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The emerging field of non-invasive brain 
stimulation in Alzheimer’s disease

Giacomo Koch,1,2 Daniele Altomare,3 Alberto Benussi,4 Lucie Bréchet,5

Elias P. Casula,1,6 Alessandra Dodich,7 Michela Pievani,8 Emiliano Santarnecchi9

and Giovanni B. Frisoni10,11

Treating cognitive impairment is a holy grail of modern clinical neuroscience. In the past few years, non-invasive 
brain stimulation is increasingly emerging as a therapeutic approach to ameliorate performance in patients with cog-
nitive impairment and as an augmentation approach in persons whose cognitive performance is within normal lim-
its. In patients with Alzheimer’s disease, better understanding of brain connectivity and function has allowed for the 
development of different non-invasive brain stimulation protocols. Recent studies have shown that transcranial 
stimulation methods enhancing brain plasticity with several modalities have beneficial effects on cognitive func-
tions. Amelioration has been shown in preclinical studies on behaviour of transgenic mouse models for 
Alzheimer’s pathology and in clinical studies with variable severity of cognitive impairment. While the field is still 
grappling with issues related to the standardization of target population, frequency, intensity, treatment duration 
and stimulated region, positive outcomes have been reported on cognitive functions and on markers of brain path-
ology. Here we review the most encouraging protocols based on repetitive transcranial magnetic stimulation, tran-
scranial direct current stimulation, transcranial alternating current stimulation, visual-auditory stimulation, 
photobiomodulation and transcranial focused ultrasound, which have demonstrated efficacy to enhance cognitive 
functions or slow cognitive decline in patients with Alzheimer’s disease. Beneficial non-invasive brain stimulation 
effects on cognitive functions are associated with the modulation of specific brain networks. The most promising re-
sults have been obtained targeting key hubs of higher-level cognitive networks, such as the frontal-parietal network 
and the default mode network. The personalization of stimulation parameters according to individual brain features 
sheds new light on optimizing non-invasive brain stimulation protocols for future applications.
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Introduction
The estimated global number of persons suffering from dementia 
currently exceeds 57 million people, a number that is expected to 
increase by nearly 300% to 152 million by 2050.1 The global socio-
economic costs of dementia are projected to increase from USD 
1.3 trillion to USD 9.1 trillion in 2050. Treating dementia is climb-
ing up as a priority in the agenda of governmental agencies and 
international organizations, and increasing numbers of initia-
tives are aiming to offer early interventions.2 Alzheimer’s disease 
(AD) is the first cause of dementia, accounting for 60%–80% of de-
mentia cases. Thanks to an in-depth understanding of AD patho-
physiology and technological advancements, it is now possible to 
detect AD pathology before the onset of dementia and to estimate 
the individual’s risk of developing dementia in the following 
years.3 Therefore, there is an increasing interest in early treat-
ment of individuals with mild cognitive impairment (MCI) or cog-
nitively unimpaired with dementia risk factors, such as 
subjective cognitive complaints, APOE ϵ4 genotype, positivity to 
AD biomarkers, cardiovascular comorbidity and lifestyle-related 
risk factors.4

Non-invasive brain stimulation (NIBS) is attracting increasing 
interest as a possible approach to treat cognitive and functional im-
pairment in patients with neurodegenerative disorders. The field is 
rapidly evolving with novel techniques and protocols that offer the 
possibility to develop tailored interventions for AD.5 The most 
popular NIBS methods include repetitive transcranial magnetic 
stimulation (rTMS) and transcranial electrical stimulation (tES) 
based on either direct (tDCS) or alternating (tACS) current. More re-
cently, sensory (visual and/or auditory) stimulation in the gamma 
(γ) frequency (typically 30–100 Hz), photobiomodulation (PBM) and 
transcranial focused ultrasound (tFUS) have also drawn the atten-
tion of the scientific community. RTMS is currently approved and 
reimbursed in several countries (such as the USA, the 
Netherlands and Australia) for the treatment of resistant depres-
sion, obsessive compulsive disorder and migraine, based on level 
A evidence of efficacy.6 Current literature on clinical efficacy of 
NIBS in patients with overt AD dementia is promising yet conflict-
ing, reaching level B evidence for rTMS and level C evidence for 
some tES protocols.7-9 While no NIBS technique has currently 
been approved by the FDA with cognitive indications, one persona-
lized rTMS system and one device for γ-sensory stimulation have 
recently received the FDA’s breakthrough device designation for 
digital therapeutics in AD.

Historically, a topographical approach (i.e. the notion of a 
one-to-one mapping between regions and symptoms) has inspired 
the field of clinical and cognitive neuroscience including NIBS in-
terventions for AD. However, recent evidence suggests that a 
network-based approach (i.e. the notion that cognitive functions 
are regulated by interactions of interconnected hubs over large 
and distributed areas) more accurately fits clinical and experi-
mental observations. Indeed, NIBS techniques commonly 

stimulate specific brain areas, but their effects may spread to 
structurally or functionally connected brain areas, leading to 
widespread functional effects.10 Currently, knowledge about brain 
network organization is increasingly informing NIBS interven-
tions, a trend that is expected to expand in the future thanks to 
precision medicine approaches leveraging on sophisticated ap-
proaches combining NIBS with neuroimaging/electrophysiology.5

Such interventions have initially focused on circuits supporting 
cognitive functions, such as the frontoparietal network involved 
in working memory and executive functions, and the dorsal and 
ventral networks for goal and stimulus-driven attentional pro-
cesses.5 More recently, NIBS has been applied to the default 
mode network (DMN), a circuit including the precuneus, the 
hippocampus and the retrosplenial cortex with a key role in auto-
biographical and episodic memory.11 Functional MRI (fMRI) and 
high-density EEG, also in combination with TMS, can be used to 
personalize stimulation parameters, by identifying specific net-
works with high spatial and temporal precision, allowing accurate 
targeting for NIBS and defining the best parameters for stimula-
tion at an individual level. fMRI and EEG measures of connectivity 
can also be used not only to personalize stimulation parameters 
but also to monitor the effects of a certain therapy as biomarkers 
of stimulation efficacy.5,12

The aim of this review is to summarize the current evidence on 
NIBS techniques applied to patients with cognitive impairment 
within the entire spectrum of clinical presentation ranging from 
initial memory impairment to overt dementia. We therefore incor-
porated studies exploring the potential of different NIBS techni-
ques in patients with overt dementia, patients with MCI or 
prodromal AD and individuals with subjective cognitive decline 
(SCD).

Stimulation techniques
It is important to emphasize that the different NIBS have different 
mechanisms of action. For instance, rTMS exerts strong and dur-
able changes in neural plasticity and can modulate long-range con-
nectivity.10 tDCS mainly alters membrane potentials leading to 
changes in neuronal excitability, while tACS and sensory stimula-
tion mainly entrain neuronal oscillations.7-9

Transcranial magnetic stimulation

TMS is based on the electromagnetic induction of an electric field 
through a coil connected to a capacitor-discharge stimulator. A 
time-varying magnetic field penetrates the skull and induces a 
weak and highly localized electric current directly in the region of 
the cortex beneath the coil, generating polarization of specific neur-
onal populations. When a focal coil (i.e. figure-of-eight coil) is used, 
stimulation is strongest in the region beneath the centre of the coil, 
independently from the electrical conduction properties of the 
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skull. Despite the focal nature of the stimulation, the effects of TMS 
can extend beyond the immediate site of stimulation by propagat-
ing trans-synaptically in interconnected areas along neural 
networks.5,13,14

When TMS is applied in repetitive trains of pulses with specific 
stimulation patterns, i.e. rTMS, it can modulate cortical activity in 
the long-term depending on the stimulation frequency. High fre-
quency rTMS (>5 Hz) induces excitatory effects whereas low fre-
quency rTMS (<1 Hz) induces inhibitory effects, resulting in 
long-lasting synaptic plasticity-related changes. Although the pre-
cise mechanisms are still debated, it is commonly assumed that 
rTMS protocols, including theta-burst stimulation (TBS), induce 
long-lasting changes in cortical excitability by modulating the 
neuronal cells’ synaptic activity, similar to what occurs during 
long-term potentiation (LTP) or depression (LTD) in animal 
models.13

The impairment of LTP-like cortical plasticity has recently been 
identified as one of the key neurophysiological features in AD.15

From this perspective, rTMS might be an ideal tool to restore altered 
LTP and promote functional rearrangements of synaptic activity. 
Experimental studies in animal models of AD have shown that 
rTMS restores key neurophysiological mechanisms related to syn-
aptic functions, such as LTP and ion channel activity. 
RTMS-rescued deficits in LTP and spatial memory of rats with 
amyloid-β (Aβ) injection, indicating that rTMS non-invasively and 
effectively increases hippocampal neurotrophins and 
NMDA-receptor contents in Aβ1-42-induced toxicity model rats.16

Moreover, rTMS counteracts the reduction in neuronal excitability 
and ion channel activity in dentate gyrus granule neurons, as de-
monstrated by patch clamp recordings.17

Other studies confirmed that rTMS decreases Aβ and phos-
phorylated tau deposits, increases neurogenic proteins, such as 
brain-derived neurotrophic factor, and reduces pro-inflammatory 
cytokines such as IL-6 and TNF-α.18,19 In animal models of AD, 
rTMS treatment inhibits the expression of BACE1 and elevates the 
level of IDE, suggesting that the reduction of Aβ load could be attrib-
uted to the inhibition of Aβ production and facilitation of Aβ degrad-
ation.20 Importantly, rTMS treatment significantly increased the 
drainage efficiency of brain clearance pathways, including the 
glymphatic system in brain parenchyma and the meningeal lym-
phatics, in the 5xFAD mouse model.21

Transcranial electrical stimulation

TES techniques, such as tDCS and tACS, modulate brain excitability 
through a weak electric current (typically at 1–2 mA of intensity) be-
tween two or more electrode patches placed on the scalp (Table 1). 
tDCS is based on a direct current flowing through two (or more) 
electrodes, i.e. anode and cathode, that can modulate membrane 
potential, and therefore enhancing (anodal tDCS) or decreasing 
(cathodal tDCS) cortical excitability, involving changes in GABA 
and glutamate receptors.22 TACS is based on an alternating (sinus-
oidal) current to entrain brain oscillations depending on the fre-
quency of the stimulation.23 TACS can drive brain oscillations by 
entraining target oscillatory generators with stimulation bursts at 
specific frequencies.24 An increasing body of evidence suggests 
that γ brain oscillations play a crucial, even though not fully under-
stood, role in normal cognitive performance and AD.24,25 Gamma 
oscillations typically emerge from the coordinated interaction of 
brain excitation and inhibition, are prominent across multiple 
brain regions, including the hippocampus, and are involved in vari-
ous higher brain functions including long-term memory, working 

memory, attention, sensory processing, neural communication 
and synaptic plasticity.26 Abnormal low frequency oscillations 
and dysregulation of γ-oscillations have been observed in AD pa-
tients,24,27 and might contribute to the cognitive deficits and synap-
tic dysfunctions commonly observed in the disease. Indeed, 
synaptic dysfunction, along with amyloid and tau deposition, is 
an early event in AD pathophysiology, preceding neuronal 
loss.15,28-30 The disruption of γ-oscillations in AD is proportional 
to disease severity, possibly resulting from the loss of GABAergic in-
hibitory interneurons.24 In light of this, γ-tACS provides a unique 
opportunity to modulate relevant brain oscillations in a frequency- 
specific manner and to assess their functional impact on distinct 
cognitive functions. However, it has to be noticed that the patho-
physiology of gamma-band alteration represents a common de-
nominator for different neuropsychiatric disorders, not being 
specific for AD.31 While experimental evidence in animal models 
of AD is lacking, PET imaging research indicates that the effect of 
γ-tACS in patients with AD may occur through a decrease of tau bur-
den in the medial temporal cortex, while Aβ and microglial activa-
tion are not significantly influenced by stimulation.32 Moreover, a 
novel technology based on electrical stimulation, transcranial tem-
poral interference electrical stimulation, now allows us to target 
deep brain structures, that are involved in cognitive processing, 
in humans, such as the hippocampus or the striatum.33-36 This 
method could further expand the armamentarium of NIBS in AD 
with the unique ability to target deep structures focally in non- 
invasive and safe ways.

Sensory stimulation

Sensory stimulation may be used to entrain brain oscillations based 
on the frequency of the time-varying sensory stimuli, given the evi-
dence that exogenous stimuli flickering at a given frequency can in-
duce activity at the same frequency in the brain (Table 1).37 Sensory 
stimulation commonly consists of lights (visual stimulation) and 
sounds (auditory stimulation), and more recently also tactile vibra-
tions (vibrotactile stimulation), alone or combined in a multisen-
sory approach, time-varying at a specific frequency. The 
entrainment of γ-oscillations with sensory stimulation in AD might 
be a viable approach to improve cognition by restoring brain oscil-
lations and reducing AD pathology (see the ‘Transcranial electrical 
stimulation’ for more information on the relevance of γ-oscillations 
for cognition in AD).38 In mouse models of AD, γ-sensory stimula-
tion was reported to reduce the levels of amyloid and phosphory-
lated tau, affect microglia, preserve neuronal and synaptic 
density across multiple brain areas, and modify cognitive perform-
ance.39 However, the exact mechanisms underlying γ-sensory 
stimulation remain to be elucidated as a recent study failed to rep-
licate effects on amyloid levels and microglia.40

Photobiomodulation

PBM, also known as low-level laser therapy, involves the use of light 
in the red to near infrared spectrum from a laser or light-emitting 
diode.41 PBM targets mainly the mitochondrial cytochrome c oxi-
dase and leads to the activation of several signalling molecules, in-
cluding cyclic AMP.41 PBM in experimental models of AD was 
followed by a dose-dependent reduction in the size and number 
of Aβ plaques in the neocortex and hippocampus,42 increased ad-
enosine triphosphate levels, mitochondrial function, c-fos expres-
sion43 and reduced hyperphosphorylated tau, neurofibrillary 
tangles and oxidative stress markers.42
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Transcranial focused ultrasound

Focused ultrasound (FUS) enables deep brain areas to be reached 
with high spatial specificity compared to other NIBS approaches, 
offering the unique ability to stimulate key AD regions, such as 
the hippocampus and medial temporal lobe. When applied at low 
acoustic intensities, tFUS has the capacity to either enhance or di-
minish the excitability of specific brain areas.44 The neuromodula-
tory effects of tFUS can persist beyond the duration of sonication, 
influencing short-term brain excitability and connectivity, indu-
cing long-term plasticity and modulating behaviour. Typically, 
tFUS operates at frequencies <700 kHz, markedly lower than those 
employed in diagnostic ultrasound. In patients with AD, tFUS has 
demonstrated the ability to transiently alter the permeability of 
the blood–brain barrier (BBB).45

Safety of NIBS techniques

The safety profiles of NIBS techniques are of paramount import-
ance as their application broadens in both research and clinical 
domains. TMS is generally well tolerated, with the most common 
side effects being mild headaches or scalp discomfort following 
sessions.46 Although TMS carries a rare risk of inducing seizures, 
adherence to established guidelines and screening patients for po-
tential complications, such as a history of seizures or the presence 
of metal implants in the head, ensures that this risk remains min-
imal. Both tDCS and tACS might lead to mild skin irritation or a 
burning sensation at the electrode sites.46 To mitigate these skin- 
related effects, proper skin preparation is crucial and it is essential 
that electrodes do not dry out during sessions. Adherence to 
recommended current densities and durations is also important 
for these techniques. Sensory stimulation is generally considered 
low risk, though some individuals may experience discomfort 
or sensitivity to specific stimuli, necessitating continuous 
monitoring and potential adjustments. PBM and tFUS are 
considered safe, yet their long-term safety profiles require further 
investigation.

Clinical and biological effects of NIBS
Efficacy of NIBS in patients with Alzheimer’s disease 
dementia

In patients with dementia due to AD, rTMS is the most investigated 
NIBS technique followed by tDCS, while fewer than five studies are 
available for tACS, sensory stimulation, PBM and tFUS.

Repetitive transcranial magnetic stimulation

Recent meta-analyses have reported significant favourable effects 
of rTMS on several cognitive functions, including global cognition 
and memory in patients with dementia due to AD. The dorsolateral 
prefrontal cortex (DLPFC), precuneus and temporal lobe were the 
most common target regions.7-9,47-52 Most studies used standard 
rTMS protocols at high frequency (between 10 and 20 Hz), with a 
minority using TBS protocols. These works reported improvement 
in clinical scales of global cognition such as the Mini-Mental State 
Examination (MMSE) and Alzheimer’s Disease Assessment Scale– 
Cognitive Subscale (ADAS-Cog) as well as measurements of auton-
omies of daily living, such as the Alzheimer’s Disease Cooperative 
Study—Activities of Daily Living Scale (ADCS-ADL). Moreover, it 
was investigated which parameters are the most influential in the 
efficacy of the stimulation, focusing on whether a personalized 

approach, that uses participant-specific neuroimaging scans to se-
lect target regions, is more effective than a standardized 
one-size-fits-all approach (i.e. a predefined region for all partici-
pants).7 Stimulations based on either personalized or standardized 
approaches resulted in similar clinical outcomes. Possible explana-
tions for this unexpected finding may be the insufficient number of 
studies on personalized approaches, the use of structural MRI to 
identify the target region (while using the patient’s functional or 
structural connectivity profile may lead to a greater degree of per-
sonalization), and the evidence that NIBS has a widespread effect 
on the brain extending beyond the target region. A direct correl-
ation between the effect size and the total number of rTMS pulses 
delivered during the intervention was also reported, while other 
rTMS parameters did not affect efficacy.7 Besides improving cogni-
tion, rTMS also has a positive effect on behavioural and psycho-
logical symptoms in patients with AD dementia.48-51 Other 
approaches used high frequency rTMS in conjunction with concur-
rent cognitive training, with rTMS being delivered during a few 
weeks at six different cortical sites, with patients receiving cogni-
tive training overlapping with TMS application. This approach 
showed some promising results, although it is not clear how cogni-
tive training itself may have produced some beneficial effects.53 A 
large multisite double-blind randomized trial tested the short and 
long-term efficacy of rTMS applied to patients with AD at 
mild-to-moderate stages, in doses of either 2 or 4 weeks of treat-
ment (5 days/week), whilst compared with 4 weeks of sham 
rTMS. The overall results show significant cognitive improvement 
after treatment up to 2 months post-treatment with either sham 
or active coils.54

More recently, the personalization of rTMS parameters has been 
implemented using TMS in combination with EEG to identify—in 
each patient—the most effective location and intensity of stimula-
tion able to directly activate neural responses above the stimulated 
area, the precuneus, within the DMN.12 Taking advantage of com-
bined TMS stimulation and EEG recordings, the study showed 
that a rTMS intervention of 6 months, consisting of an intensive 
2-week phase (five sessions/week) followed by a maintenance 
22-week phase (one session/week), applied over the precuneus, 
proved beneficial for cognitive and functional independence mea-
surements with positive effects on the Clinical Dementia Rating 
Scale Sum of Boxes (CDR-SB), ADAS-Cog, MMSE and ADCS-ADL, 
compared to sham. Moreover, rTMS enhanced gamma oscillations 
and stabilized cortical excitability within the DMN after 24 weeks of 
treatment.12 Another study using fMRI-guided rTMS, reported in-
creased dynamic functional connectivity in the DMN, which posi-
tively correlated with changes in global cognition, after 2 weeks 
of high frequency parietal stimulation, but not at a 12-week follow- 
up. The change in connectivity at 2 weeks was associated with im-
provement in global cognition and was specific to the DMN.55

Personalization with fMRI is also showing promising effects in 
terms of clinical outcomes by hippocampal network–targeted 
stimulation. In a study involving 41 adults with early AD and amyl-
oid biomarker evidence, participants were randomly assigned to ei-
ther personalized rTMS or sham stimulation, with 20 sessions over 
4 weeks and assessments at 4 and 8 weeks. The rTMS group showed 
significant improvement in the ADAS-Cog, especially in the mem-
ory domain, at 8 weeks. Additionally, the rTMS group had greater 
improvement on the CDR-SB scale at 4 weeks and 8 weeks, and 
on the Seoul Instrumental Activities of Daily Living scale at 8 weeks. 
Functional MRI analysis indicated that rTMS increased connectivity 
between the hippocampus and precuneus, correlating with im-
provements in the ADAS-Cog.56
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Transcranial direct current stimulation

Several meta-analyses have reported that tDCS improves global 
cognition and memory in patients with AD dementia.49,57 The 
most frequently targeted regions were the DLPFC and temporal 
lobe.57 A recent meta-analysis suggested that tDCS showed greater 
effectiveness when applied to temporal regions, as opposed to 
frontal regions.58 The potential benefit of focusing on temporal 
areas rather than frontal areas in AD could be explained by the al-
terations in the functional connectivity observed in the medial 
temporal lobe during the early stages of the AD continuum.59

Overall, the effect of tDCS on cognition is weaker than the effect 
of rTMS,39 or even not statistically different from sham tDCS,50 pos-
sibly due to the limited number of studies and high heterogeneity of 
data.49,57 This discrepancy might be explained by differences be-
tween both techniques, such as higher spatial resolution and 
neurophysiological specificity in rTMS.60 For instance, a study com-
paring the neurophysiological effects of both techniques showed 
that 10 Hz rTMS increased the cortical excitability in the stimula-
tion region in comparison with tDCS.61 However, the comparative 
effect of these two techniques on brain functioning in clinical popu-
lations is still not clear, necessitating additional investigation in fu-
ture studies.

Transcranial alternating current stimulation

Few studies to date have examined the clinical effects of tACS in pa-
tients with AD and the evidence is to be considered more prelimin-
ary compared to tDCS. A recent non-randomized study in AD 
patients showed that γ-tACS applied over the left DLPFC can im-
prove memory performance when combined with cognitive train-
ing.62 Comparison of the post-intervention and 1-month 
follow-up assessments indicated that the tACS group showed a 
trend towards a better improvement than the non-tACS group.62

γ-TACS targeting temporal regions can increase blood perfusion63

and—in a small case series—reduce tau burden32 in these regions, 
without inducing clear beneficial effects on cognition. Despite the 
small evidence available, there are several ongoing randomized 
controlled trials using home-based treatment as a novel, interest-
ing approach.64

Sensory stimulation

Only a few studies have investigated the clinical efficacy of sensory 
stimulation in patients with AD. Preliminary evidence suggests that 
γ-sensory (visual, auditory or combined) stimulation in AD patients 
may improve global cognition,65 memory,66 sleep and daily living 
activities,67 increase functional connectivity in the DMN and visual 
network, and reduce hippocampal and ventricular atrophy,66 but 
not amyloid burden.68

Photobiomodulation

The clinical use of photobiostimulation in patients with AD has not 
been tested in large samples of patients to date. A recent pilot study 
showed an improvement in memory and executive functions in 
mild-to-moderate AD patients.69 This encouraging observation 
provides preliminary support for the design of larger trials in AD 
patients.

Transcranial focused ultrasound

Preclinical studies have suggested that low intensity tFUS may have 
therapeutic potential for AD by opening the BBB, reducing amyloid 

pathology, and improving cognition. A recent small study tested 
image-guided tFUS to the right hippocampus in eight patients 
with AD. No evidence of transient BBB opening was found on T1 dy-
namic contrast-enhanced MRI. However, immediate and recogni-
tion memory were significantly improved on the verbal learning 
test. PET image analysis demonstrated increased metabolic activity 
in the right hippocampus.70 Further larger sham-controlled trials 
with longer follow-up are warranted to evaluate the efficacy and 
safety of tFUS in patients with AD.

A different approach uses a novel clinical sonication technique, 
based on single ultrashort ultrasound pulses (transcranial pulse 
stimulation, TPS) which markedly differs from existing FUS techni-
ques. Recently, an uncontrolled study in 35 AD patients provided 
preliminary evidence that TPS can target the memory network, im-
prove its functional connectivity and global cognition over a period 
of 3 months.71

Efficacy of NIBS in patients with mild cognitive 
impairment

In patients with MCI, tDCS is the technique for which the most data 
are available, followed by rTMS and tACS, while only one observa-
tional study is currently available for each of sensory stimulation, 
PBM and tFUS.

Repetitive transcranial magnetic stimulation

Several randomized controlled studies reported clinical results on 
rTMS in patients with MCI.11,72-77 These studies implemented rTMS 
protocols with relatively heterogeneous parameters (frequency: 
5–20 Hz, intensity: 80–120% of resting motor threshold, duration: 
10–30 sessions, number of pulses: 1500–3000 per session) and target 
regions (left DLPFC in three studies; bilateral DLPFC in two studies; 
precuneus and right DLPFC in one study, respectively). Overall, these 
studies found a positive, yet heterogeneous, effect on cognition, with 
improved memory being the most commonly reported positive out-
come,11,72,73 followed by improved global cognition,74,75 visuo-spatial 
performances,76,77 attention75 and language.76 Improvement in ap-
athy has also been reported.75

From a biological perspective, rTMS increased connectivity dy-
namics within the ventral attention and the left fronto-parietal net-
works after stimulation of the bilateral DLPFC76 and decreased 
connectivity dynamics within the DMN after stimulation of the 
right DLPFC.72 Another study reported increased neural activity in 
the precuneus accompanied by a modification of effective connect-
ivity dynamics between the precuneus and medial frontal areas 
after stimulation of the precuneus.11 Enhancement of beta brain os-
cillations after stimulation of the precuneus has also been 
reported.11

A total of 14 patients with SCD and 16 patients with MCI were 
enrolled in a recent study and received 10 Hz rTMS intervention 
on the bilateral precuneus for 2 weeks. Neurocognitive scales, 
structural and fMRI were collected at enrolment and after the 
rTMS intervention. The precuneus rTMS not only enhanced episod-
ic memory in SCD, but also improved multiple cognitive domains in 
MCI. Post-rTMS intervention, more brain regions showed decreased 
functional connectivity in SCD and MCI patients, suggesting that 
precuneus rTMS may protect cerebral cortical plasticity by reducing 
excessive functional compensation and thus improve cognitive 
function.78

Recent advances highlighted a new accelerated intermittent 
theta burst stimulation (aiTBS) protocol, consisting of multiple ses-
sions per day and higher overall pulse doses, in brain modulation. 

4008 | BRAIN 2024: 147; 4003–4016                                                                                                                                G. Koch et al.



This approach has been developed to treat depression to reduce the 
duration of rTMS treatment by applying several stimulations ses-
sions daily for multiple days.79

Twenty-four older adults with amnestic MCI (aMCI) due to pos-
sible AD were enrolled in a recent phase I trial of open-label accel-
erated iTBS to the left DLPFC (eight stimulation sessions of 600 
pulses of iTBS/day for 3 days).80 Accelerated iTBS induced a signifi-
cant, large effect size (d = 0.98) improvement in fluid cognition 
using the NIH Toolbox Cognition Battery from pretreatment to 
post-treatment in MCI patients.80 Another similar study enrolled 
45 patients in early clinical stages of AD and they were randomly 
assigned to either receive real or sham accelerated iTBS over the 
left DLPFC. Real stimulation showed markedly better performances 
in the group average of auditory verbal learning test scores com-
pared to baseline. TMS-EEG revealed that iTBS reinforced this 
memory-related cortical mechanism by increasing cortical excit-
ability and β-oscillatory activity underlying the TMS target. These 
novel findings implicated that aiTBS targeting the left DLPFC is 
rapid-acting, safe and tolerable in AD patients.81

Transcranial direct current stimulation

TDCS has been tested in several randomized controlled studies re-
porting results on single or multiple sessions of tDCS in patients 
with MCI. Compared to rTMS protocols, tDCS studies present great-
er homogeneity of stimulation parameters as all applied excitatory 
anodal stimulation. Among these, 14 targeted the left prefrontal 
area, three the right temporo-parietal area, and two the left tem-
poral area. A strong agreement is also observable in the intensity 
of stimulation, with almost 80% (15/19) of the published studies ap-
plying anodal tDCS at 2 mA of intensity, whether only two studies 
used 1.5 mA and two used 1 mA. The duration of the intervention 
was more heterogeneous (number of sessions: 1–36, session dur-
ation: 15–30 min). Overall, these studies report a positive effect of 
tDCS on global cognition82-85 and over specific cognitive domains 
such as memory,84-93 attention87,93 and executive functions.87,90,91

It is also important to note that some studies used tDCS during cog-
nitive training, reporting larger and more specific effects on cogni-
tive abilities than sham tDCS or cognitive training alone.82,89,94 A 
similar combined approach has been used with a 12-week protocol 
in which tDCS was used during a Tai-Chi training in 20 older adults 
with MCI.95 The authors showed that anodal tDCS combined with 
Tai-Chi training led to greater improvement in dual-task gait 
performance.95

From a biological perspective, anodal tDCS of the left DLPFC re-
sulted in changes in key nodes of the DMN, ventral attention net-
work and frontal-parietal network, such as the precuneus and 
insular cortex,96 in increased temporal pole functional amplitude 
in MCI APOE ϵ4 carriers but not in non-carriers,97 and in increased 
regional cerebral metabolism in the dorsolateral, ventrolateral 
and medial prefrontal cortices, the dorsal anterior cingulate, the 
anterior and posterior insular regions, and the hippocampal and 
parahippocampal regions.98 In contrast, tDCS of the right posterior 
parietal cortex increased the segregation levels of the DMN and the 
dorsal attention network, which were restored to a normal range of 
values99 and resulted in the enhancement of GABA levels along 
with a reduction of glutamate/GABA ratio.100

Moreover, a recent randomized trial showed that cognitive 
training with concurrent anodal tDCS of the left DLPFC, compared 
to cognitive training with sham stimulation, did not lead to super-
ior performance enhancements in patients with MCI or SCD. 
Together, these findings do not support the immediate benefit of 

the combined intervention on the trained function. Future research 
needs to explore whether individualized protocols for both training 
and stimulation parameters might further enhance treatment 
gains.101

Transcranial alternating current stimulation

TACS is emerging as a promising approach to treat MCI patients, 
with randomized controlled studies reporting positive results on 
tACS in patients with MCI.102-104 However, these studies used single 
session γ-tACS (intensity: 2–3 mA, duration: 30–60 min) targeting 
the DLPFC or precuneus. Overall, γ-tACS positively affected cogni-
tion, with improved executive functions (but not attention) after 
stimulation of the DLPFC102 and improved episodic and associative 
memory after stimulation of the precuneus.103,104 From a biological 
perspective, γ-tACS resulted in the enhancement of beta brain os-
cillations after stimulation of the DLPFC102 and enhancement of 
beta and gamma and reduction of theta oscillations after stimula-
tion of the precuneus.104 Moreover, γ-tACS of the precuneus also 
led to an improvement of cholinergic transmission evaluated using 
a TMS protocol assessing short-latency afferent inhibition, an in-
direct measure of cholinergic neurotransmission.103,104

Sensory stimulation

Evidence for the use of sensory stimulation in MCI is still prelimin-
ary. An uncontrolled feasibility study in 10 patients with MCI due to 
AD reported increased functional connectivity within the DMN (i.e. 
between the posterior cingulate cortex and precuneus) and down-
regulation of immune factors, but no change in amyloid and tau 
CSF levels after 8 weeks of gamma visual and auditory flicker 
stimulation.105

Photobiomodulation

PBM has recently been tested as a potential treatment for patients 
with MCI. In a single session study, MCI patients who received 
PBM demonstrated significant improvement in visual memory 
and reduced haemodynamic response during the task, suggesting 
a more efficient neural recruitment following treatment.106 A ran-
domized, double-blind, placebo-controlled study in MCI and early 
AD participants is currently ongoing to test the efficacy, safety 
and impact of 24 sessions of transcranial PBM delivered over 8 
weeks on cognition.107

Transcranial focused ultrasound

The use of tFUS in MCI has not been investigated in depth. A recent 
open-label study recruited 19 patients with MCI to receive neuro- 
navigated TPS intervention for 2 weeks, with three sessions per 
week, reaching statistically significant effects on global cognition 
and executive functions after the intervention.108

Efficacy of NIBS in individuals with subjective 
cognitive decline

Repetitive transcranial magnetic stimulation

In elderly subjects with SCD, a study suggested a possible effect of 
rTMS in transiently improving associative memory.109 It was a 
single-session study targeting the prefrontal cortex, with fMRI be-
fore and after stimulation. The improvement was accompanied 
by increased activation of the right prefrontal and bilateral poster-
ior cortex during a face-name association task at fMRI post- 
stimulation.109 A randomized sham-controlled study on rTMS in 
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SCD reported positive effects of multiple sessions of precuneus 
stimulation on episodic memory.110 The study showed improve-
ment of episodic memory associated with a decreased connectivity 
between some hippocampal subregions and other brain regions 
(i.e. between the middle cognitive hippocampal subregion and the 
left parahippocampal gyrus, and between the posterior perceptual 
hippocampal subregion and the left middle temporal gyrus), but no 
significant effects on depression levels.110 However, a limitation of 
this study was the small sample size (eight subjects in the rTMS 
group versus five subjects in the sham group). While no evidence 
is available for other risk factors, a study on rTMS in cognitively un-
impaired APOE ɛ4 allele carriers is currently ongoing.111 In a recent 
study, after undergoing 2 weeks of rTMS treatment, notable 
changes were observed in the effective connectivity patterns of 
the DMN and Central Executive Network in patients with SCD, in-
cluding improvements in episodic memory. Specifically, the effect-
ive connectivity of the angular gyrus to the precuneus, anterior 
cingulate gyrus, medial frontal gyrus and inferior occipital gyrus 
in the DMN increased.112

Transcranial direct current stimulation

Few studies have investigated the use of tDCS in SCD patients, all 
targeting the left prefrontal cortex.113-115 The first two studies 
showed that single-session tDCS (1.5 mA, 15 min) improved or 
maintained episodic memory.113,114 Greater memory improvement 
was associated with higher DMN functional connectivity and tem-
poral lobe thickness in one study.114 The third study showed that 12 
tDCS sessions (2 mA, 20 min) associated with cognitive training 
was more effective than multi-session cognitive training alone in 
alleviating concerns regarding memory impairment in elderly 
SCD individuals.115

Transcranial alternating current stimulation

A recent study assessed tACS at theta frequency over the medial 
prefrontal cortex in SCD, showing an improvement in episodic 
memory, associated with a change in EEG current source density.116

In healthy individuals, recent evidence suggests that tACS applied 
at theta and gamma frequencies may improve short- and long-term 
memory.117 Recently, a 4-day treatment of tACS showed long- 
lasting memory improvement lasting up to a month in the elderly, 
putting the basis for novel clinical applications of tACS in indivi-
duals at high risk of dementia.118

Interpretation
Increasing amounts of evidence suggest that NIBS might be a prom-
ising approach to enhance cognitive functions or slow cognitive de-
cline in individuals with AD at different stages of severity. The most 
promising results with NIBS have been obtained targeting key hubs 
of higher cognitive networks, such as the frontal-parietal network 
and the DMN. Specifically, the strongest effect has been obtained 
with rTMS at high frequency (10–20 Hz) targeting the (i) DLPFC, 
leading to improvements in global cognition and specific cognitive 
domains (e.g. memory, attention and language); and (ii) the precu-
neus, resulting in improvements in memory. A weaker effect on 
these cognitive functions has been reported for anodal tDCS, most-
ly targeting the DLPFC and temporal regions, while evidence for 
γ-tACS applied over the precuneus and DLPFC, as well as for γ sen-
sory stimulation, PBM and tFUS, is preliminary (Fig. 1).

A crucial aspect that warrants further exploration is the sustain-
ability of these benefits in the mid to long-term. While the immedi-
ate effects of NIBS are promising, the clinical relevance of these 
interventions hinges on their lasting impact. Prolonged neuromo-
dulatory treatments, often spanning from two to several weeks, ne-
cessitate significant allocation of human resources and place 
demands on patients for consistent compliance. Available litera-
ture on the mid and long-term effects of NIBS is still emerging 
with preliminary findings, suggesting that while some benefits 
might persist, others may wane over time, possibly benefitting 
from booster sessions or continued treatment. The feasibility of 
such extended treatments, both in terms of resource allocation 
and patient adherence, is a pivotal consideration. One possible al-
ternative is the development of home-based protocols, allowing pa-
tients to receive treatment in the comfort and familiarity of their 
own home, reducing distress and costs associated with 
institutional-based care, and increasing patients’ compliance. 
This aspect is crucial, especially in the case of interventions, such 
as tACS or tDCS, that do not require advanced technological solu-
tions, such as rTMS.

Despite the promising results mentioned above for patients 
with AD, research on the clinical efficacy of NIBS in MCI and espe-
cially individuals with SCD is still in its infancy. NIBS has been used 
in large samples of patients with mild-to-moderate dementia with 
sham-controlled design and for longer periods of time reaching le-
vel B evidence for rTMS and level C evidence for some tDCS studies. 
On the other hand, the literature in patients with MCI and SCD still 
lacks this level of evidence.

Apart from the beneficial effects reported on cognition and inde-
pendence of daily living, preliminary evidence is showing that NIBS 
techniques, such as rTMS and tDCS, can potentially alleviate be-
havioural disturbances, such as apathy in individuals with cogni-
tive impairment.75,119,120 In patients with MCI, high frequency 
rTMS over the left DLPFC significantly improved apathy, global cog-
nition and executive function compared to sham.75 In patients with 
AD, simultaneous application of rTMS and tDCS (rTMS-tDCS) over 
the bilateral angular gyrus resulted in greater improvement in ap-
athy than sham.121 This new application of NIBS is of great interest 
as there are no effective pharmacological interventions for apathy 
in AD or MCI and apathy can have detrimental effects on patient 
quality of life, dementia severity, disease progression and caregiver 
burden.119

The potential of NIBS techniques to interact with key mechan-
isms of brain physiology, such as plasticity, connectivity, and excit-
ability is yet to be fully exploited. The current evidence indicates 
that the effect of NIBS on cognitive functions is associated with 
the modulation of specific brain networks, e.g. changes in episodic 
memory generally involve the DMN, while improvements in global 
cognition are linked to the frontoparietal network. The personaliza-
tion of stimulation parameters according to individual brain fea-
tures sheds new light on optimizing NIBS protocols. Indeed, the 
preliminary assessment of individual neurophysiological traits, 
for instance by combining TMS with EEG or fMRI, opens the possi-
bility of developing personalized stimulation protocols with a po-
tentially significant clinical impact. In this scenario, the 
possibility of creating novel protocols characterized by more robust 
and long-lasting beneficial effects on cognition, is a realistic expect-
ation. In the future, personalized NIBS protocols may be developed 
further to reduce the inter-individual variability that currently limit 
the use of common protocols, such as theta burst stimulation,122

and to increase the overall beneficial effects on cognitive functions. 
For instance, the dual application of transcranial magnetic and 
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electrical stimulation holds promise in enhancing brain plasticity 
and connectivity.123

It is also important to consider that some techniques can be 
used safely at home, tremendously extending the scalability of 
these interventions. In pursuing more effective treatments for cog-
nitive decline, an emerging avenue of research involves the integra-
tion of NIBS with pharmacological interventions that act on 
neurotransmission or with cognitive training. NIBS could prime 
the brain to be more receptive to the effects of the drugs, while 
the drugs could augment the neural plasticity induced by NIBS. 
This synergic approach could potentiate the benefits of each treat-
ment modality, yielding more robust and sustained cognitive im-
provements. Current evidence seems to suggest that NIBS could 
have a relevant impact in treating cognition, behaviour and func-
tional symptoms of patients with AD. Hence the broad clinical im-
pact of NIBS could easily be added on top of pharmacological 
treatments targeting Aβ deposition, that are showing promise in re-
ducing cognitive decline.124,125 Moreover, NIBS methods could be 
used to enhance local delivery of drugs acting on the CNS. 
MRI-guided low-intensity FUS has been shown to reversibly open 
the BBB, with the potential to non-invasively deliver therapeutic 

agents to target brain regions in patients with AD and other neuro-
degenerative conditions.45

It is unclear how the combination of NIBS with cognitive train-
ing may lead to a substantial improvement compared to the appli-
cation of NIBS alone. Some studies directly tested the combination 
of NIBS with different platforms for cognitive exercise reporting fa-
vourable effects on memory functions.62 However, there are no 
studies that systematically compared the additional value of cogni-
tive training in addition to NIBS.

Adopting a one-size-fits-all approach treating cognitive decline 
is unrealistic. Future studies should consider the heterogeneity of 
the risk factors for progression, whether lifestyle-related or genet-
ic/biological, and devise personalized approaches.2 Moreover, no 
evidence exists to support NIBS efficacy regarding risk factors, 
such as APOE ϵ4 genotype, positivity to AD biomarkers, cardiovas-
cular comorbidity, or lifestyle-related risk factors. Importantly, 
studies on patients with AD dementia provide valuable hints about 
future research avenues, such as the use of personalized ap-
proaches to select target regions and the combination of NIBS and 
other techniques (e.g. EEG, fMRI), as well as more evidence on the 
biological outcomes and on sensory stimulation.

Figure 1 Effect of non-invasive brain stimulation on cognition in persons at high risk of Alzheimer’s disease dementia or with Alzheimer’s disease 
dementia. The image summarizes the degree of evidence that non-invasive brain stimulation (NIBS) techniques can improve cognitive functions in 
individuals at high risk of dementia or with Alzheimer’s disease (AD) dementia. NIBS techniques based on magnetic or electrical stimulation (e.g. 
rTMS, tDCS, 40 Hz tACS) commonly target the dorsolateral prefrontal cortex (DLPFC), the precuneus (Prec), or the temporoparietal cortex (TPC), while 
NIBS techniques based on sensory or electrical stimulation (e.g. auditory/visual, tACS) can target specific rhythms (e.g. 40 Hz). NIBS protocols variably 
affect cognitive functions and these effects are associated with the modulation of specific brain networks. Arrow size denotes the degree of evidence for 
each NIBS technique (thicker = higher). Functional brain networks are shown in blue and axonal connections with red/green-blue colour coding. 
Network hubs and axons were derived from resting state functional MRI and diffusion weighted images of a volunteer scanned on 7 T MRI. rTMS = re-
petitive transcranial magnetic stimulation; tDCS = transcranial direct current stimulation; 40 Hz tACS = transcranial alternate current stimulation in 
the gamma frequency; 40 Hz sensory = visual and/or auditory sensory stimulation in the gamma frequency; L = left; R = right.
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Memory clinics are faced with increasing numbers of indivi-
duals complaining of cognitive decline who show no or very mild 
cognitive impairment on neurocognitive testing seeking interven-
tions to ameliorate their cognitive performance.4 Currently, clini-
cians have little to offer in addition to the traditional 
symptomatic pharmacological interventions. While the available 
evidence on NIBS has not yet reached the threshold to change clin-
ical practice significantly, it is strong enough to challenge the no-
tion that cognition cannot be modulated. These promising 
non-pharmacological treatments could provide a path towards bet-
ter treatment and care for patients throughout their late life.
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