intervention designed to match the phase and frequency of endogenous 

SWA in NREM sleep (Robinson et al., 2018), but also significant improvements in sleep 

quality measures. Focusing on different memory domains and EEG features, Lustenberger 

and colleagues (2016) applied an EEG-controlled approach that restricted the application of 

12Hz feedback-tACS (FB-tACS) to bilateral frontal lobes only when sleep spindles were 

detected, therefore stimulating only when the sigma power (11.5–15.5Hz) was prevalent. 

The authors reported increased motor memory consolidation after stimulation tested via 

a motor sequence tapping task. Differently, Lafon and coworkers, (2017) reported an 

unsuccessful attempt to entrain sleep spindles while applying low-frequency tACS in 
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healthy subjects. The authors measured endogenous spindle power intracranially during 

NREM sleep using invasive pre-surgical electrocorticography monitoring in 13 patients with 

epilepsy, finding no stable evidence of entrainment. Even thought the main reason for the 

failure in entraining spindles activity could be attribute to the underlying epileptic activity, it 

should also be noted that stimulation intensity varied across the two studies, with the latter 

applying significantly weakers currents (<0.05 V/m).

Interestingly, an attempt has been made also at promoting sleepiness in awake participants 

using tES. In a recent study, authors administered 5Hz anodal oscillatory tDCS (a technique 

similar to tACS) on frontal areas, targeting spontaneous slow frequency EEG activity. As a 

result, the rising of slow oscillations seemed to increase subjective measures of sleepiness 

(Atri et al., 2016), opening the way to interesting applications in aging individuals. 

Finally, even though not immediately translatable to aging-related processes, one study has 

investigated the possibility of applying tES during REM sleep to modulate dreams. Voss 

and coworkers (2014) administered frontotemporal tACS following ~2min of uninterrupted 

arousal-free REM sleep with different frequencies. Participants were then awakened and 

asked to rate dream consciousness based on a validated scale. According to the authors, 

lower gamma band (40Hz) stimulation during REM sleep increased self-awareness of 

participants’ dreams (Voss et al., 2014), a potentially indirect marker of a more stable and 

organized REM cycle.

10. NIBS APPLICATIONS IN ALZHEIMER’S DISEASE DURING 

WAKEFULNESS

NiBS applications in healthy aging population during wakefulness can be successfully 

implemented with various positive outcomes, such as improving performance and quality 

of life. TMS and tES proved to be an excellent tool to treat cognitive functioning in the 

elderly, promoting plastic effects that could trigger beneficial compensatory activity. As 

for MCI/AD patients, to date, the Federal Drug Administration (FDA) has approved 5 

drugs, mostly focusing on symptom management. Holistic and lifestyle modifications are 

recommended, including modifications to diet, exercise, and social environment, sometimes 

combined with computerized cognitive training. Because none of these existing therapies 

has a direct effect on the underlying neuropathology, NiBS methods may be a potentially 

crucial tool to slow MCI/AD conversion and progression (for a review see Gonsalvez et 

al., 2016). Therefore, we will give priority to discuss possible TMS and tES applications in 

MCI/AD patients, emphasizing outcomes and experimental paradigms. We refer elsewhere 

for a comprehensive review of NiBS applications in healthy aging population with the goal 

to preserve or enhance physiologically-declining cognitive functions (Tatti et al., 2016).

TMS in AD during Wakefulness.

TMS has been shown to enhance various cognitive skills, such as verbal memory, episodic 

memory, working memory, and executive functions (Manenti et al., 2012). Several clinical 

trials tested different rTMS protocols for cognitive improvement in AD patients with 

encouraging results (Cotelli et al., 2008, 2006, 2012; Devi et al., 2014; Eliasova et al., 2014; 

Koch et al., 2018). Recent meta-analytic work has highlighted cognitive improvements 
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in patients with psychiatric and/or neurological disease and in healthy controls following 

high-frequency rTMS over the dorsolateral prefrontal cortex (DLPFC), suggesting this 

stimulation site as a gold standard (Guse et al., 2010). For example, rTMS over bilateral 

DLPFCs of 15 AD patients enhanced accuracy in an action naming task but not in object 

naming (Cotelli et al., 2006). These findings were replicated with a bigger sample size (24 

patients) with varying AD severity (mild AD: >17/30 MMSE score; moderate to severe AD: 

<17/30 MMSE score). Again, rTMS over bilateral DLPFCs enhanced action but not object 

naming in the mild AD group. On the other hand, moderate to severe AD patients showed 

an improved accuracy for both classes of stimuli (Cotelli et al., 2008). In later years, the 

same research group also investigated rTMS-induced long-term cognitive effects (Cotelli et 

al., 2012). They divided 10 adults with AD in two groups on a multiple-baseline trial. One 

group was treated with high-frequency (20Hz) rTMS over left DLPFC, 5 times per week 

for 20 sessions. The second group received placebo rTMS for 2 weeks and then the same 

high-frequency rTMS for 2 weeks. After the first 10 sessions, participants who received 

real rTMS demonstrated significantly better performance than those receiving placebo. 

Moreover, both groups showed improved performance at 8 weeks follow up (Cotelli et al., 

2012). Ahmed and coworkers (2012) applied high frequency rTMS in mild/moderate AD 

patients with positive effects on their MMSE, Instrumental Daily Living Activity Scale, and 

Geriatric Depression Scale scores. Results were found to be specific to both stimulation type 

and stage of illness, for which no effect was found either when low frequency stimulation 

was applied, nor when severe AD patients were chosen as the active group. Using slightly 

different stimulation sites, Eliasova and colleagues (2014) applied 10Hz rTMS over vertex 

and right inferior frontal gyrus (IFG) in patients with early AD. Significant improvement 

at Trail Making Test A and B was reported when IFG was the stimulation site. In a 

short term trial, 12 AD patients received 4 rTMS sessions at 10Hz over the bilateral 

DLPFC for 2 weeks (Devi et al., 2014). Overall, higher scores were obtained following 

administration of the Boston Diagnostic Aphasia Examination tests of verbal and non-verbal 

agility following TMS, accompanied by neuroimaging evidence of enhanced activation 

during performance of various cognitive tasks 4 weeks post-treatment (Devi et al., 2014). 

In a long randomized, double-blind, placebo-controlled trial, Zhao and coworkers (2017) 

stimulated 30 AD patients at different stages of illness. 20Hz rTMS was applied on P3/P4 

and T5/T6 for 30 sessions for 6 weeks monitoring for performance levels at verbal memory, 

short term memory, ability to learn new information, memory on immediate recall and 

delayed recall, and long delayed recognition. After the rTMS treatment, a significant global 

cognitive improvement was found, whereby scores on the Assessment Scale-Cognitive 

Subscale (ADAS-cog), MMSE, Montreal Cognitive Assessment (MoCA), and World Health 

Organization University of California-Los Angeles Auditory Verbal Learning Test (WHO­

UCLA AVLT) were significantly ameliorated. Furthermore, subgroup analysis showed that 

rTMS effects on memory and language performance were far superior in mild AD patients 

than in moderate AD. Koch and coworkers (2018) have also made use of 20Hz rTMS 

stimulation for 10 sessions over 2 weeks targeting the precuneus, a key area in AD memory 

impairment. By enhancing the activity of the precuneus and its connectivity with frontal 

areas, selective improvement in episodic memory was observed in 14 patients with early 

AD.
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Finally, the combined efficacy of rTMS protocols and cognitive training has been 

addressed by several studies. Bentwich and colleagues (2011) treated 8 AD patients 

with daily cognitive rehabilitation and rTMS for 6 weeks, followed by 2 sessions per 

week for 3 months. High-frequency rTMS was delivered over 6 different brain regions, 

including Broca’s area, Wernicke’s area, bilateral DLPFC, and the right and left parietal 

somatosensory association cortices. Researchers found both a significant improvement 

in cognitive domain tested by means of the ADAS-Cog (baseline: 22.5, 6-weeks: 18.3, 

18-weeks: 18.5), as well as amelioration of the symptomatology as assessed through the 

Clinical Global Impression of Change (CGIC; 6-weeks: 1.0, 18-weeks: 1.6 points). The 

MMSE, the Alzheimer Disease Assessment Scale Activities of Daily Living (ADAS-ADL), 

and the Hamilton Depression Scale also showed a trend toward improvement, though this 

did not reach statistical significance. Encouraging results have also been reported following 

shorter interventions (6 weeks; Brem et al., 2013; Nguyen et al., 2017), with aftereffects that 

persisted up to 3 months follow up (Rabey et al., 2013).

tES in AD during Wakefulness.

In parallel with findings from groups exploring TMS, various research groups have 

demonstrated tDCS efficacy in enhancing cognitive function in healthy subjects (for a 

review see Kuo and Nitsche, 2012). Additionally, a number of small trials have provided 

compelling evidence for its efficacy in AD patients. Ferrucci and coworkers (2008) tested 

performance in a word recognition task and in a visual attention task before and after a 

single tDCS application. They administered 1.5mA for 15 min to bilateral temporoparietal 

regions in 10 patients with a diagnosis of probable AD. When compared to sham, anodal 

stimulation improved word recognition accuracy, while cathodal stimulation worsened 

performance. No effect was reported for the visual attention task. Boggio and coworkers 

(2009) tested tDCS effects on recognition memory, working memory, and selective attention 

in AD patients. They demonstrated that a single session of anodal tDCS over the left 

DLPFC and temporal cortex was able to transiently improve visual recognition memory 

in AD patients. As in previous studies, results were task-specific. Long-lasting effects of 

tDCS in AD were also investigated by the same research group, whereby 2mA tDCS was 

delivered for 30min per 5 days through two scalp anodal electrodes placed over temporal 

regions and a reference electrode over the right deltoid muscle. Patients showed improved 

performance on a visual recognition memory task, which was maintained at 1 month 

follow up. However, visual attention and general cognitive performance did not benefit 

from stimulation (Boggio et al., 2012). In a similar study comparing the effects of anodal, 

cathodal or sham stimulation, 2 mA tDCS administered for 25 min/day per 10 days resulted 

in a significant increase in the MMSE score for both active conditions (Khedr et al., 2014).

Similar to studies of combined TMS and cognitive therapy, Cotelli and colleagues (2014) 

investigated the effects of tDCS combined with individualized computerized memory 

training. Thirty-six AD patients were randomly assigned to 3 groups: one group was treated 

with individualized computerized memory training and anodal tDCS on left DLPFC at 2mA 

for 25min over 5 consecutive days for 2 weeks; a second group underwent motor training 

and anodal tDCS with the same parameters; finally, a third group received placebo tDCS. 
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Only the group receiving combined cognitive and electrical stimulation showed a significant 

improvement in a Face-Name Associations task (Cotelli et al., 2014).

11. tES DURING SLEEP IN ELDERLY INDIVIDUALS

NiBS applications include not only the investigation for pathological biomarker detection 

but also a potential tool to restore sleep quality and consequently preserve declining of 

cognitive functions in the elderly and AD. Since oscillatory activity characterizes human 

and animal brain activity, tACS may be the best methodology to study and find a possible 

therapy lied in the link between cognitive/motor/emotional functions and ongoing brain 

waves. Studies combining sleep and tES stimulation have mostly focused on the modulation 

of SWA during N3 state, testing the possibility of using these techniques to promote sleep. 

Below we provide an overview of the most relevant literature studies on tES application 

during sleep in healthy young and elderly subjects.

The same experimental paradigm implemented by Marshall and coworkers (Marshall et 

al., 2004) was tested in the elderly population by Eggert and colleagues. These authors, 

however, did not observe beneficial effects on memory consolidation in this older cohort, 

arguing that there might be crucial differences in memory consolidation processes between 

young and aged individuals (Eggert et al., 2013). Paßmann and colleagues also stimulated 

older adults by means of tACS over the frontal cortex during NREM. Authors found 

increased SWA and spindles activity, similar to previous results on young individuals, but 

again with no beneficial effects in the consolidation of visuospatial and verbal memories 

(Paßmann et al., 2016). In a double-blind, crossover design, Westerberg and coworkers 

(2015) investigated the effect of 0.75Hz slow oscillatory stimulation applied over F7-F8 

during a 90-minute daytime nap in 19 elderly. They found increased SWA associated with 

an improvement in word-pair performance (Westerberg et al., 2015). A later study with a 

similar experimental paradigm on afternoon nap in older adults showed how enhancing SWA 

and fast sleep spindle power led to a benefit in visual memory tasks (Ladenbauer et al., 

2016).

To our knowledge, only one clinical trial has been conducted where tES was applied during 

sleep in MCI/AD patients. Ladenbauer and coworkers (2017) enrolled 16 MCI patients 

in a crossover design to investigate SWA, sleep spindles, and memory consolidation in 

neurodegenerative disease. Participants (age range 50–81 with no history of sleep disorders) 

were tested on verbal memory, visuospatial declarative memory, and procedural memory 

prior to and after 90 minutes of sleep. Slow otDCS was applied at frontal locations F3-F4, 

with the anodal current oscillating sinusoidally at 0.75Hz (between 0 and 262μA), with 

a maximum current density of 0.5mA/cm2. Stimulation started after 4 minutes spent in 

the N2 stage. During each stimulation-free interval, online sleep scoring was performed, 

allowing the next stimulation block to start only when another N2 stage was detected. The 

synchronization and locking between SWA and fast spindle power were also measured and 

used to compute phase values for the estimation of a synchronization index. Results showed 

increased SWA and spindle power together with stronger synchronization during otDCS 

compared to sham stimulation. Furthermore, significant performance improvement in visual 

declarative memory was reported. This study suggests that individualized protocols may be 
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most effective in sleep modulation. Although these results are encouraging, further clinical 

trials with a larger number of patients are needed. To our knowledge, no clinical trial has 

tested the effects of tES during sleep on MCI/AD protein clearance.

12. CHALLENGES AND OPPORTUNITIES

Past and possible future applications of tES during overnight sleep and awake states 

in healthy and pathological aging populations are presented in Figure 3 and Figure 4, 

delineating a complex and varied range of opportunities.

Temporal Framework for tES Delivery During Sleep (Figure 3).

tACS applications seem to be the preferred choices thanks to their effects on brain 

oscillations in both the healthy aging population and AD patients (Figure 3A). In different 

cohorts of individuals, young and old, prior work has already shown positive results for 

the use of tES during sleep on consolidation of procedural (Lustenberger et al., 2016) and 

declarative memory (Jones et al., 2018; Ketz et al., 2018; Marshall et al., 2006, 2004; 

Marshall and Born, 2011). Sleep interventions might offer the optimal timeframe to elicit 

SWA and modulate sleep spindles, with possible favorable outcomes in enhancing memory 

consolidation in healthy aging population and patients. Although some of these approaches 

have already been tested, numerous other scenarios remain to be explored. Indeed, sleep is 

one of the earliest and steadiest biomarkers used to recognize middle/late age individuals at 

risk of developing dementia. Given the strong relationship between amyloid clearance and 

some of the EEG features during sleep, manipulating SW sleep may tackle the progression 

of Alzheimer’s pathology in MCI patients and healthy individuals at risk. The rationale for 

such an intervention derives from the positive outcome of Ladenbauer’s study (2017). A 

clinical trial is now being run applying tACS during sleep with the purpose of modulating 

SWS, as well as clinical and cognitive symptoms in MCI patients (NCT03112902). Relative 

attenuation of gamma activity has also been found to characterize AD patients (Huang et 

al., 2000). Studies on rodent models of AD have been among the first to suggest new 

treatment approaches enhancing gamma power. Goutagny and coworkers (2013) underlined 

how deregulation of hippocampal theta/gamma coupling arises before the overproduction of 

Aβ, while Iaccarino (2016) found that exogenously-induced flickering lights at 40Hz were 

able to reduce tau concentrations in pre-symptomatic AD mice. Therefore, the modulation 

of gamma activity in MCI/AD patients may be a non-invasive and efficient treatment. 

Clinical trials with this aim are currently being run (Thomson, 2018). Further steps in this 

direction concern the use of tACS applied at 40Hz (gamma frequency) during sleep in 

MCI patients. The ultimate aim would be preventing, or at least slowing, neurodegenerative 

mechanisms by targeting gamma activity and sleep patterns concomitantly, with potentially 

positive effects in declarative memory consolidation, enhancement of sleep quality, and Aβ 
clearance.

Going further, new tES approaches allowing to more closely mimic physiological processes 

that can be implemented during sleep as well. For instance, cross-frequency coupling 

(CFC) implies stimulation combining multiple frequencies (Figure 3B; e.g. 1Hz and 

6Hz). CFC provides a mechanism for synchronization between local and global processes 

Romanella et al. Page 23

Ageing Res Rev. Author manuscript; available in PMC 2021 August 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT03112902


across connected areas and cortical networks (Florin and Baillet, 2015). To date, during 

wakefulness, the most prominent example of CFC is between theta and gamma oscillatory 

activity during memory encoding/retrieval (Axmacher et al., 2010; Sauseng et al., 2009), but 

it may also play a role in memory consolidation during REM. Prominent REM theta rhythms 

coupled with gamma have been seen in rodents (Belluscio et al., 2012; Scheffzük et al., 

2011) and monkeys (Takeuchi et al., 2015). Gamma seems to promote synaptic plasticity, 

supported by theta (Lisman and Buzsáki, 2008; Lisman and Jensen, 2013). This may be 

specific for phasic REM states, where the synchrony between theta and gamma is enhanced, 

suggesting that tonic REM phases support offline mnemonic processing while phasic 

bursts of activity may promote memory consolidation (Boyce et al., 2016; Montgomery 

and Woodall, 2008). Stimulating theta and gamma in CFC during REM may then help 

consolidate mnemonic traces as well as SWS stimulation. New studies could investigate this.

NiBS during sleep usually requires the experimenter to start the stimulation after 3–4 

minutes of ongoing EEG typical of N2 or N3. A new experimental paradigm recently 

implemented a closed-loop algorithm able to independently start the stimulation when the 

subject is in N3 (Jones et al., 2018; Ketz et al., 2018b; Robinson et al., 2018). This 

algorithm for augmentation of slow-wave sleep first detects the presence of SW oscillations, 

computing the mean of the power spectra of SW (Figure 3C). The frequency of sinusoidal 

wave produced by tACS is then set to individualized SW frequency mean with the aim of 

matching the stimulation frequency and phase with the natural ongoing SW activity.

Targeting Network Alterations and Proteinopathy (Figure 4).

One of the biggest challenges in available tES studies in sleep concerns the electrodes 

montage and resulting cortical electric field. While most studies have administered 

stimulation over frontal and prefrontal derivations (F3-F4, rarely F7-F8), new devices enable 

multisite stimulation of neural networks, engaging interconnected cortical areas as well as 

entire networks (Figure 4A). As previously mentioned, the DMN possibly represents the 

cortical network whose FC is mostly altered by sleep deprivation and age-associated brain 

changes. Therefore, stimulation of DMN may enhance internal connectivity strength and 

act as an early intervention to counteract the disruption of resting-state brain connectivity 

patterns To do so, multifocal stimulation using several relatively small electrodes has been 

used to achieve more focal stimulation of specific cortical targets (Ruffini et al., 2014). 

This allows a spatially specific protocol that can simultaneously stimulate different areas 

belonging to the same (e.g. DMN) or different networks. Studies also found connectivity 

alterations in aging within anterior VAN regions (Deslauriers et al., 2017), making it a 

potential target to enhance selective attention in elderly subjects.

To target a specific individual network, the participant may undergo an fMRI able to 

identify the strongest and weakest areas included in the network allowing a more focal and 

individualized stimulation. Accurate modeling of the induced electrical currents and fields is 

now possible through the use of personalized brain models (Miranda et al., 2013). Ongoing 

trials are testing the feasibility of stimulating target regions with maximum amyloid levels 

using individualized multifocal montages (NCT03290326). Generally, this allows, in turn, 

the optimization of electrode montage based on individual neuroimaging data (Ruffini et 
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al., 2014) such as amyloid-β PET (e.g. Florbetapir or PiB), CT and T1-weighted MRI data 

(Figure 4B).

13. CONCLUSIONS

Sleep represents an opportunity for the detection of relevant biomarkers in individuals 

at risk of developing dementia, as well as for treatment purposes aimed at improving 

cognitive functions and general quality of life. Although early results from NiBS application 

during sleep in healthy elderly individuals and patients with dementia are promising, further 

research is needed to improve our understanding of mechanisms, target definition and 

model-driven optimization of closed-loop protocols allowing the efficacious modulation of 

cortical activity.
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Figure 1. Noninvasive Brain Stimulation Techniques.
Panel A represents Transcranial Magnetic Stimulation (TMS). The coil induces a strong 

magnetic field exciting or inhibiting cortical activity (left). Different protocols can be 

implemented pairing more pulses with various effects (right). In panel B. we show the 

Transcranial Electrical Stimulation (tES). tES consists, at minimum, of two electrodes (red 

anode, blue cathode) applied directly on the scalp (left). More channels can be added to 

extensively record EEG or modulate brain activity via so-called multifocal/multielectrode 

protocols (Ruffini et al., 2013). Protocols include anodal (positive) and cathodal (negative) 

transcranial direct current stimulation (tDCS), transcranial alternating current stimulation 

(tACS), and transcranial random noise stimulation (tRNS). Stimulation protocols differ from 

one another on various parameters including frequency of stimulation and induction of 

after-effects (right).
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Figure 2. Perturbation-Based Sleep Biomarkers via Combined TMS-EEG and tES-EEG 
Recording.
Brain Stimulation techniques can be combined with electrophysiology, as in the case of 

simultaneous TMS-EEG and tES-EEG recording. In the case of TMS, a focal magnetic 

pulse is delivered to a specific brain region using a neuronavigation system (based on 

individual’s MRI) which allows for precise anatomical targeting of cortical areas at 1­

millimeter resolution (Panel A). The activity elicited by the pulse is mostly local, with 

distant effects usually observed for regions structurally or functionally connected to the 

stimulation site (i.e., orange dots). Both local reactivity and short-long range connectivity 

can be evaluated, either in terms of TEPs or time-frequency analysis. Indirect connections 

via third regions are also possible (blue and grey dashed lines), creating a complex 

topography. Individual response to TMS may differ in terms of the number of regions 

reacting to the TMS pulse, as well as for the timing of the response: strongly connected 

regions might show bigger and earlier responses to TMS, while distant or out-of-network 

regions might show delayed or even no responses. While TMS provides higher spatial 

resolution, when applied using alternating current, tES allows for frequency-specific 

modulation of brain electrical activity by supposedly tuning neuronal populations towards an 

externally induced oscillatory pattern (Panel B). The response to tACS can be expressed in 

terms of spectral power changes during and/or after stimulation, as well as phase-coherence 

and other connectivity metrics, with the effects being measurable both at the stimulated area 

as well as other distant, resonant regions.
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Figure 3. Temporal Framework for tES During Sleep in the Healthy and Pathological Aging 
Brain.
tES can be applied to manipulate various sleep stages, targeting specific cortical oscillations 

(panel A). Goals include improvement of cognitive and motor performance, as well as 

modulation of protein clearance and synaptic plasticity. More advanced methods can be 

applied, including cross-frequency coupling and closed-loop EEG-tES solutions (panel B­

C). For instance, CFC allows to combine stimulation of slow frequency carrier activity (e.g. 

0.75–1Hz) and faster oscillations in the theta, alpha, beta and gamma band (e.g. 6Hz or 

40Hz), also allowing to couple the two oscillatory patterns with fine temporal precision (i.e. 

targeting peak or through of carrier frequency; panel B). In the case of closed-loop tES 

(panel C), stimulation is triggered by real-time EEG recording (C1) and detection of slow 

waves (C2), with semi-instantaneous delivery of tES matching individual SWS frequency 

(C3).
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Figure 4. Tackling Network Alterations and Proteinopathy Overnight.
tES can be optimized to tackle alterations of spatio-temporal functional networks as those 

recorded via resting-state fMRI, with particular emphasis on networks previously shown 

as altered in healthy and pathological aging, e.g. the default mode and ventral attention 

networks (panel A). Given the relevance of protein clearance processes overnight, and the 

recent discovery of dominant oscillatory activity (i.e. theta activity) accompanying CSF 

clearance dynamics during sleep, tES could also be tailored to target individual tau and 

amyloid accumulation overnight by maximizing stimulation over regions with higher tracer 

uptake at PET imaging (panel B).
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