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SUMMARY 

 

I started my Ph.D. in Neuroscience because I was fascinated by the possibility of modulating the 

brain activity through Non-Invasive Brain Stimulation (NIBS) techniques. My purpose was to help 

neurological and psychiatric patients to improve their symptoms and/or their cognitive deficits by 

using NIBS. Although I was really excited, I suddenly understood that it would have been a difficult 

and challenging path. NIBS techniques are complex, and their complete mechanisms of action are 

still not so clear. Moreover, before NIBS can be used clinically as a therapeutic tool, there are a lot 

of mechanisms and details that need to be understood and then gathered like a puzzle. This thesis 

should be considered as a journey, geographically begun in Siena 3 years ago and concluded in 

Boston, whereas scientifically it started reviewing the literature of NIBS, passed through the 

conceptualization of theoretical models, and ended with the application of these models in 

healthy subjects and patients with Alzheimer disorder. In particular, the project I have pursued 

during these three years aimed to investigate new approaches leveraging the combination of NIBS 

and neuroimaging techniques. In order to improve the safety and the applicability of these 

methods and obtain successful results in the field of clinical and experimental research, it has been 

crucial to adopt a multimodal way of thinking. Consequently, we have tried to highlight the 

potential of multimodal neuroimaging to personalize NIBS protocols through the research I am 

going to present in this thesis. I said “we” because obviously I would have never been able to 

pursue these goals and results without the help of my mentors (prof. Simone Rossi and Emiliano 

Santarnecchi) and all my colleagues.  

This thesis is only a modest contribution to the current knowledge about the multimodal 

integration of neuroimaging and NIBS. Even though every chapter could be considered as an 

independent achievement, with its own introduction and discussion, they all share the same 

theoretical assumptions. For this reason, I decided to include a brief review of the literature about 

NIBS and neuroimaging techniques, as well as their integration, in Chapters 1 and 2, respectively. 

Since it is not possible to cover all the aspects in a Ph.D. thesis, I focused on the techniques used in 

the studies I have performed and described in the following chapters, i.e., Transcranial Magnetic 

Stimulation (TMS) and transcranial Electrical Stimulation (tES). Accordingly, in the first chapter, an 

overview of the technical aspects, the main protocols as well as the application in cognitive and 

clinical domains of these brain stimulation methods is provided. Moreover, an entire paragraph is 
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dedicated to the description of biophysical modeling, as an innovative tool useful not only for 

understanding the electric field (E-field) orientation and thus predicting the stimulation effects, 

but also to guide targeting of tES protocols. Modeling approaches for tES have matured over the 

last few years, now offering the possibility of generating subject-specific models of the E-field 

distribution in the brain for any electrode montage. Furthermore, optimization-based montage 

designs can be ideally suited to target single brain regions as well as brain networks, and the target 

maps can be produced based on functional data. This would allow the simultaneous stimulation of 

different brain areas belonging to the same or different networks, imitating a more natural cortical 

activation and thus offering a more efficient stimulation. For this reason, in the second Chapter 

the technical aspects of neuroimaging techniques (Magnetic Resonance Imaging (MRI) and 

Electroencephalography (EEG)) are described, focusing on Brain Networks. During the mid-2000s, 

neuroimaging analysis shifted from a focus on regional contributions to brain function to a 

broader network-level attention. With respect to this network-level approach, some studies 

showed that co-fluctuations during the resting-state largely reiterate patterns of activation during 

a task. Consequently, resting-state fMRI (rs-fMRI) has been implemented to delineate a whole-

brain network’s view of the brain’s control architecture. Rs-fMRI allows the study of spontaneous 

fluctuations in the blood oxygen level-dependent (BOLD) signal in the absence of any explicit input 

or output, while subjects simply rest in the scanner. Finally, exemplifications of how neuroimaging 

techniques have been used in literature to predict and study the effects of NIBS are reported.  

After the theoretical background, the remaining chapters (3rd, 4th, and 5th) explore the topic of the 

dissertation. In the third chapter, three different meta-analytic studies showing the neural 

substrate of a cognitive task (n-back task) in healthy controls and pathological conditions (studies 

1 and 2 respectively), as well as the neural alteration in Disorder of Consciousness (DoC; study 3) 

are presented. These studies are three meta-analysis with the aim of showing different examples 

of neuroimaging and NIBS integration: at the end of each study, tES protocols using biophysical 

modeling based on the resulting fMRI maps are provided. In such a way, imaging-guided tES 

approaches, able to modulate not only the direct target region but the entire cortex taking 

advantage of network-to-network functional connectivity, are proposed. By mapping the 

functional network associated with a specific function, and by computing the corresponding multi-

channels tES montages, these approaches also provide the spatial characteristics of the 

stimulation protocol able to modulate a specific cognitive function in healthy and clinical cohorts.  
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Considering all these advantages, the STUDY 1 aimed at investigating the neural correlates of one 

of the most studied cognitive function in Neuroscience, i.e., Working Memory (WM), as well as 

defining tES protocols based on its functional network. Nowadays, a lot of studies investigated the 

possibility to enhance WM performance in both healthy and clinical cohorts through NIBS. 

However, the broad literature in the field reported heterogeneous results caused by several 

factors as the different tasks used or the tES stimulation target selected. Most of these studies 

have indeed used the traditional two-electrodes montage targeting the right and left dorsolateral 

prefrontal cortex (dlPFC). Nevertheless, brain regions do not operate in isolation but interact with 

other regions through networks, which become the natural target of neuromodulatory 

interventions. In this study, we present a quantitative meta-analysis focusing on the underlying 

neural substrates upon which the n-back, one of the most commonly used task for WM 

assessment, is believed to rely on as highlighted by functional magnetic resonance imaging (fMRI) 

and positron emission tomography (PET) studies. Through the Activation Likelihood Estimate (ALE) 

statistical framework a set of task-specific activation maps, according to n-back difficulty, are 

generated. Our results confirm the known involvement of fronto-parietal areas across different 

types of n-back tasks, as well as the recruitment of subcortical structures, the cerebellum, and 

precuneus. Specific activations maps for four stimuli types, six presentation modalities, three WM 

loads, and their combination are provided and discussed, as well as the similarity between the n-

back nodes and RSNs. Finally, based on the topography of the functional network associated to the 

n-back task, biophysical modeling of potential brain stimulation solutions suggests feasible targets 

for WM neuromodulation in healthy subjects. 

WM deficits are present in several neurological, psychiatric, and neurodevelopmental disorders, 

thus making the full understanding of its neural correlates also in the clinical cohort a key aspect 

for the implementation of cognitive training interventions. The stimulation solutions suggested for 

healthy subjects may not be effective if used in patients with WM deficits. Therefore, in STUDY 2, 

we present a quantitative meta-analysis with the aim of investigating the neural activation during 

the n-back in patients with schizophrenia, depressive disorder, bipolar disorder, and Attention 

Deficit Hyperactivity Disorder (ADHD), highlighting similarities and differences in WM processing 

between patients and healthy controls and suggesting possible cognitive interventions aimed at 

reestablishing WM capacity in patients. Results indicate different brain activation patterns for 

each pathology compared to healthy controls, in the context of an overall less extensive activation 

in nodes of the fronto-parietal network as well as lack of activation in the subcortical, right 
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temporal lobe, and cerebellum areas. In particular, both bipolar and depressive disorder do not 

show activation in the bilateral dlPFC, and their parietal activation patterns are lateralized 

respectively on the left and right hemispheres. On the other hand, patients with ADHD show a lack 

of activation on the left parietal lobe, whereas schizophrenic patients show lower activity on the 

left prefrontal cortex. Implications for the design of cognitive enhancement interventions are 

discussed, including the definition of possible targets for non-invasive brain stimulation using 

imaging-guided biophysical modeling. 

As widely discussed in the first chapter of this thesis, mapping the functional network associated 

with a specific cognitive function is not the only way to lead biophysical modeling. For example, by 

using rs-fcMRI seed as maps the information about the links between cortical and subcortical 

regions are provided, as well as information on how focal brain stimulation will propagate through 

networks, highlighting the perfect targets for stimulation (Fox, Buckner, et al., 2012; Fox, Halko, et 

al., 2012; Fox & Greicius, 2010). Such applications may be of interest for multiple pathologies 

usually characterized by network connectivity alteration, such as stroke, epilepsy, Parkinson’s and 

Alzheimer’s disease, and, as shown in STUDY 3, also for minimally conscious\vegetative state. 

Disorder of consciousness (DoC) refers to a group of clinical conditions that may emerge after 

brain injury, characterized by a varying degree of decrease in the level of consciousness that can 

last from days to years. An understanding of its neural correlates is crucial for the 

conceptualization and application of effective therapeutic interventions. In this study, we propose 

a quantitative meta-analysis with the aim of showing the neural substrate of DoC emerging from 

functional magnetic resonance (fMRI) and positron emission tomography (PET) studies. The 

relevant networks of resulting areas are mapped, allowing us to highlight similarities with RSNs 

and hypothesize potential therapeutic solutions leveraging network-targeted noninvasive brain 

stimulation. Results show that task-related activity is limited to temporal regions resembling the 

auditory cortex, whereas resting-state data reveal a diffuse decreased activation affecting two 

subgroups of cortical (angular gyrus, middle frontal gyrus) and subcortical (thalamus, cingulate 

cortex, caudate nucleus) regions. Clustering of their cortical functional connectivity projections 

identifies two main altered functional networks, related to decreased activity of (i) the Default 

Mode and Frontoparietal network, as well as (ii) Anterior Salience and Visual/Auditory networks. 

Based on the strength and topography of their connectivity profile, biophysical modeling of 

potential brain stimulation solutions suggests the first network as the most feasible target for 

neuromodulation in DoC patients. 
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Based on the meta-analytic studies conducted and described in the Third Chapter, it is clear the 

importance of using brain networks as target for neuromodulation instead of a single region. The 

possibility to noninvasively interact and selectively modulate the activity of networks would open 

to relevant applications in Neuroscience. Nowadays, the network neuromodulation approach has 

been investigated in few studies, confirming its feasibility, safety, and success from a physiological 

point of view, but no one has demonstrated their effects at the neuroimaging level so far. 

Therefore, in the fourth Chapter of this thesis, we propose a study showing for the first time the 

impact of network-targeted multichannel tDCS on intrinsic and network-to-network functional 

connectivity (STUDY 4). A novel approach for multichannel, network-targeted transcranial direct 

current stimulation (net-tDCS), optimized to increase the excitability of the sensorimotor network 

(SMN) while inducing cathodal modulation over prefrontal and parietal brain regions negatively 

correlated with the SMN, is tested. Using an MRI-compatible device, twenty healthy participants 

have received real and sham tDCS while at rest in the MRI scanner. Changes in functional 

connectivity (FC) during and after stimulation are evaluated, looking at intrinsic FC of the SMN and 

at the strength of negative connectivity between SMN and the rest of the brain. Standard, bifocal 

tDCS targeting left motor cortex (~C3) and right frontopolar (~Fp2) regions are tested as a control 

condition in a separate sample of healthy subjects to investigate the network-specificity of 

multichannel stimulation effects. Net- tDCS induce greater FC increase over the SMN compared to 

bifocal tDCS, during and after stimulation. Furthermore, analysis of the impact of net-tDCS on 

anticorrelated functional networks show an increase in the negative connectivity between SMN 

and prefrontal/parietal areas targeted by cathodal stimulation during/after real net-tDCS. Results 

suggest preliminary evidence of the possibility of manipulating distributed network connectivity 

patterns through net-tDCS, with potential relevance for the development of cognitive 

enhancement and therapeutic solutions. 

Finally, during my experience abroad at Berenson Allen Center for Non-Invasive Brain Stimulation 

(Harvard Medical School - Boston), I had the opportunity to actively participate in a study aimed to 

investigate the feasibility and safety of multi-focal transcranial alternating current stimulation 

(tACS) delivered at 40 Hz for ten 1-hour-long sessions in patients with mild to moderate 

Alzheimer’s disease (AD) (STUDY 5). In this case, we use modern approaches for multi-focal 

stimulation and combine T1-weighted MRI and amyloid-beta (Aβ) PET images to optimize the tACS 

intervention, targeting regions with maximal Aß burden. We decided to use the tACS instead of 

the heretofore used tDCS, based on the previous studies on animal model demonstrating the 
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decrease of amyloid-β plaques after the induction of gamma frequency through sensory 

stimulation or optogenetics (Iaccarino et al., 2016; Rajji, 2019). The induction of gamma 

oscillations also decreases inflammatory brain processes and leads to microglia-mediated 

clearance of Aß and tau depositions, with consequential cognitive benefits (Adaikkan et al., 2019; 

Iaccarino et al., 2016). Although these methods are limited to animal use, there is emerging 

evidence that gamma oscillations can be safely and noninvasively modulated by tACS, thus 

suggesting gamma-tACS as a potential therapeutic intervention for AD. Fifteen patients are 

assigned to three groups (n=5/per group): (i) 10 one-hour daily sessions of individualized tACS, 

primarily targeting frontal and temporal lobe areas, (ii) 10 or (iii) 20 one-hour sessions of bi-

hemispheric temporal lobe tACS. EEG changes, global cognition, safety, and adverse effects are 

monitored/recorded daily. All patients have completed the study with no serious adverse events. 

Despite this is an ongoing study, and here a small sample size is presented, interesting results are 

reported. In particular, a cumulative increase in gamma power throughout tACS intervention in 

the regions predicted by biophysical modeling is shown. Additionally, as working memory is one of 

the cognitive functions that have been improved in healthy individuals throw gamma stimulation, 

the effects of the stimulation in the event-related activity registered during the n-back task is also 

explored. The results show a reduction of the P200 latency in the n-back task, indicative of faster 

working memory processing. Further, initial signs of declarative memory improvement, measured 

by Craft Story Recall Delayed, are detected. These findings show that daily gamma induction is 

feasible, well-tolerated, and safe in AD patients. Even though this is only a preliminary, still 

ongoing study, the results on 40 Hz tACS spatial and frequency specificity provide important 

suggestions for future clinical evaluation, although require a larger cohort.   

 

In summary, the aims of this dissertation is to: i) give an overview of the current status on brain 

stimulation and neuroimaging methods, emphasizing the knowledge on biophysical modeling 

(Chapters 1 and 2); ii) demonstrate how neuroimaging and NIBS techniques can be combined in 

order to personalize stimulation protocols using meta-analyses studies, stressing the employment 

of innovative network stimulation able to imitate a more natural cortical activation compared to 

the standard tES protocols, offering a more accurate stimulation (Chapter 3, studies 1, 2 and 3); iii) 

validate the ability of network stimulation approach in modulating the intrinsic and network-to-

network functional connectivity compared to the traditional bifocal stimulation on the 

sensorimotor network (Chapter 4, study 4); iv) prove the safety and feasibility of personalized 
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multifocal stimulation to optimize the gamma-tACS intervention targeting the regions with higher 

Aß burden in mild to moderate AD patients (Chapter 5, study 5).  

This thesis ends with an overall conclusive remark. However, I hope my journey as a scientist will 

not end with this dissertation. Despite this thesis represents only a small contribution to the 

literature, to me it is the summary of three amazing years, and I am very grateful for the 

opportunities I had to grow as a scientist and as a person.  
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CHAPTER 1   

TECHNICAL ASPECTS OF NON-INVASIVE BRAIN STIMULATION 

 

Neuromodulation has been defined as a focused and reversible cerebral stimulation method, able 

to alter the communication between neurons and, consequently, to modify the human behavior 

sustained by that neurons in healthy and clinical population. To better understand how the 

neuromodulation techniques are born, we have to go back to the late eighteenth century when 

the Italian Luigi Galvani found the link between nervous tissue and electricity for the first time. 

Nevertheless, the most important finding in the history that led to the invention of the current 

neurostimulation systems is the discovery of electromagnetic induction by Michael Faraday in 

1831. Electromagnetic induction is a process in which electricity converts into magnetism and vice 

versa. However, the first attempts to use Faraday’s principles to alter brain activity were 

performed later in 1896 by Arsenne d’Arsonval and in 1910 by Silvano Thompson, not without 

difficulties and technical problems, partially solved only years later.  

Currently, brain neuromodulation involves different neurostimulation techniques able to activate 

parts of nervous system with the aim of improving the quality of life in humans. Even though the 

neurostimulation can not substitute a pharmacological treatment, indeed usually is in support of 

it, several studies have demonstrated that these techniques can be successfully used as a 

therapeutic tool in psychiatry and neurology but also in cognitive neuroscience to study the 

functioning of the brain. The neurostimulation techniques can be classified as invasive, for 

example deep brain stimulation (DBS) used only with therapeutic purposes, or non-invasive, as 

transcranial magnetic stimulation (TMS) or transcranial electrical stimulation (tES), used also in 

healthy subjects. In this Chapter, the non-invasive brain stimulation (NIBS) will be further 

described. The term NIBS includes different methods aimed at inducing transient changes in brain 

activity and, in turn, altering behavioral performance, by means of electrical currents applied on 

the scalp. Over the last few years, these techniques, have become of major interest in the fields of 

neuropsychology and neurophysiology. Recent studies have already demonstrated their efficacy in 

terms of modulating neural activities (Ridding & Rothwell, 2007; Rossini & Rossi, 2007; Tatti et al., 

2016; Valero-Cabré et al., 2017). Their applications in the motor, perceptual and cognitive 
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domains allowed researchers to make consistent steps forward to a better understanding of the 

neural substrates underlying different cerebral processes (see Miniussi et al., 2013 for a review). 

The principal reason of NIBS’ growing interest may be related to their capacity of transiently 

modulating cerebral functions, possibly even improving performance in complex cognitive tasks 

(Evers et al., 2001; Klimesch et al., 2003; Nitsche & Paulus, 2000; Emiliano Santarnecchi et al., 

2015; Töpper et al., 1998). These techniques have been largely used to investigate the neural basis 

of many cognitive and sensory-motor domains, as well as potential therapeutic interventions to 

restore physiological brain activity in psychiatric and neurological diseases  (Lefaucheur et al., 

2017; Ridding & Rothwell, 2007; Rossini & Rossi, 2007; Tatti et al., 2016; Valero-Cabré et al., 2017). 

However, the specific mechanisms of action have yet to be discovered and this is crucial to 

improve the outcome of neurostimulation therapies. Technical aspects such as the frequency, 

intensity, pulse shape, and electrodes combination are still heterogeneous between studies. One 

of the most debated problem is the brain stimulation target for various disorders: the 

conceptional framework of manipulating cortical excitability in human subjects has been obtained 

mainly from the motor cortex (M1) by combining NIBS and electrophysiological techniques. 

However, the online effect of NIBS techniques with a high spatial resolution is still unclear over 

other cortical areas. Nowadays, the concurrent combination of NIBS and fMRI allows tracing of 

alterations within the whole brain, during ongoing or immediately after stimulation, and this will 

be further explored in the second chapter of this thesis.  

Two main classes of NIBS are currently applied for clinical and research purposes: TMS and tES. 

Here, a brief description of both techniques, covering their underlying mechanisms of action and 

the most validated protocols, have been provided. 

1.1 Transcranial Magnetic Stimulation (TMS) 

Firstly introduced by Barker and colleagues in 1985 (Barker et al., 1985), TMS is a non-invasive 

stimulation method based on Faraday's principle of magnetic induction. Through a magnetic coil 

(made of loops of wire) it is possible to generate a rapidly changing magnetic field perpendicular 

to coil plane, that induces an electric field parallel to the inner surface of the conductor that 

abruptly changes the excitability of the underlying neurons, making them to fire (Hallett, 2000; 

Kobayashi & Pascual-Leone, 2003; Rossi et al., 2020). This stimulation is restricted to the cortex 

because the current fall off rapidly with the distance to the magnetic stimulator coil (Barker, A. T., 

1991). However, recent studies support the idea that the TMS can modify intracortical excitability 
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and activate distant cortical, subcortical, and spinal structures along with specific connections, for 

example by stimulating cortical areas that are known to be functionally connected to the targeted 

region. By modifying physical and biological parameters, such as magnetic pulse waveform, coil 

shape, as well as orientation, intensity, frequency and pattern of stimulation, TMS can generate 

different strengths and forms of electrical fields. Moreover, experimental procedure (e.g., coil 

orientation, on-line/off-line pulses discharge, respectively during or before a task) (Thut & Pascual-

Leone, 2009); subject-related variables, including state-dependency (level of neural activity during 

stimulation), age and eventual pharmacological treatments (Miniussi et al., 2010; Rossini et al., 

2010; Silvanto & Pascual-Leone, 2008) also impact on the efficacy of TMS. 

TMS can be 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). When applied as a single-pulse stimulation (spTMS), 

TMS can depolarize neurons and evoke measurable effects, such as motor evoked potentials 

(MEPs) if applied over the motor cortex, or phosphenes after stimulating the visual cortex. Paired 

pulse stimulation (ppTMS) is mostly used to assess cortical excitability through a combination of 

conditioning stimulus (CS), test stimulus (TS) and inter stimulus interval (ISI). Finally, the repetitive 

TMS (rTMS) could be considered as the technological evolution of spTMS and consists of train of 

stimuli with a specific intensity and frequency. Introduced for the first time in the mid ‘90s, 

contrary to spTMS and ppTMS the effects of rTMS exceed the duration of the stimulation. 

According to the frequency of stimulation, rTMS induces after effects on cortical excitability, 

mainly impacting on synaptic efficiency, that may result in an inhibitory effect when delivered at 

low frequency (1 Hz or less) or an excitatory one, when delivered at high frequency stimulation (≥ 

5 Hz) (Rossi et al., 2009). Long Term Depression (LTD) or Long-Term Potentiation (LTP) are the 

synaptic mechanisms invoked to explain such lasting effects (Cooke & Bliss, 2006). Recently, a new 

promising paradigm of rTMS has been introduced to produce long lasting effects in neuronal 

activity in a shorter time of intervention (i.e., few minutes): the theta burst stimulation (TBS). This 

technique uses bursts of high frequency stimulation (3 pulses at 50 Hz repeated at 200 ms 

intervals) to induce LTP, if applied intermittently (iTBS), or LTD, if applied continuously (cTBS) 

(Huang et al., 2005; Di Lazzaro et al., 2008). Accordingly to the model proposed by Huang and 

colleagues (2011), iTBS elicits LTP-like effects by keeping short-latency facilitation effects 

dominant on the inhibitory ones (Huang et al., 2011); whereas cTBS enhances longer-latency 

inhibitory effects resulting in LTD-like effects (Suppa et al., 2016). However, the direction of the 
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effect of TMS, inhibitory or excitatory, might also depend on the number of stimuli and the ISI, as 

showed by Gamboa et al., (2010). Moreover, the mechanisms underlying cortical excitability 

changes induced by TBS protocols are still debated: some authors refer to the modulation of 

NMDA receptors (Huang et al., 2005; Di Lazzaro et al., 2008), others to GABAergic receptors 

(Harrington & Hammond-Tooke, 2015; Thickbroom, 2007) whereas others hypothesize a 

modulation of the expression of transcription factors, such as nerve-growth-factor-induced 

protein A (NGFI-A) (Aydin-Abidin et al., 2008). Despite the misleading information about its 

specific mechanism of action, a large body of placebo-controlled evidence reports cognitive 

improvement after high frequency rTMS in healthy young adults and in patients with 

psychiatric/neurological diseases (Guse et al., 2010; Lefaucheur et al., 2017; Miniussi et al., 2010), 

obtaining also the approvement by the Food and Drug Administration (FDA) for the treatment of 

migraine and depression. TMS is indeed a safe technique, when it is performed following the TMS 

guidelines (Rossi et al., 2020). The most serious effect is the possible induction of epileptic 

seizures, especially in patients that had a pre-existing neurological disorder: a pre-screening of 

potential risk-factors is important.  

1.2 Transcranial Electrical Stimulation (tES) 

Transcranial Electrical Stimulation (tES) involves a series of techniques that conducting weak 

electrical currents (1-2 mA) through the scalp, can modulate firing properties of cortical neurons 

and ongoing rhythmic brain activity (Paulus, 2011; Ruffini et al., 2013). Conversely to TMS, tES uses 

subthreshold electrical currents and ground their potential on the capability of shifting intrinsic 

neuronal excitability rather than eliciting neuronal firing (Paulus, 2011; Radman et al., 2009). In 

the last years, the research involving tES (and its combination with other techniques) has been 

focused on depicting how the brain works by altering the operating point of neural networks. 

From a clinical point of view, tES has been applied in fibromyalgia, major depression without drug 

resistance and in addictions/cravings (with probable efficacy, Level B evidence; Lefaucheur et al., 

2017), but many others are being developed, including epilepsy, chronic neuropathic pain, 

tinnitus, major depression with drug resistance, brain cancer, and cognitive remediation in 

neurodegeneration (Dell’Osso & Di Lorenzo, 2020). The electrical current is usually conveyed 

through at least two surface electrodes of different polarities, soaked with saline water or 

electroconductive gel, applied to the subject’s scalp and linked to a current-controlled waveform 

generator. Despite tES has the advantage of being portable, relatively cheap and not painful, its 
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application in the clinical setting is still under debate because of its poor spatial focality, mostly 

associated to the use of bipolar montages and big-sized sponges. However, recent development of 

tES allows the employment of multiple small electrodes and detailed, realistic electric field 

modeling generated by the montage in the individual brain. This provides useful information to 

customize electrode montages in order to reach higher spatial focality and to individualize 

research and clinical protocols, as better explained in the following paragraphs. Moreover, various 

tES protocols can be implemented by changing parameters such as shape, position, and numbers 

of electrodes, current waveform, frequency, duration of stimulation and number and timing of 

sessions. Furthermore, based on the waveform of the electrical current and its polarity, different 

non-invasive tES techniques can be applied: transcranial direct current stimulation (tDCS), 

transcranial alternating current stimulation (tACS) and transcranial random noise stimulation 

(tRNS) (Nitsche et al., 2008; Paulus, 2011; uffini et al., 2013), are deeply described in the following 

paragraphs. 

1.2.1 Transcranial Direct Current Stimulation (tDCS) 

Transcranial Direct Current Stimulation (tDCS) modulates spontaneous neuronal activity without 

causing a direct neuronal firing, through the application of low-amplitude (0.5-2 mA) electrical 

fields in the cortex (0.2-2 V/m, Ruffini et al., 2018). In particular, tDCS modifies the 

transmembrane neural potential and thus influences the level of excitability (Wagner et al., 2007), 

leading to an increase in glutamine and glutamate levels (Hunter et al., 2009) and/or decreasing γ-

aminobutyric acid (GABA) concentrations (Bachtiar et al., 2015; Stagg et al., 2011). N-methyl-D-

aspartate (NMDA) receptors-dependent mechanisms as well as and brain-derived neurotrophic 

factors (BDNF, Fritsch et al., 2010) also play a key role (Liebetanz et al., 2002; Nitsche et al., 2003). 

In this regard, tDCS has been often referred as a brain modulation technique instead of a brain 

stimulation technique. In tDCS constant currents are applied via two electrodes: an anode and a 

cathode. Generally, positioning the positively charged electrode (the anode) over the stimulation 

target causes enhancement of neural activity, whereas positioning the negatively charged 

electrode (the cathode) over the target reduces excitability. However, the excitatory effects might 

become inhibitory when the duration of stimulation is extended beyond about 20 minutes.  

The first study combining tDCS with TMS investigated the modulation of primary motor cortex 

(M1) cortical excitability (Nitsche & Paulus, 2000), showing that tDCS induces polarity specific 

changes in the targeted neural population. These modifications have been observed to outlast the 
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stimulation time and they were even more robust offline than during current delivery. Its 

applicability also in cognitive domain has been proved by several studies (Brunoni et al., 2014; 

Galli et al., 2019; Hill et al., 2016; Miniussi et al., 2008). However, in this case the results are 

mixed: the use of different modality of stimulation (online or offline), different density and/or 

time of stimulation and distinct cognitive tasks, might be the cause of heterogeneity in results. 

Nevertheless, the majority of the study aimed to increase the high order cognitive functions, has 

used traditional two-electrode montage and has chosen  dorsolateral Prefrontal Cortex (dlPFC) as 

stimulation target, positioning the anode over either the F3 (left dlPFC) or F4 (right dlPFC) regions 

on the scalp in accordance with the international 10–20 system for electrode placement (Herwig 

et al., 2003). For example, tDCS application on working memory (WM) has been proved in a lot of 

studies, with a focus mostly on dlPFC stimulation (Brunoni & Vanderhasselt, 2014; Fregni et al., 

2005; Hoy et al., 2015). Despite all these studies proved the efficacy of this techniques on 

enhancing WM, a recent review found no statistical evidence to support strong changes in 

cognitive performance after a single session tDCS in healthy subjects (Horvath et al., 2015). We 

think this may be related to the stimulation target. Nowadays, it is well-known that brain regions 

do not operate in isolation but interact with other regions through networks: the relevance of 

considering the entire network as stimulation target, both for clinical and research purposes, is the 

core of this thesis and it will be deeply discussed in the following Chapters. 

1.2.2 Transcranial Alternative Current Stimulation (tACS) 

Differently from polarity-specific effects of tDCS, transcranial alternative current stimulation (tACS) 

holding the ability to directly influence cortical rhythms, represents a different approach to 

cognitive neuroenhancement (Santarnecchi et al., 2015). tACS can interact with ongoing brain 

oscillatory activity and modulate them in a frequency-specific way (Thut & Miniussi, 2009), 

contributing to better understand the functional meaning of cortical rhythms. The mechanisms of 

action of tACS have been studied through intracranial recordings in animals (Battleday et al., 2014; 

Fröhlich & McCormick, 2010; Krause et al., 2019; Ozen et al., 2010), supporting the idea that tACS 

locks endogenous oscillations to its frequency and phase, leading to an increase in power. In 

particular, the alternating current delivered through tACS continuously shifts between positive and 

negative electric fields (Tavakoli & Yun, 2017), inducing shifting in the transmembrane potential, 

alternating depolarizing and hyperpolarizing effects, and allowing the entrainment of intrinsic 

brain oscillations thanks to its sinusoidal waveform (Antal & Paulus, 2013; Paulus, 2011). In a few 
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words, cortical populations start to oscillate at the same natural frequency as the one delivered by 

tACS, with a greater amplitude as per the resonance phenomenon (Paulus, 2011). tACS can be 

delivered at every EEG frequency (0.1–80 Hz) and in the so called “ripple” range (140 Hz) 

(Moliadze et al., 2010). Superimposed polarity, frequency, phase and intensity are the major 

parameters defining the effects of stimulation.  

Considering that several human cognitive functions show specific patterns of brain oscillatory 

activity, determined by the synchronous neuronal firing across different spatial and temporal 

scales, the engagement of oscillatory activity through tACS could lead to a greater control of brain 

activity and corresponding behavior. The efficacy of tACS in modulating cortical excitability as well 

as in improving basic higher-cognitive functions has been showed in a wide range of studies 

(Chaieb et al., 2011; Feurra et al., 2011, 2013, 2016; Kanai et al., 2008, 2010; Pozdniakov et al., 

2019; Shpektor et al., 2017; Wach et al., 2013). At electrophysiological level, the efficacy of tACS 

can be evaluated through the induced changes in EEG spectral power and phase-coherence 

induction on stimulated areas and networks (Roh et al., 2014). Nowadays, it is still not possible to 

record the electrophysiological response to tACS online, due to the high signal tACS artifact on 

EEG, however, offline EEG-tACS paradigms recording pre- and post-stimulus EEG have been 

successfully applied on healthy subjects (see e.g., Castellano et al., 2017).  

1.2.3 Transcranial Random Noise Stimulation (tRNS) 

Transcranial random noise stimulation (tRNS) is the youngest in the tES family, developed for the 

first time in 2008 by Terney. He found the possibility of using a random noise stimulation to 

increase cortical excitability through electrical patterns produced at a random frequency over a 

broad spectrum (0.1–640Hz; Terney et al., 2008). By the repeated opening of sodium channels 

(Chaieb et al., 2015; Terney et al., 2008), this technique induces long-term potentiation of cortical 

plasticity. However, the effective mechanism of action of this method is still under debate and 

some studies hypnotized that tRNS could use stochastic resonance (Miniussi et al., 2013), 

according to which weak signals can be amplified by the addition of noise (McDonnell & Abbott, 

2009). Considering this explanation, random noise added to subthreshold neural oscillations in the 

brain would result in a summation of the two currents strong enough to exceed the threshold.  

As recently demonstrated, tRNS can increase or decrease the excitability at different intensity 

range (Moliadze et al., 2012; Moret et al., 2019), however few studies have investigated the 

effects of tRNS in modifying EEG response so far. Mostly of the studies available in literature 
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focused in analyzing the effect of tRNS on a simple motor or sensory tasks (Fertonani et al., 2010; 

Terney et al., 2008), or on high cognitive function, as arithmetic skills and calculation (Pasqualotto, 

2016; Popescu et al., 2016; Snowball et al., 2013). In patients, tRNS has been successfully applied 

to decrease pain in multiple sclerosis (Palm et al., 2016) and motor cortex excitability in 

Parkinson’s disease (Stephani et al., 2011), as well as to reduce depressive symptoms (Chan et al., 

2012) and to improve negative symptoms in schizophrenia (Palm et al., 2013). Despite the 

propagation of studies demonstrating the effects of tRNS on cognitive functions, only few studies 

have examined its fundamental principle and the impact of the various stimulation parameters on 

results (for a comprehensive review see Krause & Cohen Kadosh, 2014), condemning it to be the 

least tES technique used in clinical rehabilitation. 

1.3 Pros and Cons of NIBS 

As summarized in the previous sections, neurostimulation techniques are increasingly considered 

as a treatment option for numerous neurological and psychological disorders. TES and TMS allow 

to better understand the brain mechanism behind cognitive functions and their non-invasiveness 

might be beneficial, especially from a patient’s point of view. However, their efficacy as long-

lasting brain enhancers is still doubtful. Some studies reported long-term enhancement (lasting up 

to 1 month) after single session as well as after multisessions, especially when the stimulation was 

coupled with training (Hsu et al., 2015; Jones et al., 2015; Zimerman et al., 2013). On the other 

hand, invasive stimulation techniques (as Deep Brain Stimulation (DBS), Vagus Nerve Stimulation 

(VNS), Electroconvulsive Therapy (ECT)) require only a single surgical procedure, and the 

stimulation will continue for the duration of the battery lifetime without additional interventions 

for the patient. Moreover, the invasive brain stimulations have higher spatial resolution compared 

to NIBS, but the possible side effects make these interventions still disadvantageous. 

A common limitation of NIBS in both diagnostic and therapeutic approaches is the restriction of 

the direct effects of respective interventions to only superficial cortical targets. This might be 

partially overcome by network stimulation approaches. As recently pointed out by Fox and 

collaborators (2014), the effect of NIBS extends in the brain along the functional network that 

includes the target region (Fox et al., 2014). This should allow to indirectly reach deeper brain 

regions through NIBS and achieve similar results with invasive and non-invasive techniques. 

Nowadays, NIBS techniques need further exploration for both therapeutic effect and research 

application, more detailed knowledge about the mechanism of action may be helpful in order to 
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indicate the best candidate for specific types of neurostimulation. Moreover, since the concept 

that the brain is organized in networks is accepted in the international scientific scene, also the 

optimization of the stimulation protocol should follow this concept. Highly customizable 

interventions on the base of the subjects’ specific anatomy or functional connectivity could 

provide higher efficacy and adaptability and could increase the number of positive outcomes. The 

effects of fMRI-guided NIBS protocols are discussed in this thesis in the following Chapters. 

1.4 Optimization of tES Electrodes Montages 

Optimizing tES electrodes montages is particularly important in predicting the stimulation effects. 

Nowadays, tES electrodes montages are optimized on the assumption that the effects can be 

directly quantified from the measurement of the electric field (E-field) on the cortex and 

computational models of the brain (physics of electric fields and of their interaction with complex, 

active neuronal networks) are crucial in the development and optimization strategies for brain 

stimulation. Indeed, despite the availability of invasive methods to measure the E-field (in vivo 

techniques), the only non-invasive method helpful to predict the E-field distribution in the brain 

with a high spatial resolution is numerical modeling of Maxwell’s equations in conductive media. 

Such computational models can predict E-field distribution in the human brain with reasonable 

accuracy, as the availability of recent measurements in-vivo confirms (Huang et al., 2017; Opitz et 

al., 2016). Several modeling methods for NIBS have been developed so far using ad hoc software 

(e.g., the commercial finite element model (FEM) software or the Simulation of Non-invasive Brain 

Stimulation (SimNIBS)). Even though this methodological approach is time-consuming and can 

improve the protocols’ generalization problem, they are regularly developed for research 

applications enhancing the consistency and reproducibility of tES research (Miranda et al., 2018). 

Ruffini and colleagues (2014), for example, developed an optimization system called Stimweaver, 

working with a realistic head model derived from structural MRI images (Miranda et al., 2013; 

Ruffini et al., 2014) to calculate the tES electric field components rapidly from arbitrary EEG 10–20 

montages. This modeling approach allows for fast calculation of electric field components normal 

and parallel to the grey matter and white matter surfaces. Moreover, it has also been combined 

with optimization algorithms to guide montage designs (electrode number and their locations) 

using a genetic algorithm. One of the most important input needed to optimize a tES montage is 

the target, which can be defined from various sources, as fMRI, EEG, positron emission, tomograpy 

(PET) and near-infrared spectroscopy (NIRS) (Shafi et al., 2012). These brain imaging techniques 
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can provide information for both clinical and research applications. In order to create more 

accurate E-field distributions and target specific regions or networks more efficiently, these 

optimization algorithms can be built using multichannel montages considering many small 

electrodes (Ruffini et al., 2009, 2013), as shown in the 3rd and 4th chapter of this thesis. Ruffini and 

colleagues (2014), comparing the bifocal to the multifocal montages targeting the same regions, 

noted that the multi-electrode solution better account for neutral effect target areas (Ruffini et al., 

2014). Through image-guided targeting, the stimulation not only modulate the directly target 

region, but the entire cortex taking advantages of network-to-network functional connectivity. 

Additionally, by mapping the functional network associated with a specific function, and by 

computing the corresponding multi-channels tES montages, this approach would also provide the 

spatial characteristics of the stimulation protocol able to modulate a specific cognitive function in 

healthy and clinical cohorts (three examples of this application are provided in the Chapter 3).  

Furthermore, more sophisticated models that combine the physical and physiological data of the 

individual brain in order to create a personalized computational model and design more refined 

personalized optimization protocols have been developed. The use of this personalized models 

based on individual scans, are crucial in specific cases (e.g., the case of damaged brains or skulls). 

In a study conducted in our laboratory, for example, we demonstrated that transcranial electrical 

stimulation (tES) allows to safely and noninvasively reduce intratumoral perfusion in humans by 

applying individualized multi-channel tES according to personalized biophysical modeling 

(Sprugnoli et al., 2019). In this case, a genetic algorithm considering the individual anatomical 

variability and the conductivity of different tumor tissues was used to identify a stimulation 

solution maximizing the induced electrical field over the solid tumor mass while minimally 

affecting the rest of the brain (Sprugnoli et al., 2019). Future implementations of personalized 

biophysical models may allow the prediction of structural/ functional brain changes induced by a 

given therapy, and combined with the incoming patient data, “correct” the therapeutic trajectory 

accordingly. 

1.5 Biophysical Modeling 

In this section a detailed description of the biophysical modeling used in the three studies 

presented in Chapter 3 is provided. For a general comprehension, an example based on the tES 

optimized montages for stimulation of the sensorimotor network by functional connectivity 

analysis is presented. The realistic head model used in the studies 1, 2 and 3 was built from a 
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structural T1-weighted MRI of the single-subject template Colin27 (Figure 1.1- a1). The 1 mm x 

1mm x 1 mm resolution image was segmented into the main head tissues classes (Figure 1.1- a2) 

by using free software: the white-matter (WM) and grey-matter (GM) segmentations were 

obtained with FreeSurfer (https://surfer.nmr.mgh.harvard.edu), whereas cerebrospinal fluid (CSF), 

air filled sinuses, skull and scalp masks were obtained with MARS (Huang et al., 2013). The binary 

masks were combined into one 3D volume (Figure 1.1- a4) using custom Matlab scripts (r2018a) 

with Image Processing Toolbox and Iso2Mesh (Fang & Boas, 2009), which ensured that each tissue 

was surrounded by at least a 1 mm layer of another tissue and generated surfaces of all the tissues 

(Figure 1.1- a3). Sixty-four cylinders (1 cm radius 3 mm thickness) representing gelled PISTIM 

Ag/AgCl electrodes were placed in the scalp positions defined by the 10/10 EEG system, upon 

manual identification of the four fiducials (nasion, inion, left/right preauricular point) on the T1 

image. The finite element volume mesh of the full head with electrodes (Figure 1.1- a5) was 

created using Iso2Mesh (Fang & Boas, 2009). The mesh comprised about 4.3 million tetrahedra. 

The mesh was then imported into Comsol (v5.3a) (http://www.comsol.com), where the tissues 

were assigned appropriate isotropic conductivities for the DC-low frequency range: 0.33, 0.008, 

1.79, 0.40, 0.15 and 10-5 S/m respectively for the scalp, skull, CSF, GM, WM and air (Miranda et 

al., 2013). The electrodes were represented as isotropic homogeneous conductive media with 

conductivity of 4.0 S/m. Laplace’s equation was solved for the electrostatic potential (V) using 

Lagrange second order finite elements. As boundary condition, floating potential was imposed at 

the surface of the electrodes, to ensure a constant current injection.  

The E-field was obtained by taking the negative gradient of the potential. The E-field normal to the 

GM surface (En) was calculated for all the bipolar montages having Cz as a common cathode (-1 

mA) and each of the other electrodes as the anode (+1 mA). These results were used as the input 

to the optimization algorithm (Ruffini et al., 2014), since the distribution of En for any montage 

involving these electrodes can be calculated as a linear combination of the bipolar unit-current En 

distributions multiplied by the electrode’s current. The montage optimizations (Figure 1.1- c) were 

performed using the Stimweaver algorithm, as described in Ruffini et al. (2014). Under the 

assumption of the lambda-E-model [ref-lambda] for the interaction of the E-field with the 

neurons, the algorithm optimizes for the En component of the E-field. Positive/negative En values, 

directed towards/out-of the cortical surface, depolarize/hyperpolarize dendrites, soma and the 

axon terminal of pyramidal cells, thus modulating excitation. The best montage is found by 

minimizing the least squares difference between the weighted target En-map and the weighted 
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En-field distribution induced by the montage, which defines the objective function. Minimization is 

constrained by safety limits for the currents (maximum current per electrode of 2mA, and 

maximum total injected current of 4mA), and by the maximum number of stimulation electrodes 

in the device (N = 8 here). The last condition is imposed by using a genetic algorithm that searches 

in electrode space for the constrained solution that better approximates the optimization 

objective function, as described in Ruffini et al. (2014).    
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Figure 1.1. Biophysical head model, target map and multichannel tES optimized montages for stimulation 

of the motor cortex network by functional connectivity analysis. 

BIOPHYSICAL FEM MODEL (a1-a5): the structural T1-weighted MRI (a1) of the template head 

(http://brainweb.bic.mni.mcgill.ca/brainweb) was segmented (a2) into the main tissue classes (scalp, skull, 

CSF and ventricles, grey matter, white matter); 3D surfaces of the tissues (a3) were created from the 

segmented volumes images and assembled into one head volume, where 64 1 cm-radius PISTIM electrodes 

were placed on the scalp according the 10-10 EEG system (a4). The tissues were assigned conductivity in 

the DC regime (scalp=0.33 S/m, skull=0.008 S/m, CSF and ventricles=1.79 S/m, GM=0.4 S/M, WM=0.13 

S/m), and head model was meshed (a5) to calculate with finite elements the electric field induced on the 

cortex. TARGET MAP (b1-b3): the 3D image of the functional connectivity correlation (b1, in this example, 

the motor cortex network from Fisher et al. (2017) was remapped onto the cortical surface of the template 

brain (b2), and converted into a target map (b3) by linearly rescale and saturation of the values (the values 

in the scale are multiplied by the sign of to display excitatory and inhibitory areas). MONTAGE 

OPTIMIZATION (c1): normal electric field (V/m) induced on the cortex of the reference head model by the 

best multielectrode solution targeting the map in (b3), as determined by the optimization algorithm (Ruffini 

et al., 2014). For this example, the solution involves 7 electrodes, delivering a total maximum current 4mA. 

Anodes are shown in red, cathodes in blue; arrows represent current density. 
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CHAPTER 2 

NEUROIMAGING TO PREDICT AND STUDY THE EFFECTS OF NIBS 
 

Neuroimaging is a broad term that encompasses multiple techniques to visualize anatomy or 

function within the central nervous system in vivo. In this chapter an introduction of two 

neuroimaging techniques has been provided: magnetic resonance imaging (MRI) and 

electroencephalography (EEG). In particular, how these techniques can be used to predict and 

study the effects of NIBS is emphasized.  

2.1 Definition of MRI 

Magnetic resonance imaging (MRI) represents a powerful and versatile method to safely and 

noninvasively measure several properties in the living brain. Through this technique is possible to 

capture images and consequently information about anatomy, neural activity and connectivity, as 

well as pathologies. Compared to other imaging methods (e.g., PET, MEG) MRI is more flexible: it 

can be used to manipulate and measure signal from the brain in several ways and it can acquire 

different type of images and information. In particular, there are three modalities that are the 

most commonly used in neuroimaging: structural, diffusion and functional imaging. In this chapter, 

the functional MRI (fMRI) will be described deeply, giving less space to the other modalities since 

they were not used for the purpose of this thesis.   

Structural MRI. The structural imaging offers information about the characteristics of anatomical 

structures within the brain by finding their boundaries in the image. For example, through 

structural analysis is possible to understand if local gray matter is different between groups or in a 

way that relates to other parameters, as the NIBS treatment, but also to investigate the effect of 

disease or plasticity on specific anatomical structures. One of the most famous examples comes 

from a paper by Maguire and colleagues (2006) that showed the increased hippocampal region in 

the London taxi drivers (Maguire et al., 2006).  

Diffusion MRI. The diffusion imaging provides information about microstructures and anatomical 

connectivity within the brain and spinal cord. This modality is useful for surgical planning since it 

delineates the path of connections, and it is currently the only way to study anatomical 

connectivity of the human brain in vivo.  
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Functional MRI. The functional imaging offers information about the neurons’ activity in the brain 

that could be in relation to a specific task or stimuli, or to the spontaneous activity of participants’ 

neurons. This method reveals an indirect measure of neuronal activity by measuring the changes 

in metabolic requirements related to neural activity. In particular it takes advantage of changing in 

the ratio between oxygenated and deoxygenated blood following the increase in neuronal activity. 

In fMRI there are two main research interests: investigating task-related activity using task-fMRI, 

and functional connectivity using resting-state fMRI (rs-fMRI). The task-fMRI paradigms allow to 

study a specific brain function during the presentation of certain tasks or stimuli used to trigger 

the phenomena under investigation. A very wide range of tasks can be used, from passive 

stimulation to cognitive tasks, in order to study the location and nature of brain activity from basic 

to high-level functions. In contrast to task-fMRI studies, resting-state functional connectivity 

studies examine BOLD fluctuations in the absence of any implicit input or output, in other words 

the spontaneous brain activity. Compared to task-fMRI, rs-fMRI has several practical and 

theoretical advantages, especially for clinical applications: significant rs-fMRI abnormalities have 

been identified across almost every neurological and psychiatric disorder (Fox & Greicius, 2010). 

The functional connectivity can be calculated considering the BOLD signal in specific regions of 

interests or by means of a data-driven approach such a spatial independent component analysis 

(ICA) that shows the presence of consistent resting state networks (RSNs) similar to the networks 

present during the activation (Damoiseaux et al., 2006; Smith et al., 2009). By studying specific 

RSNs, Fox and colleagues revealed for example that the default mode network (DMN) is always in 

anticorrelation with task-related networks (Fox et al., 2005, 2009). The function and the 

importance of studying RSNs will be discussed in the following paragraph.  

There are some limitations of fMRI that need to be acknowledge. The most critical limit of fMRI is 

its relative low temporal resolution, because the hemodynamic response function is much slower 

than neural activity. Moreover, another critical limit is the Signal-to-Noise Ratio (SNR) usually 

solved with some acquisition and analysis trick that allow to maximize the signal in respect to 

noise. Furthermore, fMRI also does not presently provide information about whether connections 

are feedforward (ascending) or feedback (descending). Finally, there are limitations resulting from 

how the analysis are conducted and how the results are interpreted.  
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2.2 The Importance of Brain Networks 

For several years, the studies in Neuroscience have been conducted considering the canonical 

separation between brain regions that, even though connected each other, performed their 

function in an independent manner. Recently, several studies have confirmed that our brain is not 

sector-based but it is organized in big functional structures that include several brain regions in 

constant interaction between each other. These macrostructures are called brain networks. The 

literature in the field suggests that large-scale networks trigger both integration and 

differentiation processes, essential for information processing. Moreover, also psychiatric, 

neurologic and neurodevelopmental disorders are characterized by network dysfunctions 

probably caused by abnormality in one isolated brain region that could produce alterations in the 

functionally connected brain networks (Fornito et al., 2015; Fox, Halko, et al., 2012). Considering 

these observations, networks are becoming the targets of therapeutic interventions (Ruffini et al., 

2018). In order to study and identify networks activations during psychological and behavioral 

processes, neuroimaging represents the best tool in our possession. As discussed in the following 

paragraphs, neuroimaging methods in combination with NIBS techniques endorse a more 

comprehensive understanding of the network activity underlying both healthy human brain 

functions as well as connectivity changes associated with dysfunctional states. Depending on the 

neuroimaging modality, different aspects of NIBS-induced changes in brain activity can be 

captured. 

2.2.1 Resting State Networks 

One of the most important discovery in the field of neuroimaging is that our brain is never turned 

off but, instead, there is activity also during resting. The hypothesis of an ‘always on brain’ is not 

new but it has been detected by Berger through the electroencephalography (EEG). However, the 

more relevant neuroimaging studies come from the end of 90s century, when it was demonstrated 

that low frequency fluctuations (0.01–0.1 Hz) sampled on blood oxygenation level-dependent 

(BOLD) signal are phase-locked between many right and left-hemisphere symmetric functionally 

related cortices (i.e., bilateral motor cortex) in human subjects at rest (Biswal et al., 1995; Lowe et 

al., 2000). This temporal correlation of low frequency fluctuations was postulated to reflect 

functional connectivity between related brain regions (Biswal et al., 1995; Lowe et al., 2000). The 

demonstration that the correlation in low-frequency BOLD fluctuation reflects cortico-cortical 

connections came from a very interesting block-style fMRI experiment by Lowe and colleagues 
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(2000). In the subsequent years, many studies have following concluding that the low-frequency 

oscillations in human fMRI data have a small-world architecture that probably reflects underlying 

anatomical connectivity of the cortex and display spatial structure comparable to task-related 

activation (Achard et al., 2006; Beckmann et al., 2005; Cordes et al., 2000; De Luca et al., 2005; 

Hampson et al., 2002). The consistency, coherence and dynamicity of these low-frequency 

fluctuations in the BOLD signal across subjects has been studied through several analysis approach 

(region-of-interest cross-correlation (Cordes et al., 2000; Hampson et al., 2002; Lowe et al., 2000); 

seed-voxel based correlation analysis (Biswal et al., 1995); independent component analysis (ICA) 

(Beckmann et al., 2005; Calhoun et al., 2001; De Luca et al., 2005) and tensor probabilistic ICA 

(PICA) (Beckmann & Smith, 2005a; Damoiseaux et al., 2006)). All these studies have identified 

components that resemble functionally relevant cortical networks such as motor, visual and 

auditory cortical areas as well as the well-known default-mode network (DMN), usually activated 

in rest condition and deactivated during task (Fox et al., 2005). Moreover, negative correlations 

(anti-correlations) between regions with apparent opposing functional properties have also been 

observed (Fox et al., 2005).  

Over the past decade, Neuroscience has made significant advances in understanding the circuits 

within the human brain and the interaction between regions and networks in healthy and 

pathological condition. Significant rs-fMRI abnormalities have been identified across almost every 

major neurological and psychiatric disease (for a review see Fox & Greicius, 2010). Nowadays, 

activity recorded during spontaneous rest using fMRI can be decomposed into separate but 

integrated resting state networks (RSNs) (Achard et al., 2006; Sporns, 2011) reflecting the activity 

within sensory (e.g., visual, motor, auditory) and associative brain regions related to high-order 

cognitive processes such as abstract reasoning, attention, language, and memory. In order to 

provide reference maps estimating the organization of the human cerebral cortex Yeo and 

colleagues (2011) explored cortical organization through resting-state functional connectivity in 

1000 healthy subjects (Yeo et al., 2011). They concluded that different regions of the cerebral 

cortex display distinct characteristics and performed a fc-RSN ATLAS where brain areas have been 

grouped together in 7 or 17 RSNs based on their correlation. Recently, this ATLAS has been 

updated by Schaefer et al., (2018).  
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2.2.2 Task Related Brain Networks 

Contrary to the resting-state studies, the studies aimed to investigate neural correlates of specific 

task or stimuli are usually block-design studies, where tasks blocks are alternated to rest blocks. 

Using this protocol, several studies so far have demonstrated that flashing visual stimuli are 

associated with increased activity in the visual cortex as well as auditory stimuli with increased 

activity in the auditory cortex. Moreover, considering attention-demanding cognitive tasks, two 

opposite brain responses are usually observed: frontal and parietal cortices exhibit activity 

increases (Cabeza & Nyberg, 2000; Corbetta et al., 2002), whereas posterior cingulate, medial and 

lateral parietal, and medial prefrontal cortex exhibit activity decreases (Gusnard et al., 2001; 

McKiernan et al., 2003; Shulman et al., 1997). This dichotomy demonstrated that there is an 

increased activity in regions whose function supports task execution and decreased activity in 

regions supporting unrelated or irrelevant processes. Going further, by examining both 

correlations and anticorrelations in spontaneous BOLD fluctuations associated with six predefined 

regions of interest, Fox and colleagues (2005) clarified that regions with similar task-related 

responses are correlated and these are usually in ‘anticorrelation’ with regions that have dissimilar 

task-related responses. 

The most studied networks include the Default Mode Network (DMN), right and left 

Frontoparietal Network (FPN), Sensorimotor (SM), Limbic (LIM), Ventral Attention Network (VAN), 

Dorsal Attention Network (DAN) (Damoiseaux et al., 2006; Heuvel et al., 2009; Zuo et al., 2010). All 

these networks are related to different functions. For example, DAN allows the selection of 

sensory stimuli based on internal goals (goal-driven attention) and links them to motor responses. 

On the other hand, the VAN detects salient and behaviorally relevant stimuli in the environment, 

especially when unattended (stimulus-driven attention). These two networks dynamically interact 

during normal perception to determine where and what we attend to (Corbetta et al., 2008).   

Despite each network plays a unique role in cognitive control, including its implementation, 

maintenance, and updating, the frontoparietal, cingulo-opercular, and salience networks works 

together for the same aim (Marek & Dosenbach, 2018). Thus, the cingulo-opercular network is 

more involved in the flexible control of goal-directed behavior while the frontoparietal network 

supports control initiation and provides flexibility by adjusting control in response to feedback. 

Because of the large degree of connectivity to several brain networks, the FPN is considered a 

functional hub, both globally and specifically in terms of distributed connectivity, able to rapidly 

and flexibly modulate other brain networks (Marek et al., 2015; Power et al., 2011, 2013). 
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Moreover, a significant positive correlation between functional integration of FPN and cognitive 

ability has been recently detected, showing that the strength of functional integration of the FPN 

and the rest of the brain is important for supporting high cognitive functions (Sheffield et al., 

2015). The involvement of this network in high cognitive function as working memory will be 

deeply discussed in the 3rd Chapter of this thesis. 

2.3 Combining fMRI and NIBS 

NIBS and neuroimaging are complementary tools that can be combined to optimally study brain 

connectivity and manipulate brain networks (Fox, Halko, et al., 2012). NIBS can temporally modify 

the ongoing neural activity allowing the study of causal relationship between the stimulated 

cortical area and the underlying brain function or the main networks directly connected to it, 

suggesting information about brain connectivity. Despite its temporal resolution is inferior in 

comparison with EEG measures, its superior spatial resolution as well as the opportunity to 

monitor activity alterations across larger and deeper brain areas, including subcortical regions, 

represent important advantages (Siebner et al., 2009). Since the application of NIBS over a specific 

brain area can modulate not only neural activity in specific target region but also the evoked 

activity that propagates to anatomically and functionally interconnected regions, the combination 

of NIBS and fMRI allows the study of these dynamic network interactions. Combining fMRI with 

NIBS may be useful also for solving the already discussed targeting problem. By modulating the 

standard target regions onto individual subject anatomy (e.g., using anatomical MRI) or to 

individual functional activity (e.g., functional MRI), as well as by considering metabolic information 

(Positron Emission Tomography – PET), the stimulation protocols can be adapted to the specific 

aim of the intervention. 

In general, NIBS and fMRI can be combined online or offline. In the offline protocols, it is possible 

to evaluate the functional connectivity changes due to one or several stimulation sessions (see e.g. 

Mantovani et al., 2020). On the other hand, the stimulation can be applied concurrently to fMRI 

acquisitions (online) with two aim: measuring the effect of stimulation on resting-state or 

evaluating the neural substrate of cognitive domain during the performance of cognitive tasks. The 

online effect of stimulation can be estimated through changes in the Cerebral Blood Flow (CBF) or 

BOLD signal, as well as in functional connectivity. Recently, Zheng and colleagues (2011) showed a 

significant increase of regional CBF in contralateral regions belonging to Sensorimotor Network 

(SMN) during the stimulation of the right motor cortex (Zheng et al., 2011). Later, other studies 
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confirmed the possibility to observe CBF modulation applying tDCS both on healthy (Baeken et al., 

2017; Stagg et al., 2013) and clinical population (Hong et al., 2017), highlighting the advantages of 

using the combined approach tES-fMRI. Studying the online effects of tES on fMRI is also central 

for understanding the modulation of networks dynamics, as amply discussed in the 4th chapter of 

this thesis. 

2.4 EEG 

In contrast to metabolic measures (fMRI and PET), electrophysiological techniques, including 

magnetoencephalography (MEG) and electroencephalography (EEG), quantify physical 

phenomena directly produced by neural events, permitting to capture changes on a millisecond 

scale. Comparing EEG with MEG, the first appears less sensitive because of the phenomena called 

‘volume conduction’: while the magnetic fields pass unimpeded through the meninges, the skull, 

and the scalp, the electric fields are affected by their differences in conductivity. However, MEG is 

less accessible, and it requires specialized installations, resulting in higher costs related to 

construction and maintenance. In contrast, EEG is portable and have a lower cost. For this reason, 

EEG is a highly informative and practical technique for studying brain activity in terms of brain 

oscillations (Baillet, 2017; Lopes da Silva, 2013). The EEG allows the recording of electrical activity 

within the brain, with an excellent temporal resolution, in spite of a limited spatial resolution, 

because of the relatively low number of electrodes. Moreover, other two main properties reduce 

the spatial resolution of its recordings: i) the electromagnetic fields decay exponentially with 

distance, consequently detecting fields generated by subcortical structures is unlikely; ii) electric 

fields with similar magnitude and opposite direction cancel out, constraining the sensitivity of EEG 

to dipoles produced radially to the skull. Additionally, estimating the exact position of the current 

sources remains a challenge in the field because many different configurations of dipoles could 

give rise to the same distribution of the EEG signal (Cohen, 2017). 

The EEG is particularly able to capture the signal from the pyramidal neurons, organized in a way 

that the neighboring dendritic trees lie parallel to each other and orthogonal to the cortical 

surface. In literature two types of electrical activity within these cells are known: actions potentials 

and post-synaptic potentials. The first is induced when the transmembrane potential exceeds a 

threshold, at this moment the action potentials can travel along the neurons and the 

communication is possible, in particular the communication take place when the action potentials 

is propagated through synapses. When an action potential arrives at a synapse a postsynaptic 
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potential is generated if a threshold is exceeded. The action potential is then transferred to the 

postsynaptic neuron. The sum of the postsynaptic potentials can produce unidirectional current 

flow large enough to be picked up through the electrodes outside the brain. These currents can 

propagate to the scalp because the brain acts as a conductor. Therefore, the resulting EEG signal is 

the summation of the underlying sources.  

EEG can be used to identify normal or pathological brain rhythms based on their amplitude and 

frequency. Brain oscillations can be observed at distinct spatial levels, ranging from neural circuits 

to brain networks, representing a common language shared by invasive, noninvasive and modeling 

studies. Additionally, through different type of analysis is possible to describe neural activity in a 

multidimensional framework, addressing the time and topographical distribution of brain rhythms, 

as well as their characteristics in terms of frequency, power, and phase (Cohen, 2017). The brain 

oscillations can be studied in humans during tasks and/or resting state. While recordings in resting 

state focus on the fundamental oscillatory profile of individuals, exploring differences in the 

frequency domain, task-related recordings explore changes in the brain activity elicited by an 

event. Recordings during cognitive tasks can be averaged across trials to observe changes in the 

brain oscillations in terms of time or time-frequency domain by calculating event-related 

perturbations (ERPs), and in terms of phase coherence by inter-trial phase coherence (ITPC) 

analysis (Delorme & Makeig, 2004). Different brain states and cognitive functions are associated to 

distinct frequency band: delta (1-4 hz) is the predominant band during sleep (Buzsáki & Draguhn, 

2004), theta (4-7 hz) is prevalent during memory functions, and emotional regulations (Knyazev et 

al., 2009), alpha-band (8-13 hz) has been observed mainly during neural operations in the absence 

of sensory input and task-irrelevant brain areas (Palva & Palva, 2007) and beta band (14-35 hz) has 

been related to motor control and the maintenance of the status quo (Engel & Fries, 2010). Finally, 

a faster frequency band, known as gamma (35-100 hz), has been correlated with attention and 

sensory responses, as well as with the regulation of spike timing and synchrony of neural activity 

during memory formation (Bouyer et al., 1981; Cardin et al., 2009; Kemere et al., 2013). 

Representing the main topic of the last chapter of this thesis, the following paragraph will provide 

a detailed description of gamma oscillations.  

2.4.1 Gamma oscillations and cognition 

The gamma oscillations encompass the rhythmic activity within the range of 35 to 100 Hz. So far, 

an increase in gamma frequency has been observed in tasks such as reading and subtraction 
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expectancy (Fitzgibbon et al., 2004), as well as during memory encoding in humans and mice 

(Colgin, 2016; Yamamoto et al., 2014) and during working memory (Chen et al., 2014). Due to lack 

of evidence supporting gamma as a clock-like temporal framework of brain function (Burns et al., 

2011; Ray & Maunsell, 2011), the involvement of gamma frequency in neural activity has been 

debated for a long time. However, prediction of cognitive performance by gamma power changes 

have been showed through intracranial recordings, highlighting the functional role of gamma in 

cognition. Nevertheless, the neural substrates underlying this high-frequency activity are not clear 

yet. Early studies have suggested that these oscillations result from the summed activation of 

pyramidal neurons in different assemblies, discharging at different rhythms (Fitzgibbon et al., 

2004). On the other hand, recently it has been proposed that this band arise from the activity of 

GABAergic neurons (Chen et al., 2014), in particular the parvalbumin-positive basket cells (Mably 

& Colgin, 2018). At the circuit level, two models have been used to define the production of 

gamma oscillations, the Interneuron Network Gamma (ING) model, and the pyramidal interneuron 

network gamma (PING) model (Gonzalez-Burgos & Lewis, 2012; Whittington et al., 2000). The ING 

model proposes that besides interneurons are driven by tonic excitation, their synchronization in 

gamma relies on the activity of reciprocally connected GABAergic neurons. On the other hand, the 

PING model proposed that this band depends on the interplay between pyramidal neurons and 

GABAergic neurons. Several studies in vitro and in vivo are in favor of the PING model (Gonzalez-

Burgos & Lewis, 2012). 

Because of the involvement of gamma oscillations in high cognitive tasks, several studies 

evaluated the possibility to modulate cognitive performance through gamma-tACS. Santarnecchi 

and colleagues demonstrated that tACS at γ frequency (40-80Hz) can modulate fluid intelligence 

(Santarnecchi et al., 2013), problem-solving ability (Santarnecchi et al., 2019) and visuospatial 

coordination (Santarnecchi, et al., 2017a). Moreover, other groups shown its efficacy also in 

boosting working memory performance measured as reaction time (Röhner et al., 2018) and as 

changes in d-prime (Alekseichuk et al., 2016; Hoy et al., 2015). The strong effect of gamma-tACS 

on cognitive functions makes this technique highly interesting for the application also on 

populations with psychiatric and neurological disorders. Several studies have indeed shown its 

applicability and efficacy on patients with dementia (McDermott et al., 2018; Prince et al., 2016), 

supporting the idea of improving the cognitive impairment in Alzherimer disease by targeting the 

gamma band (Iaccarino et al., 2016a; McDermott et al., 2018; Palop & Mucke, 2016). A more in-
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depth explanation of this aspect and one application example will be provided in last chapter of 

this thesis. 

2.5 Combining EEG and NIBS 

By combining EEG with NIBS, the effect of a pulse applied to the cortex can be assessed by 

measuring the neuronal response in the EEG, and the amount of neurophysiological information 

that can be derived is higher compared to the combination of NIBS with electromyography (EMG). 

In particular, TMS-EEG is one of the most promising multimodal techniques able to investigate 

brain dynamics. The EEG response obtained after a single or multiple TMS pulses is called TMS-

evoked potential (TEP) (Ilmoniemi et al., 1997) and it is usually a complex waveform time-locked 

to the TMS pulse that offers a measure of cortical excitability. Recently, the combination of TMS 

and EEG become of great interest in the field of Neuroscience to study causal communication 

between brain regions with a high temporal resolution, and to offer information about the 

mechanisms of effective connectivity (Friston et al., 1993; Massimini et al., 2005). Information 

derived from TEPs has shown to be valuable in the distinction of several pathologies but also to 

study cortical connectivity in healthy subjects (for a comprehensive review: Tremblay et al., 2019). 

The combination of tES and EEG is also of great interest, especially for studying long-distance 

synchronization and modifications in oscillatory activity in an easy way. Numerous studies have 

indeed explored the effects of tES in the human brain (Herrmann et al., 2013; Thut et al., 2011), 

however, due to the high amplitude artifact in EEG recordings produced by tES, is not possible to 

study the online effect of stimulation. On the other hand, the effect of tES could be evaluated by 

comparing the offline EEG recordings before and after stimulation (Zaehle et al., 2010). Several 

studies have shown the possibility to enhance memory performance by using tES (Berryhill & 

Jones, 2012; Mulquiney et al., 2011), also suggesting the recruitment of brain oscillatory patterns 

in specific frequency bands. Zaehle and collaborators (2010), found the possibility to modulated 

working memory (WM) performance by altering the underlying oscillatory brain activity in a 

polarity-specific way: they observed an increase in performance and amplified oscillatory power in 

the theta and alpha bands after anodal tDCS over the left dlPFC. Moreover, numerous EEG and 

MEG studies have reported WM-related increases in oscillations in theta (3–8 Hz; Gevins et al., 

1997; Jensen & Tesche, 2002; Khader et al., 2010; Maurer et al., 2015; Onton et al., 2005) and 

gamma frequency bands (>30 Hz; Honkanen et al., 2015; Howard et al., 2003; Roux et al., 2012; 

Vugt et al., 2018). Based on these physiological evidences, several works have recently 



 

35 
 

demonstrated that parietal (Feurra et al., 2016; Jaušovec & Jaušovec, 2014; Pahor & Jaušovec, 

2018) or fronto-parietal (Polanía, Paulus, et al., 2011; Violante et al., 2017) theta-tACS is able to 

boost behavioural performance on WM tasks and to induce a frequency specific modulation in the 

EEG activity (Helfrich et al., 2014; Pahor & Jaušovec, 2018). These results confirmed the exclusive 

opportunity to causally link brain oscillations of a specific frequency range to cognitive processes 

through tES. Moreover, several offline tES studies observed that EEG effects can last for several 

minutes after the end of stimulation (Antal & Paulus, 2013; Zaehle et al., 2010).  

In summary, the combination of NIBS with EEG allows the study of cortico-cortical excitability and 

functional connectivity. The high temporal resolution of the EEG enables tracking of the temporal 

sequence of communication between regions and, combined with NIBS, can identify effective 

(causal) connectivity patterns in the brain. Moreover, NIBS techniques can trigger oscillatory 

rhythms or modify ongoing oscillations, allowing the study of causal specificity of brain rhythms 

for distinct cognitive and motor functions or disfunctions (Thut & Miniussi, 2009). Thus, amplitude 

and latency of the ERPs (generated in response to somatosensory, visual, or auditory stimuli but 

also cognitive tasks) may provide information regarding activity modulation induced also by tES in 

specific cortical regions (Miniussi et al., 2013). Even though the possibility to entrain brain 

oscillations by tES allows researchers to causally explore the interaction between brain oscillations 

and manifested behavior, technical challenges need to be addressed in order to more in depth 

understand this causal link.  
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CHAPTER 3 

META-ANALYSES AS TOOL FOR NETWORK MAPPING AND TARGETING 

NEUROMODULATION: APPLICATION ON COGNITIVE TASK AND CLINICAL 

POPULATION 

 

3.1 STUDY 1: Stimuli, Presentation modality and load-specific brain 

activity patterns during n-back task1 

 

Working memory (WM) is generally defined as the capacity to temporary maintain and manipulate 

goal-relevant information as well as to concurrently remember and process information over brief 

periods of time (Baddeley, 1992). Compared to short-term memory, WM allows to manipulate 

incoming information, thus not being limited to storage capacity (Baddeley et al., 1996). Due to its 

many plausible links with other high-order cognitive functions— such as fluid intelligence 

(Friedman et al., 2006), inhibition (Miyake et al., 2000), switching (Miyake et al., 2000) and 

attention (Maurizio Corbetta & Shulman, 2002)—a large number of studies has recently focused in 

understanding its mechanisms and neural correlates, not only in the context of cognitive 

neuroscience, but also in clinical psychology, cognitive rehabilitation medicine and within the field 

of cognitive enhancement in healthy subjects.  

Studies in both healthy humans and clinical populations have highlighted a set of brain regions 

playing a relevant role during WM-related cognitive processing, with hundreds of studies being 

published so far. The complexity of WM has also led to a vast number of assessment tools being 

created, each one stressing a particular aspect of WM processing, e.g., WM capacity vs 

manipulation, processing of visual stimuli with or without emotional valence, processing of 

auditory stimuli vs verbal ones and so on. This has led to a consensus over which regions or brain 

lobe might broadly play a role in WM, but with little to no specificity when it comes to the neural 

substrates underlying specific WM tasks that might be deployed in neurorehabilitation protocols 

or become a target within non-invasive brain stimulation (NIBS) techniques. The most recent 

Activation Likelihood Estimate (ALE) meta-analysis (Rottschy et al., 2012) examined a total of 189 

                                                           
1
 A similar version of the present article has been recently published (Mencarelli, L., Neri, F., Momi, D., Menardi, A., 

Rossi, S., Rossi, A., & Santarnecchi, E. (2019). Human brain mapping, 40(13), 3810-3831). 
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adult WM experiments employing a variety of WM tasks. The authors reported a highly consistent 

activation of a core WM network across task variants, relaying mostly on fronto-parietal regions, 

with some differentiations depending on the type of stimuli, contrasts and cognitive processes 

examined. However, due to the great variability in the WM tasks being examined, the relevant 

contribution of Rottschy et al. (2012) did not define the task-specific activation clusters, or maps.  

Among the most used WM tasks, examples include the Digit Span task, the Sternberg task, the n-

back task and delayed match-to-sample. The n-back task—first described by Kirchner (1958)— is 

however the most popular measure of WM used in functional magnetic resonance imaging (fMRI) 

studies, relying on the presentation of “rapidly, continuously changing information” to measure 

very short-term retention. In this task, participants are presented with a series of stimuli and are 

asked to indicate whether the current stimulus matches the stimulus presented n stimuli back in 

the series. The majority of fMRI studies using n-back paradigms has so far focused on the effects of 

task load or type of material (e.g., verbal vs. spatial) in adults (Owen et al., 2005) and confirmed 

the well-established fronto-parietal network of activation mentioned above. Indeed, both 

differences in stimuli’s type (e.g., letters, numbers, faces, words, objects, images) and 

presentation modalities (visual, auditory, tactile) can be used to personalize a variety of features in 

n-back paradigms, reason for which fMRI studies can be informative in revealing which brain areas 

are more active for a specific condition, or if instead the activated WM network remains the same 

independently from changes in such features. Few studies have proven WM network activation to 

be material-independent (Nystrom et al., 2000; Owen et al., 2005; Ragland et al., 2002; 

Schumacher et al., 1996), with the opposite finding holding true for other studies: while 

maintaining a bilateral fronto-parietal activation, greater network activation has been reported to 

the left for verbal inputs, and to the right instead when subjects were presented with visuo-spatial 

material (Owen et al., 2005; Rottschy et al., 2012). The latest meta-analysis to date based on n-

back task date back to 2005. Owen et al. (2005) examined 24 studies of n-back WM tasks 

manipulating either processes required for task performance (i.e., location/spatial- vs. 

identity/non-spatial-monitoring) or stimulus material (i.e., verbal or non-verbal). This study 

originally showed for the first time the neural correlates active for a single WM task. However, in 

this meta-analysis only some neural activation related to several stimuli or presentation modality 

were presented: three activation maps (“identity verbal”, “identity non-verbal” and “non-verbal 

location”) and two comparison maps (“verbal vs non-verbal” and “identity vs location”). 
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A detailed knowledge of the pool of regions upon which a specific task or, in this case, a particular 

stimulus used in an n-back paradigm mostly relies on, becomes crucial in the field of rehabilitation. 

Consider the case of WM cognitive training: if a patient has a lesion on the left hemisphere and 

he/she presents a WM deficit, it would be important to implement a cognitive training capable of 

stressing that area or the efficiency of surrounding healthy tissue, maximizing the rehabilitation. In 

addition, several neuroimaging studies have shown an increase in activity at the neural level over 

specific regions, such as the bilateral prefrontal and parietal cortices, as a function of processing 

load (Jonides et al., 1997; Owen et al., 2005; Rottschy et al., 2012). The notion of pivotal brain 

areas for a given task comes therefore of great interest, with strong clinical and rehabilitative 

implications. The creation of well-defined maps based on established task-specific clusters of 

activity would allow to selectively stimulate such areas, possibly through the implementation of 

non-invasive brain stimulation (NIBS) approaches, aiming to provide better cognitive training 

interventions and to overall increase individuals’ quality of life. Furthermore, the ability to 

modulate brain activity in a completely non-invasive way has always been one of the greatest 

challenges in cognitive neuroscience, leading NIBS interventions to become among of the most 

used approaches in recent years. 

Due to the aforementioned rationale, we hereby aim to present a quantitative meta-analysis of 

the n-back literature available to date, summarizing published experimental work involving task-

fMRI and PET data. The Activation Likelihood Estimate (ALE) statistical framework (Eickhoff et al., 

2009, 2012) was implemented in providing readers with a state-of-the art update on activation 

maps along a general to specific gradient of WM n-back paradigm characterization. In addition, a 

clear differentiation of the role played by the regions activated during WM tasks with respect to 

existing resting-state networks (RSN)(Biswal et al., 2010) is not yet available. To provide this 

information, we compare each n-back map with those representing different RSNs (e.g., attention, 

executive control, language, sensorimotor, visual and auditory processing). Results offer a still 

unexplored perspective and overview of the link between n-back related brain activity and brain 

connectivity in humans. Moreover, we provide some examples of network-guided targeting for tES 

based on the ALE maps, using biophysical modeling.  
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3.1.1 METHODS 

Literature search 

Potentially relevant articles were retrieved by performing a search on PubMed and Google Scholar 

databases without temporal restrictions. The following terms "Working Memory", "WM", 

“Working Memory Task”, "Memory", "Short-term Memory" were individually combined with 

"Functional Magnetic Resonance Imaging", "Position Emission Tomography" and their acronyms.  

References from the retrieved material were examined for relevant publications too. In the second 

step of the literature examination, we selected only the studies that used the n-back as task and 

following the abstract screening of every resulted article published before June 2018, a total of 

152 studies were selected and analyzed (Figure 3.1). We intentionally excluded (i) studies involving 

patients with organic illnesses, pathological neurological exam, psychiatric conditions or history of 

drug abuse, (ii) studies discussing magic ideation, (iii) review papers, (iv) studies not mentioning 

any of the keywords in their abstract unless they cite specific n-back tasks, (v) studies not 

reporting fMRI/PET activations coordinates in MNI or Talairach space, (vi) studies not reporting 

activation foci in table format or reporting statistical values without corresponding coordinates, 

(vii) studies that used predefined Regions of Interest (ROIs), (viii) studies not using classic n-back 

tasks, define as those where subjects must respond when the stimulus presented is the same as 

the stimulus presented n times before, (ix) studies that used placebo or pharmacological 

therapies, (x) studies with only one subject, (xi) studies reporting results obtain with Small Volume 

Correction (SVC). The final selection comprised 85 studies reporting either fMRI or PET findings. 

For each study, the following information were retrieved: (i) number of participants, (ii) mean age, 

(iii) experimental design, (iv) cognitive task specifics, (v) main results. Data of the specific 

activation foci were collected and included in a quantitative Activation Likelihood Estimation (ALE) 

analysis for the identification of brain regions most commonly reported as involved in n-back 

tasks.  
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Figure 3.1. A detailed overview of literature search performed is shown. 
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N-back maps 

Different maps were created, carefully inspecting each manuscript and extracting activation foci 

from tables referring to the contrast of interest. A (1) global "WM" map was obtained including all 

the coordinates referring to n-back tasks, regardless of presentation modality and stimulus type. 

We created (2) three maps of WM load containing all experiments that contrasted a high load n-

back condition with a low load n-back condition (e.g., 3 back vs 1 back tasks). Both (3) "visual" and 

(4) "auditory" n-back maps were computed from studies using visual or auditory presentation 

modalities; words, letters, numbers, faces, objects and images are examples of the most 

commonly displayed visual stimuli within former studies. Moreover (5) “spatial” and (6) “non-

spatial” n-back maps were computed from studies using spatial designs (e.g., “judge whether if the 

current position of the box is the same or n position before the current position”) or non-spatial 

design (e.g., “judge whether if the current number is the same of n numbers before the current 

number”). In addition, (7) “verbal” and (8) “non-verbal” maps were also created, in which we 

included all studies with a non-spatial design that have used stimuli like letters, numbers or any 

other type of stimuli requiring a stimulus-dependent semantic process (verbal WM); or non-verbal 

stimuli like faces, objects, images (non-verbal WM). For “verbal” and “non-verbal” maps, we 

produced a set of sub-maps, one for each type of stimuli used: (9) “letters”, (10) “numbers”, (11) 

“faces” and (12) “objects/images” maps. Finally, (12) we have realized a map revealing the neural 

deactivation during the n-back task.  

 

ALE maps computation 

The quantitative evaluation of spatial PET and fMRI patterns was carried out using the activation 

likelihood estimate (ALE) technique implemented in the GingerALE software v2.3.2 

(www.brainmap.org) (Eickhoff et al., 2009, 2012). The method yields a statistical map that 

indicates the set of significant voxels while considering the magnitude of the effect, the number of 

studies and the number of participants in each study.  

First, lists of coordinates were carefully checked for duplication of data across publications, in 

order to avoid artefactual inflation of a given foci significance. Differences in coordinate spaces 

(MNI vs. Talairach space) between experiments were accounted for by transforming coordinates 

reported in Talairach space into MNI coordinates through the tal2mni algorithm implemented in 

GingerALE. The reported foci of activation for each study were modeled as Gaussian distributions 

and merged into a single 3D volume. Equally-weighted coordinates were used to form estimates of 
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the probability of activation for each voxel in the brain, using an estimation of the inter-subject 

and inter-study variability usually observed in neuroimaging experiments, rather than applying a 

priori full-width half maximum (FWHM) kernel. Therefore, the number of participants in each 

study influenced the spatial extent of the Gaussian function used. We first modeled the probability 

of activation over all studies at each spatial point in the brain, returning localized “activation 

likelihood estimates” or ALE values. Values were then compared to a null distribution created from 

simulated datasets with randomly placed foci to identify significantly activated clusters 

(permutations test= 1000 run). Corrections based on false-discovery rate (FDR) at the cluster-level 

and voxel-level family-wise error (FWE) estimation (Eickhoff et al., 2012) were applied. In details, 

cluster correction for multiple comparisons with a p<0.001 threshold for cluster-formation and a 

p<0.05 for cluster-level inference were set.  All values were chosen based on their common use in 

similar meta-analyses and algorithm tests (Eickhoff et al., 2012; Turkeltaub et al., 2012).  

Contrast images were created from the subtraction of each pair of ALE maps, together with a map 

showing their statistically significant overlap. Given that the resulting subtraction image has the 

major drawback of not considering the differences in the dataset sizes between the two original 

maps, GingerALE’s simulated data of the pooled foci datasets— obtained by randomly dividing the 

pooled data into two new groupings of the same size as the original datasets— were considered. 

An ALE image is hereby created for each new dataset, then subtracted from the other and 

compared to the original data. ALE maps were visualized using MRICronGL on an MNI standard 

brain. The same analysis has been computed in the Studies 2 and 3 of this Chapter.  

 

Anatomic-functional characterization of WM load maps 

For the specific contrasts examining the impact of WM load on n-back activation maps 

topography, an additional analysis was carried out to investigate the anatomo-functional profile of 

clusters characterizing the highest load conditions (i.e., 3-back). Specifically, the anatomo-

functional anterior cingulate cortex (ACC) parcellation by Neubert et al. (Neubert et al., 2015) and 

the anatomo-functional cerebellar parcellation by Buckner et al. (Buckner et al., 2011) were used. 

We imported each WM-load map in MATLAB (The Mathworks, Release 2016b) and computed 

their quantitative overlap.  
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Overlap between n-back and resting-state fMRI networks 

Shirer et al. (2012) defined 14 non-overlapping maps representing distinct resting state networks: 

dorsal and ventral default mode (vDMN, dDMN), dorsal and ventral attention (AN), anterior and 

posterior salience (AS, PS), right and left executive control (RECN, LECN), language (LANG), basal 

ganglia (BG), high and primary visual (HVIS, PVIS), precuneus (PREC), somatosensory (SM) and 

auditory (AUD) networks (Shirer et al., 2012). Within the present study, we decided to further 

estimate how much— in terms of percentage of voxels— each n-back map was found to overlap 

with Shirer’s RSNs. 

 

Biophysical model 

The biophysical model has been obtained as described in the Chapter 1 (Figure 1.1). In this case, 

we use as target the activation maps resulting from the ALE computation, instead that the 

functional connectivity map described in the ‘Biophysical modeling’ paragraph (pag. 22). In 

particular, considering the difficulty to reach subcortical regions through NIBS, for these 

optimizations we decided to focus on the cortical nodes, thus implementing the optimization for 

the bilateral frontal and parietal areas resulting from the ‘global’ WM map. 

 

3.1.2 RESULTS 

Ale Maps 

A total of 152 studies were retrieved and examined. Nevertheless, only 85 of them were found to 

match our inclusion criteria and were ultimately entered in the analysis (a more detailed overview 

of the literature search is reported in Figure 3.1). A complete list of the included studies, reporting 

the types of the n-back tasks examined, the stimuli used, their presentation modalities, the 

references (MNI or Talairach) and their relative transformation type, as well as the number of foci 

and imaging techniques (e.g., fMRI, PET), are reported in Table 3.1. Moreover, information about 

sample size, gender and age, acquisition parameters (e.g., MRI scanner, TR, TE, FA) and the 

neuroimaging software used for fMRI/PET data analysis are shown for each paper in Table 3.2. 

In the following section, tables and figures for each n-back map are reported. A discussion about 

the role of each specific node is provided in the Discussion section of the manuscript.  
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Table 3.1. List of studies considered in this meta-analysis. For each type of the n-back task examined, the 

levels of task difficulty, the type of stimulus used, the modality of stimuli presentation, the type of 

references and their transformation modalities, the number of foci and the imaging modality are listed. 

Paper N-Back Modality Task Type Stimuli Type Contrast Reference Foci Imaging Modality Reference Transformation

Alain et al 2010 1,2 Auditory Spatial Sounds 2back>1back TAL 13 fMRI TAL NATIVE

Awh et al 1996 2 Visual Identity Letters 2back>control TAL 12 PET TAL NATIVE

Bartova et al 2015 0,2 Visual Identity Numbers 2back>0back TAL 10 fMRI TAL NATIVE

Beneventi et al 2007 0,1,2 Visual Identity Schematic Faces Global TAL 21 fMRI TAL NATIVE

Binder et al 2006 0,2 Visual Identity Letters 2back>0back MNI 19 fMRI BRETT

Binder et al 2006 0,2 Visual Identity Shapes 2back>0back MNI 17 fMRI BRETT

Bleich-Cohen et al 2014 0,2 Visual Identity Numbers 2back>0back TAL 9 fMRI TAL NATIVE

Blockland et al 2011 0,2 Visual Spatial Numbers 2back>0back MNI 32 fMRI MNI NATIVE

Brahmbhatt et al 2010 0,1,2 Visual Identity Letters Global TAL 7 fMRI TAL NATIVE

Braver et al 1997 0,1,2,3 Visual Identity Letters Global TAL 12 fMRI TAL NATIVE

Cader et al 2006 0,1,2,3 Visual Identity Letters 2back>1back MNI 8 fMRI MNI NATIVE

Cader et al 2006 0,1,2,3 Visual Identity Letters 3back>1back MNI 8 fMRI MNI NATIVE

Callicot et al 1999 0,1,2,3 Visual Identity Numbers Global TAL 18 fMRI TAL NATIVE

Campanella et al 2013 0,2 Visual Identity Numbers 2back>0back MNI 6 fMRI MNI NATIVE

Carlson et al 1998 0,1,2 Visual Spatial Shapes 1back>0back TAL 17 fMRI TAL NATIVE

Carlson et al 1998 0,1,2 Visual Spatial Shapes 2back>0back TAL 28 fMRI TAL NATIVE

Carlson et al 1998 0,1,2 Visual Spatial Shapes 2back>1back TAL 26 fMRI TAL NATIVE

Caseras et al 2006 0,1,2,3 Visual Identity Letters Global TAL 10 fMRI TAL NATIVE

Cerasa et al 2008 0,2 Visual Spatial Pictures 2back>0back TAL 16 fMRI TAL NATIVE

Choo et al 2005 0,1,2,3 Visual Identity Letters Global TAL 8 fMRI TAL NATIVE

Cohen et al 1997 0,1,2,3 Visual Identity Letters Global TAL 27 fMRI TAL NATIVE

Dade et al 2001 0,2 Visual Identity Faces 2back>0back TAL 24 PET TAL NATIVE

Dell'Osso et al 2015 0,2,3 Visual Identity Letters Global MNI 14 fMRI MNI NATIVE

Dima et al 2014 0,1,2,3 Visual Identity Letters 1back>0back MNI 5 fMRI MNI NATIVE

Dima et al 2014 0,1,2,3 Visual Identity Letters 2back>0back MNI 8 fMRI MNI NATIVE

Dima et al 2014 0,1,2,3 Visual Identity Letters 3back>0back MNI 10 fMRI MNI NATIVE

Drapier et al 2008 0,1,2,3 Visual Identity Letters 1back>0back TAL 4 fMRI TAL NATIVE

Drapier et al 2008 0,1,2,3 Visual Identity Letters 2back>0back TAL 6 fMRI TAL NATIVE

Drapier et al 2008 0,1,2,3 Visual Identity Letters 3back>0back TAL 7 fMRI TAL NATIVE

Druzgal et al 2001 0,1,2 Visual Identity Faces Global TAL 12 fMRI TAL NATIVE

Duggirala et al 2016 0,2 Visual Identity Faces 2back>0back MNI 15 fMRI MNI NATIVE

Duggirala et al 2016 0,2 Visual Identity Objects 2back>0back MNI 13 fMRI MNI NATIVE

Duggirala et al 2016 0,2 Visual Identity Words 2back>0back MNI 19 fMRI MNI NATIVE

Elzinga et al 2006 0,1,2,3 Visual Identity Letters Global TAL 21 fMRI TAL NATIVE

Fonville et al 2015 0,1,2,3 Visual Identity Letters Global MNI 26 fMRI MNI NATIVE

Fonville et al 2015 0,1,2,3 Visual Identity Letters 2back MNI 22 fMRI MNI NATIVE

Fonville et al 2015 0,1,2,3 Visual Identity Letters 3back MNI 24 fMRI MNI NATIVE

Forn et al 2007 0,2 Auditory Identity Letters 2back TAL 10 fMRI TAL NATIVE

Frangou et al 2008 0,1,2,3 Visual Identity Letters Global TAL 11 fMRI TAL NATIVE

Fusar-Poli et al 2010 0,1,2 Visual Identity Letters Global MNI 16 fMRI MNI NATIVE

Garrett et al 2011 0,1,2 Visual Identity Letters 1back>0back TAL 12 fMRI MNI NATIVE

Garrett et al 2011 0,1,2 Visual Identity Letters 2back>0back TAL 11 fMRI MNI NATIVE

Georgiou-Karistianis et al 2013 0,1,2 Visual Identity Numbers 1back>0back MNI 38 fMRI MNI NATIVE

Gropman et al 2013 1,2 Visual Identity Letters 2back>1back TAL 41 fMRI tAL NATIVE

Harvey et al 2005 0,1,2,3 Visual Identity Letters Global TAL 10 fMRI TAL NATIVE

Huang et al 2016 0,1,2 Visual Spatial Shapes 1back>0back TAL 5 fMRI TAL NATIVE

Huang et al 2016 0,1,2 Visual Spatial Shapes 2back>1back TAL 10 fMRI TAL NATIVE

Jiang  et al 2015 0,2 Visual Spatial Numbers 2back>0back MNI 9 fMRI MNI NATIVE

Jiang  et al 2015 0,2 Visual Spatial Numbers 2back>0back MNI 4 fMRI MNI NATIVE

Jonides et al 1997 control task, 0,1,2,3 Visual Identity Letters 1back>control task TAL 3 PET TAL NATIVE

Jonides et al 1997 control task, 0,1,2,3 Visual Identity Letters 2back>control task TAL 22 PET TAL NATIVE

Jonides et al 1997 control task, 0,1,2,3 Visual Identity Letters 3back>control task TAL 24 PET TAL NATIVE

Kasahara et al 2011 1,2,3 Visual Identity Letters Global MNI 9 fMRI MNI NATIVE

Kim et al 2002 2 Visual Identity english words 2back TAL 9 PET TAL NATIVE

Kim et al 2002 2 Visual Identity korean words 2back TAL 6 PET TAL NATIVE

Kim et al 2002 2 Visual Identity Shapes 2back TAL 7 PET TAL NATIVE

Kim et al 2003 0,2 Visual Identity Shapes 2back>0back TAL 8 PET TAL NATIVE

Kim et al 2006 2 Visual Identity Letters 2back TAL 8 fMRI TAL LANCASTER  
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Table 3.1. Continued. 

Korsnes et al 2013 1,2 Visual Identity Numbers 2back>1back MNI 18 fMRI MNI NATIVE

Koshino et al 2008 0,1,2 Visual Identity Faces Global MNI 15 fMRI MNI NATIVE

Kumari et al 2006 0,1,2 Visual Spatial Pictures 1back>0back MNI 22 fMRI BRETT

Kumari et al 2006 0,1,2 Visual Spatial Pictures 2back>0back MNI 18 fMRI BRETT

LaBar et al 1999 0,2 Visual Identity Letters 2back>0back TAL 8 fMRI TAL NATIVE

Lee et al 2013 1 Visual Identity Numbers 1back>rest TAL 58 fMRI TAL NATIVE

Li et al 2014 0,1,2 Visual Identity Letters 0back MNI 7 fMRI MNI NATIVE

Li et al 2014 0,1,2 Visual Identity Letters 1back MNI 10 fMRI MNI NATIVE

Li et al 2014 0,1,2 Visual Identity Letters 2back MNI 18 fMRI MNI NATIVE

Lim et al 2008 1 Visual Identity Korean words 1back>rest TAL 5 fMRI TAL NATIVE

Luo et al. 2014 0,2 Visual Identity Faces 2back>0back MNI 12 fMRI MNI NATIVE

Lythe et al 2012 0,1,2,3 Visual Identity Letters Global MNI 7 fMRI MNI NATIVE

Marquand et al 2008 0,1,2,3 Visual Identity Letters 2back TAL 19 fMRI TAL NATIVE

Matsuo et al 2007 0,1,2 Visual Identity Numbers 1back>0back TAL 4 fMRI TAL NATIVE

Matsuo et al 2007 0,1,2 Visual Identity Numbers 2back>0back TAL 2 fMRI TAL NATIVE

Mattfeld et al 2016 0,1,2,3 Visual Identity Letters 3back>2>1>0back TAL 6 fMRI TAL NATIVE

Mcallister et al 1999 0,1,2 Auditory Identity Letters 1back>0back TAL 5 fMRI TAL NATIVE

Mcallister et al 1999 0,1,2 Auditory Identity Letters 2back>1back TAL 2 fMRI TAL NATIVE

Meisenzahl et al 2006 0,2 Visual Identity Letters 2back TAL 20 fMRI TAL NATIVE

Mendrek et al 2004 0,2 Visual Identity Letters 2back>0back TAL 7 fMRI TAL NATIVE

Mendrek et al 2004 0,2 Visual Identity Letters 2back>0back TAL 12 fMRI TAL NATIVE

Migo et al 2014 0,1,2 Visual Identity Letters 1back>0back MNI 6 fMRI MNI NATIVE

Migo et al 2014 0,1,2 Visual Identity Letters 2back>0back MNI 8 fMRI MNI NATIVE

Monks et al 2004 0,2 Visual Identity Letters 2back>0back TAL 17 fMRI TAL NATIVE

Nagel et al 2011 1,2,3 Visual Identity Letters 3back>1back MNI 5 fMRI MNI NATIVE

Nagel et al 2011 1,2,3 Visual Identity Letters 3back>1back MNI 3 fMRI MNI NATIVE

Nebel et al 2005 1,2 Visual Identity Letters and Shape 1back>rest TAL 10 fMRI TAL NATIVE

Nebel et al 2005 1,2 Visual Identity Letters and Shape 2back>rest TAL 30 fMRI TAL NATIVE

Norbury et al 2013 0,1,2,3 Visual Identity Letters Global MNI 6 fMRI MNI NATIVE

Nyberg et al 2009 1,2,3 Visual Identity Numbers Global TAL 28 fMRI MNI NATIVE

Perlstein et al 2003 0,1,2 Visual Identity Letters Global TAL 9 fMRI TAL NATIVE

Philip et al 2015 0,2 Visual Identity Letters 0back TAL 7 fMRI TAL NATIVE

Philip et al 2015 0,2 Visual Identity Letters 2back TAL 11 fMRI TAL NATIVE

Pomarol-Clotet et al 2012 1,2 Visual Identity Letters 2back>baseline MNI 2 fMRI MNI NATIVE

Qin et al 2009 0,2 Visual Identity Numbers 2back>0back MNI 14 fMRI MNI NATIVE

Ragland et al 2002 0,1,2 Visual Identity Letters 1back>0back TAL 6 fMRI TAL NATIVE

Ragland et al 2002 0,1,2 Visual Identity Letters 2back>0back TAL 7 fMRI TAL NATIVE

Ragland et al 2002 0,1,2 Visual Identity Letters 2back>1back TAL 10 fMRI TAL NATIVE

Ragland et al 2002 0,1,2 Visual Identity Pictures 1back>0back TAL 5 fMRI TAL NATIVE

Ragland et al 2002 0,1,2 Visual Identity Pictures 2back>0back TAL 9 fMRI TAL NATIVE

Ragland et al 2002 0,1,2 Visual Identity Pictures 2back>1back TAL 6 fMRI TAL NATIVE

Rama et al 2001 0,1,2 Auditory Identity Emotional Words 1back>0back TAL 24 fMRI TAL NATIVE

Rama et al 2001 0,1,2 Auditory Identity Emotional Words 2back>0back TAL 32 fMRI TAL NATIVE

Ricciardi et al 2006 1 Visual Identity Shapes 1back TAL 44 fMRI TAL NATIVE

Rodríguez-Cano et al 2014 1,2 Visual Identity Letters 1back>baseline MNI 5 fMRI TAL NATIVE

Rodríguez-Cano et al 2014 1,2 Visual Identity Letters 2back>baseline MNI 1 fMRI TAL NATIVE

Rodriguez-Jimenez et al 2009 2 Auditory Identity Letters 2back>control task TAL 6 fMRI BRETT

Sanchez-Carrion et al 2008 0,2,3 Visual Identity Numbers 2back>0back MNI 16 fMRI MNI NATIVE

Sanchez-Carrion et al 2008 0,2,3 Visual Identity Numbers 3back>0back MNI 17 fMRI MNI NATIVE

Sapara et al 2014 0,1,2 Visual Spatial Dots 1back>0back MNI 18 fMRI MNI NATIVE

Sapara et al 2014 0,1,2 Visual Spatial Dots 2back>0back MNI 6 fMRI MNI NATIVE

Scheuerecker et al 2008 0,2 Visual Identity Letters 2back>0back MNI 8 fMRI MNI NATIVE

Schmidt et al 2009 0,1,2,3 Visual Identity Letters Global TAL 14 fMRI TAL NATIVE

Schumacher et al 1996 3 Visual Identity Letters 3back TAL 12 PET TAL NATIVE

Schumacher et al 1996 3 Auditory Identity Letters 3back TAL 13 PET TAL NATIVE

Seo et al 2012 0,2 Visual Identity Letters 2back>0back MNI 19 fMRI MNI NATIVE

Spreng et al 2014 2 Visual Identity Faces 2back>rest MNI 18 fMRI MNI NATIVE

Thomas et al 2005 2 Visual Identity Letters 2back TAL 9 fMRI TAL NATIVE

Thornton et al 2013 1,2 Visual Identity Faces 2back>1back MNI 14 fMRI MNI NATIVE

Trujillo et al 2015 0,1,2,3 Visual Spatial Dots Global MNI 18 fMRI MNI NATIVE

Veltman et al 2003 0,1,2,3 Visual Identity Letters Global TAL 11 fMRI TAL NATIVE

Walitt et al 2016 0,2 Visual Identity Letters 2back>0back MNI 5 fMRI MNI NATIVE

Yoo et al 2004 0,1,2 Visual Identity Letters Global TAL 16 fMRI BRETT

Yoo et al 2004 0,1,2 Auditory Identity Letters Global TAL 23 fMRI BRETT

Yoo et al 2005 2 Visual Identity Faces 2back TAL 22 fMRI TAL NATIVE

Ziemus et al 2007 0,2 Visual Identity Letters 2back>0back TAL 15 fMRI TAL NATIVE
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Table 3.2. Details about considered studies. Sample size, gender and age of samples, fMRI/PET acquisition 

parameters and neuroimaging software used for data analysis are shown. TE= Echo Time; TR= Repetition 

Time; FA= Flip Angle.  

Paper Subjects Sex (F) Age (mean) Neuroimaging Software

Scanner Machine TE (ms) TR (s) FA

fMRI
Alain et al 2010 28 15 26 3T Siemens Trio 30 2 70° AFNI v.2.56a

Bartova et al 2015 42 25 25.3 3T Siemens Trio 42 2 AFNI

Beneventi et al 2007 12 6 25  1.5T Siemens Vision 6 50° SPM99

Binder et al 2006 12 5 24.5 1.5T GE Signa 60 3 90° SPM99

Binder et al 2006 12 5 24.5 1.5T GE Signa 60 3 90° SPM99

Bleich-Cohen et al 2014 20 8 26.4 1.5T GE Sigma Horizon LX 55 3 90° BrainVoyager 4.9

Blockland et al 2011 319 199 23.6 4T Bruker Medspec 30 2.1 90° SPM5

Brahmbhatt et al 2010 35 8 20.5 1.5T Siemens Vision 50 3 90° FIDL

Braver et al 1997 8 1 21.5 1.5T GE Signa 35 0.64 45° AFNI

Cader et al 2006 16 15 37 3T 30 3 FEAT v.5

Cader et al 2006 16 15 37 3T 30 3 FEAT v.5

Callicot et al 1999 7 3 29.3 1.5T GE Signa 60 4 90° SPM96

Campanella et al 2013 16 9 21.6 3T Philips Achieva 40 2.1 90° SPM8

Carlson et al 1998 7 3 21.6 1.5T Siemens Vision 76 3.2 90° XDS and MEDx

Carlson et al 1998 7 3 21.6 1.5T Siemens Vision 76 3.2 90° XDS and MEDx

Carlson et al 1998 7 3 21.6 1.5T Siemens Vision 76 3.2 90° XDS and MEDx

Caseras et al 2006 12 8 34.5 1.5T GE Excite 40 3 XBAM

Cerasa et al 2008 30 0 31 1.5T GE Signa 50 3 90° SPM2

Choo et al 2005 12 9 21.8 3T Siemens Allegra 3 BrainVoyager 4.9

Cohen et al 1997 10 5 26 1.5T GE Signa 35 0.64 40° AFNI

Dell'Osso et al 2015 27 15 29.4 3T Philips Achieva 35 2 90° SPM8

Dima et al 2014 40 20 31.5 1.5T GE Signa 40 3 90° SPM8

Dima et al 2014 40 20 31.5 1.5T GE Signa 40 3 90° SPM8

Dima et al 2014 40 20 31.5 1.5T GE Signa 40 3 90° SPM8

Drapier et al 2008 20 10 41.9 1.5T GE Signa 40 2 70° XBAM

Drapier et al 2008 20 10 41.9 1.5T GE Signa 40 2 70° XBAM

Drapier et al 2008 20 10 41.9 1.5T GE Signa 40 2 70° XBAM

Druzgal et al 2001 9 4 24 1.5T GE Signa 50 2 SUN and Interactive Data Language

Duggirala et al 2016 50 22 23.6 3T Phillips Achieva 70 2 90° SPM8

Duggirala et al 2016 50 22 23.6 3T Phillips Achieva 70 2 90° SPM8

Duggirala et al 2016 50 22 23.6 3T Phillips Achieva 70 2 90° SPM8

Elzinga et al 2006 14 14 34.6 1.5T Siemens AG 45 2.9 SPM2

Fonville et al 2015 149 103 20.5  3T GE Medical Systems 30 2 75° SPM8

Fonville et al 2015 149 103 20.5  3T GE Medical Systems 30 2 75° SPM8

Fonville et al 2015 149 103 20.5  3T GE Medical Systems 30 2 75° SPM8

Forn et al 2007 10 5 1.5T GE Medical Systems 50 3 Brain Voyager QX

Frangou et al 2008 7 39 1.5T GE Neurovascular Sigma 40 3 Sun Microsystem and SPM99

Fusar-Poli et al 2010 34 25.5 1.5T GE Healthcare 40 2 SPM5

Garrett et al 2011 19 6 34.8 3T GE Signa 30 2 80° SPM5

Garrett et al 2011 19 6 34.8 3T GE Signa 30 2 80° SPM5

Georgiou-Karistianis et al 2013 23 16 42.5 1.5T Siemens AG 35 2.2 90° SPM8

Gropman et al 2013 21 14 31.8 3T Siemens Trio 30 2.5 9° SPM5

Harvey et al 2005 10 5 29 1.5T GE Signa 40 2 90° SPM99

Huang et al 2016 18 12 43.1 1.5T Philips Medical Systems 45 2 90° AFNI

Huang et al 2016 18 12 43.1 1.5T Philips Medical Systems 45 2 90° AFNI

Jiang  et al 2015 20 11 23.1 3T Siemens Trio 30 2 90° SPM8

Jiang  et al 2015 20 10 51.8 3T Siemens Trio 30 2 90° SPM8

Kasahara et al 2011 9 5 31.9 3T Bruker MedSpec Avance S300 30 1.1 65° SPM5

Kim et al 2006 12 3 34.4 3T Siemens Trio 17 4 90° VoxBo and SPM99

Korsnes et al 2013 11 11 30.2 1.5T Siemens AG 60 3 SPM5

Koshino et al 2008 11 1 28.7 3T GE Medical Systems 18 1 70° SPM99

Kumari et al 2006 13 0 33.3 1.5T GE Signa 40 3 SPM99

Kumari et al 2006 13 0 33.3 1.5T GE Signa 40 3 SPM99

LaBar et al 1999 11 4 32.6  1.5T Siemens AG 40 4.35 90° SPM96

Lee et al 2013 14 5 64.8 3T Siemens Trio 30 3 AFNI

Li et al 2014 15 15 20.5 3T Siemens Trio 30 2 90° SPM8

Li et al 2014 15 15 20.5 3T Siemens Trio 30 2 90° SPM8

Li et al 2014 15 15 20.5 3T Siemens Trio 30 2 90° SPM8

Lim et al 2008 12 7 68.8  1.5T Siemens Vision 60 3 90° SPM2

Luo et al. 2014 22 0 23.1 3T Siemens Trio 25 2.18 80° SPM8

Lythe et al 2012 20 0 26.7 1.5T GE Signa 40 3 SPM5

Marquand et al 2008 20 13 43.7 1.5T GE LX System 40 2 SPM5

Matsuo et al 2007 15 9 37.7 2T GE Prestige 45 2 90° FSL

Matsuo et al 2007 15 9 37.7 2T GE Prestige 45 2 90° FSL

Mattfeld et al 2016 17 6 28.7 3T Siemens Trio 30 2 90° Nipype, Nipy, FSL, AFNI, FreeSurfer, ANTS and ART

Mcallister et al 1999 11 7 30.6 1.5T GE Signa 40 3 SPM96

Mcallister et al 1999 11 7 30.6 1.5T GE Signa 40 3 SPM96

Meisenzahl et al 2006 12 1 33.5  1.5T Siemens AG 0.6 60 90° SPM99

Mendrek et al 2004 11 1.5T GE Signa 40 3 90° SPM99

Mendrek et al 2004 12 3 27.7 1.5T GE Signa 40 3 90° SPM99

Migo et al 2014 11 4 70.2 3T GE Medical Systems 30 2 75° SPM8

Migo et al 2014 11 4 70.2 3T GE Medical Systems 30 2 75° SPM8

Monks et al 2004 12 0 45.6 1.5T GE Signa 40 2.5 90° locally written software previously validated

Acquisition Parameters
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Table 3.2. Continued. 

Nagel et al 2011 30 15 24.3 1.5T Siemens Vision 40 2.5 90° FSL

Nagel et al 2011 30 15 63.5 1.5T Siemens Vision 40 2.5 90° FSL

Nebel et al 2005 19 7 30.3 1.5T Siemens Sonata 45 3 90° SPM99

Nebel et al 2005 17 11 26.4 1.5T Siemens Sonata 45 3 90° SPM99

Norbury et al 2013 15 5 28.3 3T Siemens Trio 50 3 90° FSL

Nyberg et al 2009 33 19 38.6 1.5T Philips Medical Systems 50 3 90° SPM2

Perlstein et al 2003 15 6 36.4 1.5T GE Signa 35 2 80° NIS

Philip et al 2015 13 9 30 3T Siemens Trio 28 2.5 AFNI

Philip et al 2015 13 9 30 3T Siemens Trio 28 2.5 AFNI

Pomarol-Clotet et al 2012 46 19 36.2 1.5T GE Signa 20 2 70° FSL

Qin et al 2009 27 27 20.5 3T Siemens Trio 25 2.18 80° SPM5

Ragland et al 2002 11 5 32.2 4T GE Signa 40 2 90° MEDx 3.3 and SPM99

Ragland et al 2002 11 5 32.2 4T GE Signa 40 2 90° MEDx 3.3 and SPM99

Ragland et al 2002 11 5 32.2 4T GE Signa 40 2 90° MEDx 3.3 and SPM99

Ragland et al 2002 11 5 32.2 4T GE Signa 40 2 90° MEDx 3.3 and SPM99

Ragland et al 2002 11 5 32.2 4T GE Signa 40 2 90° MEDx 3.3 and SPM99

Ragland et al 2002 11 5 32.2 4T GE Signa 40 2 90° MEDx 3.3 and SPM99

Rama et al 2001 8 8 23 1.5T Siemens Vision 70 3.55 90° MEDx

Rama et al 2001 8 8 23 1.5T Siemens Vision 70 3.55 90° MEDx

Ricciardi et al 2006 6 0 28 1.5T GE Signa 40 2.5 90° AFNI

Rodríguez-Cano et al 2014 52 32 46.2 1.5T GE Signa 40 2 70° FSL

Rodriguez-Jimenez et al 2009 13 6 30 1.5T GE Signa 40 3 90° SPM5

Sanchez-Carrion et al 2008 14 24.2 1.5T GE Signa 40 2 90° SPM2

Sanchez-Carrion et al 2008 14 24.2 1.5T GE Signa 40 2 90° SPM2

Sapara et al 2014 20 5 31.9 1.5T GE Signa 40 3 SPM5

Sapara et al 2014 20 5 31.9 1.5T GE Signa 40 3 SPM5

Scheuerecker et al 2008 23 4 32.6  1.5T Siemens Vision 60 3 90° SPM99

Schmidt et al 2009 46 21 33.7 1.5T GE Signa 40 3 90° SPM2

Seo et al 2012 22 22 38.3 3T GE EXCITE 40 3 SPM5

Spreng et al 2014 36 19 22.3 3T GE Discovery MR750 25 2.5 80° SPM8

Thomas et al 2005 16 5 37.6 3T Siemens Trio 30 2 90° Brain Voyager 2000

Thornton et al 2013 14 9 22 3T Siemens Allegra 30 2 75° SPM8

Trujillo et al 2015 35 15 56 3T GE Signa HDxt 30 2.1 80° SPM8

Veltman et al 2003 22 15 22.7 1.5T Siemens Vision 60 3.48 SPM99

Walitt et al 2016 16 16 22.7 3T Siemens Trio 30 2.5 90° SPM5

Yoo et al 2004 12 4 26.3 3T GE Signa Horizon 50 2.5 90° SPM99

Yoo et al 2004 12 4 26.3 3T GE Signa Horizon 50 2.5 90° SPM99

Yoo et al 2005 10 2 31.5 1.5T Siemens Vision 60 3 90° SPM99

Ziemus et al 2007 9 3 44.2  1.5T Siemens Sonata 50 3.5 90° SPM2

PET Scanner Machine Resolution(mm) Thickness (mm)

Awh et al 1996 9 9 Siemens ECAT EXACT 10 3.37

Dade et al 2001 12 6 24.8 Siemens ECAT EXACT 4 4

Jonides et al 1997 19 Siemens ECAT EXACT 10 3.37

Jonides et al 1997 19 Siemens ECAT EXACT 10 3.37

Jonides et al 1997 19 Siemens ECAT EXACT 10 3.37

Kim et al 2002 14 24.8 Siemens ECAT EXACT 5.2 3.4 SPM99

Kim et al 2002 14 24.8 Siemens ECAT EXACT 5.2 3.4 SPM99

Kim et al 2002 14 24.8 Siemens ECAT EXACT 5.2 3.4 SPM99

Kim et al 2003 12 26.2 Siemens ECAT EXACT SPM99

Schumacher et al 1996 8 Siemens ECAT EXACT 10 3.37

Schumacher et al 1996 8 Siemens ECAT EXACT 10 3.37

 

 

Working Memory Network 

The resulting map and coordinates of the comprehensive set of activity patterns during n-back 

task execution are reported in Figure 3.2 and Table 3.3. The map includes 15 separate nodes 

highlighting a bilateral fronto-parietal distribution of activity. Moreover, additional contribution of 

regions in the left cerebellum, fusiform gyrus as well as in subcortical structures including the 

insula, claustrum, caudate and lentiform nucleus, are present. 
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Table 3.3. N-back nodes information. Volume, coordinates and corresponding Brodmann area, lobe, 

hemisphere and regional labels are reported for each cluster included in the ALE map for general n-back. 

Cluster number Volume (mm
3
)

Extrema 

Value

Brodmann 

Area
Hemisphere Lobe Label

x y z x y z

1 20608 -41.2 11.6 34.6 0.089 -42 4 30 6 L Frontal Precentral Gyrus

0.079 -28 2 54 6 L Frontal Middle Frontal Gyrus

0.060 -46 26 30 9 L Frontal Middle Frontal Gyrus

0.036 -52 14 4 44 L Frontal Precentral Gyrus

2 14288 -36.1 -51.1 46.2 0.128 -36 -50 44 40 L Parietal Inferior Parietal Lobule

0.111 -42 -46 46 40 L Parietal Inferior Parietal Lobule

3 12968 1.6 19.2 46.4 0.116 4 20 46 6 R Frontal Medial Frontal Gyrus

0.063 -4 10 58 6 L Frontal Medial Frontal Gyrus

4 11112 39.6 -52 45.8 0.138 44 -46 44 40 R Parietal Inferior Parietal Lobule

0.072 34 -64 44 19 R Parietal Precuneus

5 9024 36.3 10.2 46.7 0.101 30 8 56 6 R Frontal Sub-gyral

0.045 48 12 28 9 R Frontal Inferior Frontal Gyrus

6 7976 43.1 38.6 23 0.083 46 40 24 9 R Frontal Superior Frontal Gyrus

0.077 44 32 30 9 R Frontal Middle Frontal Gyrus

0.028 38 58 2 10 R Frontal Middle Frontal Gyrus

0.027 40 58 -8 10 R Frontal Middle Frontal Gyrus

7 5456 -35.9 -62.5 -26.8 0.064 -30 -58 -34 . L Cerebellum Cerebellar Tonsil

0.037 -44 -66 -16 . L Cerebellum Declive

0.037 -46 -62 -14 37 L Temporal Fusiform Gyrus

8 5408 35.3 24.1 -4.2 0.134 34 24 -2 13 R Sub-cortical Insula

9 4920 -32.2 23.1 -3 0.109 -32 22 -2 . L Sub-cortical Claustrum

10 3920 -15.5 -.4 8.8 0.069 -16 0 14 . L Sub-cortical Caudate

0.054 -16 0 2 . L Sub-cortical Lentiform Nucleus

11 3904 -38.1 50.8 7.8 0.068 -38 52 10 10 L Frontal Middle Frontal Gyrus

12 3200 16.5 1.6 5.8 0.048 16 0 0 . R Sub-cortical Lentiform Nucleus

0.037 16 0 16 . R Sub-cortical Caudate

13 2736 34.2 -62 -31.7 0.069 32 -62 -32 . R Cerebellum .

0.027 36 -68 -18 . R Cerebellum Declive

14 2448 11.5 -64.9 54.9 0.048 8 -64 52 7 R Parietal Precuneus

0.045 16 -66 60 7 R Parietal Precuneus

15 1664 -9 -65.8 51.9 0.040 -8 -68 48 7 L Parietal Precuneus

0.035 -8 -62 54 7 L Parietal Precuneus

Weighted Center Extrema value coordinates
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Figure 3.2. Brain activation during n-back task. The result of cluster-based statistics performed on the 

entire dataset of studies is shown. The map summarizes all 86 studies assessing n-back tasks considered in 

the meta-analysis, without distinction in material type or presentation modality. A complete set of 

coordinates for each cluster is available in Table 3.3.  

 

N-back load  

Activation patterns resulting from the contrasts between different n-back loads (high vs low) are 

reported in Figure 3.3A. The complete pool of studies was considered, without distinguishing in 

the nature of the stimuli presented across research efforts. Maps include different nodes of 

activation for different contrasts: the nodes for the contrast 3 vs 1 back are reported in green; 3 vs 

2 back in blue and 2 vs 1 back in red color.  

 

Anatomical and functional mapping 

The difference between 3-back and 2/1-back maps highlighted clusters mostly located in the ACC 

and right cerebellum (Figure 3.3A). Significant clusters were mapped on the anatomo-functional 

cingulate parcellation by Neubert et al. (Neubert et al., 2015) and on the anatomo-functional 

cerebellar parcellation by Buckner et al. (Buckner et al., 2011). Significant nodes of interest in the 3 

back vs 1 back map were found to overlap with 4 regions belonging to the aforementioned 

parcellation by Neubert (Figure 3.3B): i) area8m (shown in red), representing an area in the medial 

portion of the human superior frontal gyrus extending down to the paracingulate sulcus; ii) right 



 

51 
 

area 25 (shown in blue), i.e., the subgenual area; iii) right anterior rostral cingulate zone (RCZa) 

(shown in purple); vi) right posterior rostral cingulate zone (RCZp) (shown in cyan).  

Of those, rostral regions have already proven to be implicated in learning and in the update of 

choices’ value (Walton et al., 2004), as well as in cognitive control tasks (Picard & Strick, 1996).  

The 3 vs 2 back contrast showed overlap with the same areas of the 3 vs 1 back map (8m, area 25, 

right RCZp) with the addition of left RCZp (shown in yellow) (Figure 3.3 C). For what concerns the 

difference between 2 back vs 1 back maps, a significant node of interest in the contrast was found 

to correspond with the crus I region of the cerebellar parcellation by Buckner (Figure 3.3 D).  

To characterize the spontaneous functional connectivity of ACC and crus I, a seed-to-voxel analysis 

was run on a database of 1000 healthy participant from Yeo et al., 2011. Unthreshold functional 

connectivity maps are shown in Figure 3.3 B, C and D. 

 

 

Figure 3.3. Anatomical and functional mapping of nodes resulting from contrast maps. (A) Cerebral and 

cerebellar nodes active as a function of task load as revealed by contrast maps. (B) and (C) Mapping of ACC 

activation (3 vs 1 back and 3 vs 2 back) and their respective overlap quantification for each cluster.  

Unthreshold maps of functional connectivity are shown to the right of each panel. (D) Mapping of 

cerebellar activation (2 back vs 1 back) and unthreshold maps of functional connectivity. 
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Verbal n-back 

Figure 3.4 and Table 3.4 report neural activation patterns during verbal n-back tasks, without 

distinguishing between type of stimuli (letters, numbers or words). The map includes 21 clusters 

(i.e., nodes) of activation highlighting an involvement of the bilateral frontal and parietal cortices 

and of the cerebellum and of various other subcortical structures bilaterally.  

Maps and coordinates of the activity patterns elicited during the performance of letters or 

numbers n-back tasks are shown in Figure 3.5 and 3.6 and Table 3.5 and 3.6. N-back tasks using 

letters as stimuli show a readily visible fronto-parietal activation, left lateralized over frontal 

structures. Moreover, an involvement of the bilateral cerebellum and subcortical structures is 

reported in the map. A right-lateralized activation of the thalamus is also observed, despite not 

being generally reported as a meaningful seed during verbal n-back tasks (Figure 3.4, Table 3.4). 

For what concerns n-back tasks characterized by the visual presentation of numbers, 11 clusters of 

activity emerge (Table 3.6), involving mostly the parietal cortex bilaterally, the medial frontal 

cortex, the right and left insula and the anterior lobe of the cerebellum in both hemispheres 

(Figure 3.6).  

 

Figure 3.4. Areas of activation during verbal n-back tasks. The map refers to 62 verbal n-back studies in 

which stimuli (letters, numbers or words) were presented visually. A complete set of coordinates for each 

cluster is available in Table 3.4. 
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Table 3.4. Activity patterns in verbal n-back tasks. Volume, coordinates and corresponding Brodmann 

area, lobe, hemisphere and regional labels are reported for each cluster included in the ALE map for verbal 

n-back.  

Cluster number Volume (mm3)
Extrema 

Value

Brodmann 

Area
Hemisphere Lobe Label

x y z x y z

1 6800 -36 -50 45.2 0.104 -36 -48 42 40 L Parietal Inferior Parietal Lobule

0.063 -30 -58 44 39 L Parietal Angular Gyrus

2 5168 40.1 -49.7 45.7 0.111 44 -46 46 40 R Parietal Inferior Parietal Lobule

0.046 34 -64 44 19 R Parietal Precuneus

3 4752 2.4 19.6 45.2 0.096 4 20 44 6 R Frontal Medial Frontal Gyrus

0.043 -4 8 58 6 L Frontal Medial Frontal Gyrus

4 3568 45.1 37.9 25.7 0.064 46 40 24 9 R Frontal Superior Frontal Gyrus

0.059 46 34 30 9 R Frontal Middle Frontal Gyrus

5 2376 31.2 8.3 56 0.083 30 8 56 6 R Frontal Sub-Gyral

6 2216 -32.2 23 -3.6 0.082 -32 22 -2 . L Sub-cortical Claustrum

7 1880 34.2 23.8 -2 0.090 34 24 0 13 R Sub-cortical Insula

8 1632 -27.7 4.4 53.5 0.062 -28 2 54 6 L Frontal Middle Frontal Gyrus

9 1480 -44.8 8.5 27 0.052 -42 6 28 6 L Frontal Precentral Gyrus

10 1360 -16.1 .2 8.7 0.060 -16 0 14 . L Sub-cortical Caudate

0.052 -16 0 0 . L Sub-cortical Lentiform Nucleus

11 944 -39.1 51.6 9.5 0.059 -40 52 10 46 L Frontal Middle Frontal Gyrus

12 792 33.2 -62.4 -33.5 0.057 34 -64 -34 . R Cerebellum Cerebellar Tonsil

13 680 -32.1 -62 -32.8 0.046 -30 -62 -34 . L Cerebellum Cerebellar Tonsil

14 328 16.3 0 .6 0.041 16 0 0 . R Sub-cortical Lentiform Nucleus

15 192 -8.5 -78 -32 0.048 -8 -78 -32 . L Cerebellum Pyramis

16 184 -47.5 25.4 27.9 0.037 -48 26 28 9 L Frontal Middle Frontal Gyrus

17 56 -48.3 2.3 38.9 0.033 -48 2 38 6 L Frontal Precentral Gyrus

18 24 16.7 0 15.3 0.035 16 0 16 . R Sub-cortical Caudate

19 24 16 -65.3 58.7 0.033 16 -66 58 7 R Parietal Precuneus

20 8 0 -48 -22 0.033 0 -48 -22 . L Cerebellum Cerebellar Lingual

21 8 -12 -66 54 0.033 -12 -66 54 7 L Parietal Precuneus

Weighted Center Extrema value coordinates

 

 

 

Figure 3.5. Average activity during letter n-back tasks. The map refers to studies that only used letters as 

stimuli (50). A complete set of coordinates for each cluster is available in Table 3.5. 
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Table 3.5. Activity patterns for letter n-back tasks. Volume, coordinates and corresponding Brodmann 

area, lobe, hemisphere and regional labels are reported for each cluster included in the ALE map for letter 

n-back. 

Cluster number Volume (mm3)
Extrema 

Value

Brodmann 

Area
Hemisphere Lobe Label

x y z x y z

1 7920 -36.4 -49.09 45.35 0.086 -36 -48 42 40 L Parietal Inferior Parietal Lobule

0.057 -44 -42 48 40 L Parietal Inferior Parietal Lobule

0.049 -28 -58 46 7 L Parietal Superior Parietal Lobule

2 6616 2.19 19.92 44.69 0.076 4 20 44 6 R Frontal Medial Frontal Gyrus

0.038 -4 10 56 6 L Frontal Medial Frontal Gyrus

3 6344 40.12 -50.39 45.26 0.077 44 -46 46 40 R Parietal Inferior Parietal Lobule

0.052 36 -54 48 7 R Parietal Inferior Parietal Lobule

4 5032 45.14 38.44 24.49 0.062 46 40 24 9 R Frontal Superior Frontal Gyrus

0.029 40 52 12 10 R Frontal Middle Frontal Gyrus

5 4080 -45.07 8.71 30.67 0.050 -42 6 28 6 L Frontal Precentral Gyrus

0.033 -48 2 38 6 L Frontal Precentral Gyrus

0.029 -46 26 28 9 L Frontal Middle Frontal Gyrus

6 2472 31.93 9.21 55.85 0.062 30 8 54 6 R Frontal Sub-Gyral

7 2440 -32.58 22.31 -5.41 0.073 -32 22 -4 . L Sub-cortical Claustrum

8 2224 34.68 23.81 -3.85 0.066 34 24 -2 13 R Sub-cortical Insula

9 1816 -16.46 1.36 8.92 0.050 -16 2 14 . L Sub-cortical Caudate

0.044 -16 0 0 . L Sub-cortical Lentiform Nucleus

10 1344 -27.12 4.54 52.5 0.048 -28 2 52 6 L Frontal Middle Frontal Gyrus

11 1160 -39.41 52.62 9.74 0.045 -40 52 10 46 L Frontal Middle Frontal Gyrus

12 824 15.57 .66 1.3 0.035 16 2 0 . R Sub-cortical Lentiform Nucleus

0.025 14 -6 0 . R Sub-cortical Thalamus

13 720 32.83 -63.53 -33.84 0.045 32 -64 -34 . R Cerebellum Cerebellar Tonsil

14 656 -31.93 -64.21 -33.44 0.037 -30 -64 -34 . L Cerebellum Cerebellar Tonsil

0.024 -38 -66 -26 . L Cerebellum Tuber

15 568 -46.06 -63.51 -15.36 0.031 -46 -64 -16 37 L Temporal Fusiform Gyrus

16 480 -8.72 -78.15 -32.26 0.045 -8 -78 -32 . L Cerebellum Pyramis

Weighted Center Extrema value coordinates

 

 

 

Figure 3.6. Brain activity during number n-back tasks. The map refers to 12 number n-back studies. A 

complete set of coordinates for each cluster is available in Table 3.6. 
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Table 3.6. Activity patterns in number n-back tasks. Volume, coordinates and corresponding Brodmann 

area, lobe, hemisphere and regional labels are reported for each cluster included in the ALE map for 

number n-back. 

Cluster number Volume (mm
3
)

Extrema 

Value

Brodmann 

Area
Hemisphere Lobe Label

x y z x y z

1 3576 -34.8 -53.4 45.7 0.024 -40 -46 44 40 L Parietal Inferior Parietal Lobule

0.023 -24 -66 42 7 L Parietal Precuneus

0.016 -34 -54 54 7 L Parietal Superior Parietal Lobule

0.015 -42 -48 58 40 L Parietal Inferior Parietal Lobule

2 2792 -29 5.6 55.3 0.023 -30 0 58 6 L Frontal Middle Frontal Gyrus

3 2664 41.3 -47.2 47.7 0.043 42 -44 46 40 R Parietal Inferior Parietal Lobule

0.013 34 -58 60 7 R Parietal Superior Parietal Lobule

4 1928 28.2 6 57.8 0.028 28 4 58 6 R Frontal Sub-Gyral

5 1632 -30.5 24.6 3.1 0.027 -30 26 2 13 L Sub-cortical Insula

6 1328 33.9 23.7 .5 0.031 34 24 2 13 R Sub-cortical Insula

7 1264 -34.1 -59.4 -32.6 0.021 -32 -58 -32 . L Cerebellum Anterior Lobe

8 1152 3.9 19.4 46.8 0.023 6 20 46 6 R Frontal Medial Frontal Gyrus

0.013 -4 22 48 8 L Frontal Superior Frontal Gyrus

9 1064 32.3 -59.6 -32.3 0.023 30 -58 -32 . R Cerebellum Anterior Lobe

10 816 49 11 28.7 0.017 50 10 28 9 R Frontal Inferior Frontal Gyrus

11 736 -16.6 -5.4 2.2 0.020 -18 -6 0 . L Sub-cortical Lentiform Nucleus

0.012 -16 0 12 . L Sub-cortical Caudate

Weighted Center Extrema value coordinates

 

 

Visual – non-verbal n-back 

Brain activity during non-verbal n-back tasks and their corresponding set of coordinates are 

reported in Figure 3.7 and Table 3.7. Studies ultimately considered in this section refer to those in 

which non-verbal stimuli (e.g., images, faces, objects) were visually presented during task 

execution. Figure 3.7 shows the results of 15 studies, without any distinction in material type. The 

map includes 9 nodes highlighting the involvement of the left frontal cortex, the inferior parietal 

lobule bilaterally and various subcortical structures, including the left insula and the right 

claustrum, right limbic structures— in particular the cingulate gyrus— and the left cerebellum. No 

active nodes were found over temporal lobe regions.  

When the same studies were differentiated based on stimuli’ s characteristics, two different maps 

and tables of coordinates emerged. Figure 3.8 and Table 3.8 refer to those studies in which faces 

were presented as stimuli. Six clusters (i.e., nodes) of activity over the left frontal and parietal 

cortices and subcortical structures (left insula and right claustrum mainly) are shown. Similarly to 

what is observed for the general non-verbal map, no activity in the temporal lobe is reported 

during face n-back tasks. 

Figure 3.9 and Table 3.9 refer instead to those studies in which object or images were used as 

stimuli. The resulting map shows 6 activation clusters, involving the frontal cortex bilaterally, the 

left parietal cortex— in particular the inferior parietal lobule—, various subcortical structures 
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bilaterally and the right cingulate gyrus. Neither the cerebellum nor the temporal lobe showed an 

involvement within this type of task stimuli.   

 

 

Figure 3.7. Average activity during visual- non verbal n-back tasks. The map refers to 15 studies relying on 

non-verbal n-back tasks where stimuli (faces, objects, images) were presented visually. A complete set of 

coordinates for each cluster is available in Table 3.7. 

 

Table 3.7. Activity patterns for visual- non-verbal n-back tasks. Volume, coordinates and corresponding 

Brodmann area, lobe, hemisphere and regional labels are reported for each cluster included in the ALE map 

for non-verbal n-back. 

Cluster number Volume (mm3)
Extrema 

Value

Brodmann 

Area
Hemisphere Lobe Label

x y z x y z

1 4216 -44.2 15.2 29.9 0.029 -42 4 32 6 L Frontal Precentral Gyrus

0.023 -46 24 32 9 L Frontal Middle Frontal Gyrus

0.022 -44 28 34 9 L Frontal Precentral Gyrus

0.017 -44 30 20 46 L Frontal Middle Frontal Gyrus

2 3800 -35.6 -50.8 45.9 0.029 -34 -52 44 40 L Parietal Inferior Parietal Lobule

0.023 -40 -48 50 40 L Parietal Inferior Parietal Lobule

3 3208 35 25.4 -6.4 0.037 32 24 0 . R Sub-cortical Claustrum

0.022 40 24 -14 47 R Frontal Inferior Frontal Gyrus

4 2072 -31.7 24.1 -4.6 0.024 -34 22 -10 47 L Frontal Inferior Frontal Gyrus

0.021 -30 26 2 13 L Sub-cortical Insula

5 2008 -6.3 12.6 54.7 0.023 -6 16 50 6 L Frontal Superior Frontal Gyrus

0.019 -6 10 62 6 L Frontal Medial Frontal Gyrus

6 1120 10.2 22.3 41 0.021 12 22 40 32 R Limbic Cingulate Gyrus

7 1032 41.2 -48.8 44.3 0.022 42 -48 44 40 R Parietal Inferior Parietal Lobule

8 728 -35.9 -61.8 -28.3 0.014 -40 -62 -24 . L Cerebellum Declive

0.014 -36 -62 -30 . L Cerebellum .

9 632 12.5 35.9 25.9 0.020 12 36 26 32 R Limbic Cingulate Gyrus

Weighted Center Extrema value coordinates

.  
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Figure 3.8. Brain activity during face n-back tasks. The map summarizes findings from 9 studies. A 

complete set of coordinates for each cluster is available in Table 3.8. 

 

Table 3.8. Activation patterns for face n-back tasks. Volume, coordinates and corresponding Brodmann 

area, lobe, hemisphere and regional labels are reported for each cluster included in the ALE map for face n-

back. 

Cluster number Volume (mm3)
Extrema 

Value

Brodmann 

Area
Hemisphere Lobe Label

x y z x y z

1 1768 0 16.8 51.3 0.015 -4 16 52 6 L Frontal Superior Frontal Gyrus

0.013 -6 12 64 6 L Frontal Medial Frontal Gyrus

0.013 8 22 44 6 R Frontal Medial Frontal Gyrus

2 1752 -36.3 -51.9 48 0.018 -40 -48 52 40 L Parietal Inferior Parietal Lobule

0.016 -32 -58 42 39 L Parietal Angular Gyrus

0.010 -36 -48 38 40 L Parietal Supramarginal Gyrus

0.010 -32 -52 58 7 L Parietal Superior Parietal Lobule

3 1328 33.2 25.2 -3.6 0.023 32 26 2 . R Sub-cortical Claustrum

0.013 38 24 -16 47 R Frontal Inferior Frontal Gyrus

4 1064 -31.4 26.8 -2.3 0.017 -30 28 2 13 L Sub-cortical Insula

0.012 -32 26 -10 47 L Frontal Inferior Frontal Gyrus

5 928 -41.8 3.6 32.7 0.017 -42 2 34 6 L Frontal Precentral Gyrus

6 832 -45.8 24.3 31.8 0.018 -46 26 32 9 L Frontal Middle Frontal Gyrus

0.010 -46 14 26 9 L Frontal Inferior Frontal Gyrus

Weighted Center Extrema value coordinates
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Figure 3.9. Average of the activity during objects/images n-back. The map summarizes findings from 6 

studies. A complete set of coordinates for each cluster is available in Table 3.9. 

 

Table 3.9. Activity patterns for objects/images n-back tasks. Volume, coordinates and corresponding 

Brodmann area, lobe, hemisphere and regional labels are reported for each cluster included in the ALE map 

for objects/images n-back. 

Cluster number Volume (mm
3
)

Extrema 

Value

Brodmann 

Area
Hemisphere Lobe Label

x y z x y z

1 1952 -34.3 -48.7 44.4 0.019 -32 -50 44 40 L Parietal Inferior Parietal Lobule

0.012 -44 -48 46 40 L Parietal Inferior Parietal Lobule

2 1664 36.5 25.6 -6.9 0.018 34 24 -2 13 R Sub-cortical Insula

0.012 38 30 -12 47 R Frontal Inferior Frontal Gyrus

0.012 42 24 -12 47 R Sub-cortical Extra-Nuclear

3 904 -44.5 8 30.6 0.014 -44 6 30 9 L Frontal Inferior Frontal Gyrus

0.011 -46 20 30 9 L Frontal Inferior Frontal Gyrus

4 864 12.3 30.1 30.8 0.013 12 36 26 32 R Limbic Cingulate Gyrus

0.012 14 22 38 32 R Limbic Cingulate Gyrus

5 792 48.1 37.7 18.1 0.014 48 36 18 46 R Frontal Middle Frontal Gyrus

6 688 -2.6 33 33.2 0.015 -4 34 32 6 L Frontal Medial Frontal Gyrus

Weighted Center Extrema value coordinates

  

Spatial n-back 

Studies characterized by the spatial presentation of stimuli were selected and their results 

displayed (Figure 3.10). Spatial n-back requires to monitor the location of dots within a diamond 

shaped box on the screen at a given delay from the original occurrence (0-, 1-, or 2-back)(Kumari 

et al., 2006). Coordinates of brain activity for this type of task are shown in Table 3.10. A great 

involvement of the parietal cortex bilaterally and of the bilateral frontal regions, right cingulate 
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gyrus and right insula are shown. Neither the cerebellum nor the temporal lobe showed an 

involvement in this type of task. 

 

Auditory n-back 

Map and coordinates of the activity patterns elicited during the performance of auditory n-back 

tasks are shown in Figure 3.11 and Table 3.11. The distinction is hereby made based on 

presentation modality, rather than on stimuli’s type, such as that only studies characterized by the 

auditory presentation of stimuli were considered in this section. The map includes 5 separate 

nodes highlighting the involvement of left frontal regions and of the parietal lobe bilaterally, aided 

by the co-activation of the right cingulate gyrus and left insula. Both the cerebellum and the 

temporal lobe failed to show an involvement in this type of task. 

 

 

Figure 3.10. Brain activity during spatial n-back tasks. The map summarizes findings from 9 studies. A 

complete set of coordinates for each cluster is available in Table 3.10. 
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Table 3.10. Spatial n-back activation foci. Volume, coordinates and corresponding Brodmann area, lobe, 

hemisphere and regional labels are reported for each cluster included in the ALE map for spatial n-

back.

Cluster number Volume (mm3)
Extrema 

Value

Brodmann 

Area
Hemisphere Lobe Label

x y z x y z

1 3784 39.2 -54 46.8 0.028 36 -54 50 7 R Parietal Inferior Parietal Lobule

0.022 34 -64 48 19 R Parietal Precuneus

0.020 46 -48 44 40 R Parietal Inferior Parietal Lobule

2 3656 -38.3 -53.8 45.9 0.028 -44 -48 44 40 L Parietal Inferior Parietal Lobule

0.021 -28 -62 42 7 L Parietal Precuneus

0.019 -34 -56 50 7 L Parietal Inferior Parietal Lobule

3 3272 2.5 18.4 46.2 0.024 0 16 48 32 L Frontal Medial Frontal Gyrus

0.024 4 14 54 6 R Frontal Superior Frontal Gyrus

0.022 4 24 38 32 R Limbic Cingulate Gyrus

4 2280 29.8 10 53.6 0.030 28 12 52 6 R Frontal Sub-Gyral

5 1760 36.8 23.6 -5.1 0.029 36 24 -6 13 R Sub-cortical Insula

0.014 46 20 -6 . R Sub-cortical Insula

6 1632 -31 5.3 52.9 0.024 -28 6 54 6 L Frontal Sub-Gyral

0.015 -40 0 50 6 L Frontal Middle Frontal Gyrus

7 1544 9.8 -63.8 52.9 0.027 10 -62 52 7 R Parietal Precuneus

0.017 14 -72 58 7 R Parietal Precuneus

8 1408 41.1 34.4 26.8 0.018 44 40 22 9 R Frontal Middle Frontal Gyrus

0.016 42 30 26 9 R Frontal Middle Frontal Gyrus

9 752 -7.9 -62 51.6 0.016 -8 -60 54 7 L Parietal Precuneus

0.014 -8 -66 48 7 L Parietal Precuneus

Weighted Center Extrema value coordinates

  

 

 

 

Figure 3.11. Areas of activity during auditory n-back task. The map refers to 7 auditory n-back studies. A 

complete set of coordinates for each cluster is available in Table 3.11. 
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Table 3.11. Auditory n-back activation foci. Volume, coordinates and corresponding Brodmann area, lobe, 

hemisphere and regional labels are reported for each cluster included in the ALE map for auditory n-back. 

Cluster number Volume (mm3)
Extrema 

Value

Brodmann 

Area
Hemisphere Lobe Label

x y z x y z

1 1936 4.2 17.7 50.8 0.017 6 20 50 6 R Frontal Superior Frontal Gyrus

0.016 2 20 50 6 L Frontal Superior Frontal Gyrus

0.010 -2 12 56 6 L Frontal Superior Frontal Gyrus

0.008 14 8 44 24 R Limbic Cingulate Gyrus

2 1736 -46 14.1 18.1 0.015 -46 16 16 13 L Sub-cortical Insula

0.010 -44 8 28 9 L Frontal Inferior Frontal Gyrus

0.008 -40 10 40 9 L Frontal Precentral Gyrus

3 1480 -40.6 -47.1 46.1 0.013 -36 -58 48 39 L Parietal Inferior Parietal Lobule

0.012 -44 -42 46 40 L Parietal Inferior Parietal Lobule

4 872 31.5 -60.5 51.2 0.013 32 -60 50 7 R Parietal Superior Parietal Lobule

0.013 30 -62 54 7 R Parietal Superior Parietal Lobule

5 680 39.8 -41.2 40.4 0.015 40 -42 40 40 R Parietal Inferior Parietal Lobule

Weighted Center Extrema value coordinates

 

 

N-back and resting state networks 

The overlap between RSNs and n-back maps is presented in Figure 3.12. For the general n-back 

map, an overlap equal to the 42% of voxels is observed. For what concerns the stimuli-dependent 

maps, verbal letter n-back was found to entail a 43% of overlap, compared to the 28.9% reported 

for the non-verbal map. The greatest overlap is however observed for spatial maps, reaching a 

66.1% of overlap. For what concerns the auditory n-back map, a 39.4% of overlap is reported. At 

the single RSN-level, the greatest overlap is shown in respect with the Dorsal Attention Network 

(DAN) for all n-back maps considered, showing a percentage of overlap higher than any other 

network (Figure 3.12 B). The overlap between n-back regions and the DAN nodes appears 

especially over the parietal lobes and left frontal lobe. For the general n-back task, an overlap is 

observed with the Ventral Default (4%) and right (7,7%) and left (7,6%) Executive Control networks 

as well. A certain degree of superimposition of the same networks with the spatial n-back map 

results respectively in an 11,4%, 12,2% and 7,8% of overlap. Results of the overlaps for the verbal 

letter n-back task also show a considerable involvement of the right (7,8%) and left (6,8%) 

Executive Control network. On the other hand, both the auditory and visual maps show a 

considerable sharing of voxels only with the DAN. 
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Figure 3.12. Overlaps between n-back maps and RSNs. Panel A shows the total percentage of overlap 

between ALE maps for each n-back task and the surface representation of RSNs according to Shirer et al. 

(2012). All resulting maps show greater correlation between n-back tasks and the DAN, compared to other 

RSNs. Specific overlap percentages are reported in Panel B. 

 

 

Neural deactivations during the n-back task 

Evaluating the studies showing the coordinates of deactivation during the n-back task in their 

results, we collected 15 papers that used verbal (stimuli: letters/numbers) or face n-back task. 

From this database we extracted the activation and deactivation coordinates, and we computed 

the ALE map, as we did for all the other maps (for a detailed description see paragraph ‘ALE maps 

computation’). The results are shown in Figure 3.13 (panel A) and Table 3.12, without 

distinguishing between stimuli type. The map includes 8 activation nodes highlighting a bilateral 

fronto-parietal distribution and 5 nodes of deactivation, in particular in the bilateral temporal lobe 

and the posterior cingulate cortex. Moreover, to characterize the spontaneous functional 

connectivity of the activation and deactivation nodes, a seed-to-voxel analysis was run on a 

database of 1000 healthy participant (Yeo et al., 2011). This analysis shows a strong positive 
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connectivity profile between activation nodes and the DAN (Figure 3.13, panel B), and between 

deactivation nodes and the DMN (Figure 3.13, panel C). 

 

 

Figure 3.13. Increase and decrease during the n-back task. (A) Activation (red) and deactivation (blue) 

nodes resulting from the analysis conducted on 15 articles. (B) and (C) Functional connectivity maps for the 

activation and deactivation nodes respectively.  

 

Table 3.12. Volume, coordinates and corresponding Brodmann are, lobe, hemisphere and regional labels 

are reported for each cluster included in the ALE map for the increase and the decrease of neural activity 

during the n-back task. 

Cluster number Volume (mm3)
Extrema 

Value

Brodmann 

Area
Hemisphere Lobe Label

x y z x y z

Deactivation

1 576 -.4 -53.4 22.9 0.035 -2 -54 22 23 L Sub-cortical Posterior Cingulate

2 304 -1.5 59.6 5.7 0.029 -2 60 6 10 L Frontal Medial Frontal Gyrus

3 64 -34 5.2 -36.8 0.025 -34 6 -36 38 L Temporal Superior Temporal Gyrus

4 64 -49 -69 31 0.026 -50 -68 32 39 L Temporal Middle Temporal Gyrus

5 16 30 6 -41 0.025 30 6 -40 38 R Temporal Superior Temporal Gyrus

Activation

1 2640 37.55 -51.73 43.53 0.036 40 -48 44 40 R Parietal Inferior Parietal Lobule

0.031 34 -58 44 19 R Parietal Precuneus

2 2504 -33.85 -52.44 44.04 0.037 -36 -48 42 40 L Parietal Inferior Parietal Lobule

0.024 -22 -66 42 7 L Parietal Precuneus

3 1096 30.98 6.58 56.2 0.030 30 6 56 6 R Frontal Sub-Gyral

4 720 -2.97 21.94 42.66 0.024 -4 24 44 6 L Frontal Medial Frontal Gyrus

5 600 -44.5 6.3 29.98 0.019 -46 2 36 6 L Frontal Precentral Gyrus

0.018 -42 6 30 6 L Frontal Precentral Gyrus

0.017 -48 14 22 9 L Frontal Inferior Frontal Gyrus 

6 504 -.94 15.17 52.91 0.022 -2 14 54 6 L Frontal Superior Frontal Gyrus

7 408 46.44 35.75 25.84 0.020 48 36 22 9 R Frontal Middle Frontal Gyrus

0.017 44 34 34 9 R Frontal Middle Frontal Gyrus

8 408 -28.53 .25 51.65 0.020 -28 0 52 6 L Frontal Middle Frontal Gyrus

Weighted Center Extrema value coordinates
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Biophysical Modeling Results 

The optimal multichannel montages to target the network mainly involved during the n-back task 

on a MRI-derived realistic head model can be determined by optimization algorithms. Detailed 

information about these methods are reported in Chapter 1.  

Figure 3.14 reports the results of multichannel tES montage optimization to promote the 

activation of the regions located in the fronto-parietal cortices. We performed four different 

optimizations, one for each node of the fronto-parietal network. These optimizations can be used 

for stimulating a single area or can be combined to obtain a network-stimulation approach. As 

demonstrated in this study, depending on the stimuli, presentation modality and contrast 

different brain activity can be revealed, so the possibility to personalize the tES optimization based 

on the experiments’ own needs it is crucial, but still not available in literature. Offering different 

optimization montages, we want to cover this gap.  

The signed weight map used for the four optimizations is shown in Figure 3.14 (axial view in the 

middle). For the stimulation optimizations we set a: 2 mA max current per electrode and 2 mA 

max total injected current. The positions of the electrodes were picked from a pool of 64 

electrodes. The algorithm limited the montages to 4-channels, for each optimization. Considering 

the tES guideline and recommendation, declaring that the max total injected current in the brain 

should not exceed the 4 mA, a maximum of two optimization montages shown here can be 

combined. Despite all the stimulation optimizations yielded a total injected current of 2 mA, the 

average normal electric field (nE) for the nodes in the left hemisphere is lower than for those in 

the right hemisphere. The nE-field distribution in these optimizations is shown in Figure 3.14. 

In detail the montage for the node 1 comprehends C1: -560uA, C5: 481uA, CP3: 1518uA, CP5: -

1439uA (quality of solution (WCC): 0.47); for the node 2: F5: 1268uA, FC5: 732uA,  FCZ: -501uA, 

FT7: -1499uA (quality of solution (WCC): 0.54); for the node 3: AF4: 448uA, F4: 1552uA, FT8: -

835uA, FZ: -1165uA (quality of solution (WCC): 0.6); and for the node 4: CP4: 2000uA, CP6: -

1348uA, PO4: -260uA, Cz: -392uA (quality of solution (WCC): 0.6).  

Given the current constraints, these solutions represent the best fit of the En to the target maps 

obtained from FC correlation values, with an average value of En field of 0.066 v/m (range: 0.056-

0.079). Results suggest that biophysical optimization of fronto-parietal nodes on the right 

hemisphere achieves stronger e-fields compared to left hemisphere on average, therefore 

suggesting the former as the most suitable target for stimulation during the n-back task.   
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Figure 3.14. Multichannel tES optimized montages. Optimized montages for each node (1-4) of the 

bilateral fronto-parietal network involved during the execution of the n-back task, as shown in the axial 

view (in the middle). These solutions can be used for stimulating a single area or can be combined to obtain 

a network-stimulation approach. All the optimizations involve 4 electrodes, delivering a total maximum 

current of 2 mA. Anodes are shown in red, cathodes in blue. The bars represent the nE field (V/m) for each 

montage.  

 

3.1.3 DISCUSSION 

In the present meta-analysis, we reviewed studies reporting fMRI or PET findings during n-back 

task execution, aiming to create a set of available to download activation maps, specifically 

ideated to depict stimuli- and modality-dependent activation patterns. In the following 

paragraphs, we will discuss the functional role of the retrieved core regions for each n-back task 

being examined, as well as of the observed overlap between n-back related brain regions and 

resting state networks related to executive control, salience and attention. We will then discuss 

possible future functional and clinical applications, with a particular focus on neurostimulation 

driven by the results obtained from biophysical modeling optimization, and cognitive 

enhancement programs in healthy subjects. 

 

Core regions in n-back tasks 

Congruent with the literature in the field, a fronto-parietal network involvement underlying WM 

task execution, including n-back performance, was promptly confirmed in our ALE maps. Previous 

investigations (Owen et al., 2005; Rottschy et al., 2012) have reported a bilateral activation of a 

fronto-parietal network and have described the dorsolateral prefrontal cortex (dlPFC) as the area 

playing a key role in the monitoring of the incoming information (Bagherzadeh et al., 2016; 
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Brunoni & Vanderhasselt, 2014; D’Esposito et al., 1998; Owen, 1997; Owen et al., 2005). DLPFC is 

known to be involved in the updating of goal representations based on contextual information and 

task related demands (Barch et al., 2003; D’Esposito et al., 1995, 2000), as well as in maintaining 

comprehensive representations by encoding task relevant rules and associated responses, 

stimulus features and conflictual information (Mansouri et al., 2009). However, differently from 

previous working memory studies, we did not find a material-dependant activation of dlPFC. 

Opposite to what we expected, a strong involvement of parietal cortices in verbal n-back task was 

instead noticed, which has been previously merely described during short term storage of verbal 

material (Jonides et al., 1998; Miyauchi et al., 2016). Nevertheless, the inferior parietal lobule (IPL) 

is known to underlie many higher order functions, including numerical judgments and arithmetic 

(Göbel & Rushworth, 2004; Hubbard et al., 2005), reading (Turkeltaub et al., 2002), and semantic 

processing (Chou et al., 2006; Raposo et al., 2006). Moreover, this area seems to be involved in the 

maintenance of goal-directed attention (Corbetta & Shulman, 2002), in action observation 

(Buccino et al., 2001), and visual presentation of graspable objects (Chao & Martin, 2000). IPL is 

further known to be split into two cytoarchitecturally distinct areas: Brodmann’s area 40 in the 

supramarginal gyrus and Brodmann’s area 39 in the angular gyrus. Phonological processing, short-

term memory, and phonemes sequencing have been reported to engage the former (Gelfand & 

Bookheimer, 2003; Jacquemot et al., 2003; Paulesu et al., 1993), while the latter are involved in 

some reading-related tasks (e.g., understanding of the relationship among different 

characters)(Inui et al., 1998). Despite few studies reporting an activation of IPL linked to spatial 

tasks (Cieslik et al., 2010), we failed to prove any stimuli-driven specificity of this area, leading us 

to favour its involvement more as that of a general aid during n-back task execution. 

 

Activations outside the fronto-parietal network 

Taken together, the fronto-parietal network activation during n-back task execution does not 

come surprising. However, many other regions including sub-cortical areas, the cerebellum and 

the bilateral precuneus also come at hand and require further investigation.  

The bilateral activation of the anterior insula during WM tasks has already been reported by 

previous studies (Rottschy et al., 2012; Wager & Smith, 2003), opposite to those who have claimed 

greater activation over frontal areas located between the mid-ventrolateral frontal operculum and 

the insula, but not of the insula itself (Owen et al., 2005). Here, a lateralized activation of the right 

insula emerged within all n-back modalities, perhaps in line with its proposed role in the regulation 
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of the interaction between the ventral and dorsal attentional systems in mediating general arousal 

levels (environmentally driven) and selective attentional mechanisms (task driven) to ensure 

optimal performance execution (Eckert et al., 2009).  

The role of the bilateral precuneus within a wide range of high-order cognitive functions is 

proposed by several studies (Cavanna & Trimble, 2006), like its involvement in episodic and 

semantic retrieval tasks (Shallice et al., 1994). This could explain the activation of precuneus 

bilaterally in the general n-back map, considering the importance in maintaining and retrieving 

information during n-back task.  

Finally, a focus of activation in the bilateral cerebellum is shown. Embracing modern brain activity 

models, in which all brain areas must be considered functioning as an ensemble, rather than as a 

fragmented collection of isolated regions and abilities, the cerebellum itself might no longer be 

considered only in its role within motor functions, but rather as entailing a cognitive role too. 

Indeed both neuroimaging studies on cognitive domain and evidences from patients with 

cerebellar cognitive affective syndrome, reported the involvement of cerebellum in executive 

functions, including working memory, planning and abstract reasoning, as well as in spatial 

cognition (Schmahmann & Sherman, 1998). For this reason the cerebellar functions within the 

working memory task have been consistently studied and an explanation has been proposed by 

Marvel and Desmond (Marvel & Desmond, 2010): they suggested that working memory is 

supported by cerebellum through the engagement of inner speech mechanism. This could support 

working memory creating traces that facilitate the processing of new information (Ackermann, 

2008; Ravizza et al., 2004). Within the n-back task frame, it might underlie both motor planning 

and the strategic recruitment of regions (Koziol et al., 2014). 

 

Neural activity and task load  

When considering load effects, a similar activation in fronto-parietal areas is found for all 

contrasts, with the added engagement of both ACC and right cerebellum as a function of task load. 

Both areas have already been mentioned as associated with increased difficulty in memory tasks 

(Haxby et al., 2000). Moreover, the anatomical mapping of the cerebellar activation is observed to 

specifically overlap with the crus I cerebellar parcellation by Buckner, previously reported as 

devoted to cognitive control— including working memory—and as part of the default network 

(Buckner et al., 2011; Stoodley & Schmahmann, 2009). Crus I projections to the prefrontal cortex 

and cingulate gyrus and the concurrent positive association between ACC, frontal areas and the 
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cerebellum itself (Buckner et al., 2011) might justify the involvement of such areas in memory 

performances.  

 

Brain activity in verbal n-back tasks 

The resulting map from all studies using verbal material is not found to differ much from the 

generic n-back task map, as observed in Figure 3.4. The fronto-parietal network remains the 

central core of activity, with the addition of the precuneus, as well as cerebellar and subcortical 

structures bilaterally. Differently from what we expected based on previous findings (D’Esposito et 

al., 1998; Nystrom et al., 2000), we did not observed a striking left lateralization in the prefrontal 

areas, particularly in Broca’s area (Brodmann’s areas 44/45), but a more distributed brain 

activation during verbal n-back tasks. The dissociation between the neural areas involved in 

storage and rehearsal has been amply discussed in literature and, probably, this effect is a 

consequence of this dissociation. Indeed, Awh and colleagues (1996) have revealed through a PET 

study a different model of brain activation for these two components of verbal working memory 

(Awh et al., 1996): when rehearsal-based activation was detracted from the activation due to 

storage and rehearsal together, some of the anterior brain activation (including Broca’s area) was 

subtracted, while the posterior parietal regions remained active. In line with neuropsychological 

evidence (Smith & Jonides, 1997) inferior parietal areas were implicated in storage, whereas 

inferior frontal areas were implicated in rehearsal, and Broca's area may be important for 

articulatory processes involved in recoding visual material but not for maintenance of serial order 

per se (Henson et al., 2000). 

Rather, greater activity is reported in the left parietal area, in the supramarginal and angular gyri 

of IPL (Brodmann’s areas 39/40). In the field of visual word recognition studies, the supramarginal 

gyrus has been reported as particularly active when participants are focused on words’ sound, 

whereas the angular gyrus is mostly related to words’ meaning (Démonet et al., 1994; Devlin et al., 

2006; Mummery et al., 1998). Besides being involved in the convergence of visual, auditory and 

somatosensory information, both regions appear involved in language comprehension, together 

with Wernicke’s area (Kim et al., 2011). The central role of parietal areas for WM storage capacity 

was moreover demonstrated by a recent transcranial alternating current stimulation (tACS) study 

that provided the first causal relation between theta activity and n-back task (Jaušovec & 

Jaušovec, 2014).  
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Although in a recent meta-analysis by Rottschy et al. (2012) greater recruitment of the left inferior 

frontal gyrus (IFG) was observed for verbal tasks, in our study we did not find an activation for this 

area on the left, but rather on the right. The divergence in the results might be due to Rottshy et 

al. (2012) considering a greater variance of WM tasks, not limited to the n-back paradigm solely.  

When entering in the specifics of the type of stimuli being presented during n-back paradigms, the 

resulting map of activity for letter n-back studies is identical as for the general verbal n-back, 

whereas few differences appear for numerically-based n-back tasks. In the latter, is observed a 

more consistent activation of the bilateral parietal cortex compared to frontal areas.  

 

Brain activity in visual n-back tasks 

Visual n-back tasks refer to those paradigms in which non-verbal visual stimuli, such as objects, 

images and faces, are presented. The map of brain activity for this type of task confirms once 

again the core role of the fronto-parietal network. However, differently from verbal n-back tasks, 

greater recruitment of the left frontal area is observed, in line with the lateralization hypothesis 

according to which there are a left lateralization for verbal as well as visual stimuli, probably 

because there is a left hemispheric bias for identity n-back task, not for a specific stimulus 

(D’Esposito et al., 1998).  

For object n-back, our results reveal greater activity over the right limbic structures, in particular 

the anterior cingulate gyrus. Several functional neuroimaging studies have associated greater ACC 

activity with the execution of various high-order functional tasks, such as Go-No go tasks (Schulz et 

al., 2011), theory of mind scenarios (Kobayashi et al., 2008) and high-load working memory tasks 

(Haxby et al., 2000). Moreover, Smith and Jonides (1999) have described ACC as implicated in the 

temporary storage and manipulation of information and in the resolution of cognitive conflicts. 

However, the most plausible explanation for the activity of this area in image n-back tasks might 

be that of its role in the judgment of the pleasantness/averseness of stimuli (Lindgren et al., 2012). 

Indeed, coactivation of ACC with orbitofrontal structures is typically found when emotional stimuli 

are presented (Miller & Cohen, 2001), and could be that the emotional valence of the stimuli 

themselves—when no controlled for—triggers the reported activity.  

 

Overlap between n-back task network and RSN 

From the first fMRI study aimed at analysing brain activation during WM task, the role of fronto-

parietal network has been suggested and further confirmed by the present meta-analysis. The 
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fronto-parietal network includes a set of regions that are implicated in a variety of executive 

functions, including inhibition, attentional switching, mental rotation and fluid intelligence. 

Recently, the research effort has shifted its focus from single areas to the study of well-

interconnected networks that interact with each other’s and ensure functioning of the individual. 

The increased awareness on brain cohesiveness has led to an interest being drawn in exploring the 

possible relationship between n-back derived brain networks and resting state networks. Indeed, 

our results suggest a higher degree of superimposition between n-back regions and DAN, as 

opposed to other networks like the Salience, Language and Sensorimotor networks. The synergy 

between WM and other functions such as attention has been postulated (Shipstead et al., 2015), 

but—to our knowledge—quantitative functional overlap has not been described before. The 

relevant role of attention during a working memory task needs to be considered and might explain 

the observed strong DAN component, together with the executive control component. A similar 

overlap has been recently identified for fluid intelligence (Santarnecchi, et al., 2017 b,c), a function 

highly correlated with WM (Friedman et al., 2006). The overlap observed with those RSNs confirms 

the strong correlation between executive functions— like working memory and attention— even 

across presentation modalities, such as echoic stimuli presentation.  

Human functional evidences recognize four main regions as underlying DAN activity: the 

intraparietal sulcus, the superior parietal lobule, the superior and inferior precentral sulci and the 

middle temporal area (Fox et al., 2005; Yeo et al., 2011). The distinction between dorsal and 

ventral attention networks relates back to the work of Corbetta & Shulman (2002), who first 

proposed the former as involved in mediating top-down guided voluntary allocation of attention, 

whilst the latter detects salient and behaviourally relevant stimuli, in particular when unattended. 

Moreover, several neuroimaging studies have proved DAN to be modulated during search and 

detection processes (Corbetta et al., 1995; Shulman et al., 2001). This might explain the reported 

overlap between DAN and n-back networks, where the manipulation and maintenance of the 

incoming information represents a core aspect. Nevertheless, future work investigating the 

contribution of DAN in working memory tasks, in particular n-back tasks, is needed to improve our 

understanding of the functional interactions across different RSNs and n-back networks. Our 

knowledge of the interplay between attention, memory and other cognitive abilities would greatly 

benefit from such studies, driving relevant possible future implementations at both the research 

and clinical level.  
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Functional connectivity profile in neural activation and deactivation 

Neural activation patterns during the n-back task has been amply discussed. However, for a more 

in-depth understanding of the neural activity pattern during this specific working memory task, 

deactivation patterns are also highly relevant and should be considered. To our knowledge, even 

though previous studies have reported deactivation coordinates for single analysis, we are the first 

to provide an ALE map showing the neural deactivation during the n-back task, revealing a 

significant decrease in BOLD response of posterior cingulate cortex as well as frontal and temporal 

regions during task execution. As expected, the functional connectivity profile of such ALE nodes 

highly resembles the topography of the DMN. This network includes the posterior cingulate cortex 

(PCC), medial prefrontal cortex (mPFC), middle frontal regions, lateral parietal and medial 

temporal regions, and is believed to be involved in introspection and background processing 

(Andrews‐Hanna et al., 2014; Fox et al., 2005; Raichle et al., 2001; Sheline et al., 2009). 

In line with the “deactivation of the DMN”, we identified a high resemblance between the 

connectivity profile of regions activated during N-back processing and the DAN. Interestingly, the 

interplay between these two networks has been suggested as a major candidate biomarker for 

normal and pathological aging (Spreng et al., 2016; Spreng & Schacter, 2012) and has been 

correlated with cognition in healthy young participants (Santarnecchi, et al., 2017b,c). A clear 

overlap with DMN and DAN can suggest the modulation of their interplay as a candidate target for 

brain stimulation interventions based on Transcranial Magnetic Stimulation (TMS) and transcranial 

Electrical Stimulation (tES) able to modulate network-level activity and elicit cognitive 

enhancement (Ruffini et al., 2018; Santarnecchi, Momi, et al., 2018). 

 

Potential brain stimulation solutions 

Currently, a lot of studies investigated the possibility to enhance WM performance using NIBS, 

however reporting heterogeneous results. The causes could be held in several factors as the 

different tasks used or the stimulation target selected. The majority of these studies have indeed 

used the traditional two-electrode montage targeting the right and left dorsolateral prefrontal 

cortices (dlPFC), positioning the anode over either the F3 (left dlPFC) or F4 (right dlPFC) regions on 

the scalp in accordance with the international 10–20 system for electrode placement (Herwig et 

al., 2003). Nevertheless, our results support the idea that brain regions do not operate in isolation 

but interact with other regions through networks and that, based on the stimuli, presentation 

modality and load of the task used, the neural correlates could differ. Based on these results, we 
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performed the biophysical modeling of potential brain stimulation solutions suggesting feasible 

targets for WM neuromodulation in healthy subjects. Despite our ALE results have shown an 

involvement also of subcortical areas during the n-back task, we decided to focus the biophysical 

modeling on the cortical areas, as these are the more activated during the task execution, but also 

the regions most reachable by NIBS. Moreover, we decided to run different optimization for each 

cortical node (frontal and parietal bilaterally), giving the possibility to combined them and to suit 

the best stimulation based on different requirements. Finally, our biophysical modeling suggests 

the right hemisphere as the best target for the stimulation, since the montages created for 

targeting these regions induce stronger effects.  

Future studies could investigate biophysical modeling and tES montage optimizations considering 

as target the functional connectivity map of these nodes, focusing the stimulation both on the 

positive and negative correlated areas and indirectly target subcortical regions (as shown in the 

Study 3). 

 

Limitations of the study and future direction 

Our ALE maps allow us to know which areas are more active for a specific condition of n-back task, 

and whether the WM network might be modified as a function of n-back change in its specifics. 

Few studies reported WM network activation to be material-independent (Owen et al., 2005; 

Ragland et al., 2002), with the opposite holding true for other evidences. Although we consider 

the results of our meta-analysis as accurate as possible given the status of the literature, there are 

some publication biases that should be evaluated. For example, based on a recent simulation 

study (Eickhoff et al., 2016), it is known that the results of a meta-analysis with a low number of 

papers could be driven by few experiments. A limited number of studies is available for specific n-

back maps (e.g., number, face, object n-back). These results should be interpreted carefully. 

Moreover, considering that we included in the analysis also studies evaluating brain activity during 

n-back task in older healthy subjects, the WM decline in aging by investigating age-related changes 

in concordant patterns of brain activation during n-back task could have been evaluated. The 

growing literature on the neuroscience of cognitive aging has indeed suggested that there are 

some reliable age-related differences in the form of both decreases and increases of brain activity 

in old adults compared to their younger counterparts in several cognitive domains, including WM 

(Grady et al., 1998). Recently, a meta-analysis of the n-back task across the adult lifespan showed 

that young, middle-aged and older subjects share concordance in the engagement of parietal and 



 

73 
 

cingulate cortices, as well as the insula, claustrum, and cerebellum (Yaple et al., 2019). On the 

other hand, prefrontal cortex is more engaged in young subjects compared to middle-aged adults, 

but absent in older adults, suggesting a gradual linear decline in concordance of prefrontal cortex 

engagement. However, even though several middle-aged and older adults are included in our 

analysis, the sample size is not consistent to verify differences in lifespan in different domains 

(e.g., visual/verbal/spatial n-back), because mostly of the studies on middled-age/older subjects 

used verbal n-back task.  

Future studies should consider tES montage optimizations in order to achieve a more accurate 

targeting of the fronto-parietal network and evaluate their effectiveness for cognitive 

enhancement in healthy subjects. WM deficits characterize also many psychiatric, 

neurodegenerative and neurodevelopmental disorders, including depression, schizophrenia, 

Alzheimer’s and Parkinson’s diseases, ADHD and the Autistic spectrum disorder. The Study 2 

aimed to characterize the n-back activation profile of specific patient populations, also looking at 

differences between conditions and their network-level representations, will be presented in the 

following paragraphs. 



 

74 
 

3.2 STUDY 2: Common and Specific Brain Activations During N-back task 

in Psychiatric and Neurodevelopmental Disorders 

 

As already described in the previous study, Working Memory (WM) plays an important role in 

many forms of complex cognitive functions constantly permeating our daily life. WM capacity 

deterioration pervades many psychiatric and neurodegenerative disorders as, for example, Bipolar 

Disorder (Latalova et al., 2011; Thompson et al., 2007), Alzheimer’s and Parkinson’s disease 

(Baddeley et al., 1991), as well as in neurodevelopmental disorders like the Attention Deficit 

Hyperactivity Disorder (ADHD) and Autistic Spectrum Disorder (ASD) (Martinussen et al., 2005; 

Williams et al., 2005). Therefore, studying the neural substrate of WM has become crucial also in 

patients in order to identify overlap and/or differences and tailor pathology—specific cognitive 

interventions aimed at restoring WM capacity.  

A recent meta-analysis, studying functional magnetic resonance imaging (fMRI) activity on patients 

with ADHD (McCarthy et al., 2014), showed a significantly lower frontal lobe activity compared to 

control during three different tasks (Go/No-go, N-back, and Stroop task). However, the authors did 

not find significant differences in dorsolateral prefrontal cortex (dlPFC) activation between 

experimental and control groups, replicating the results previously reported by Hart and collegues 

(2013) during an inhibition task (Hart et al., 2013). On the other hand, an altered activity in dlPFC 

has been underlined in patients with the psychiatric disorder compared to healthy controls and 

this is usually associated with a deficit of the anterior part of the cingulate cortex (ACC) and 

thalamus. As several studies proved, this lower functional connectivity between ACC and thalamus 

could be the neural substrate of several deficits in attention, memory, and executive functions 

typically associated with psychiatric disorders (Argyelan et al., 2014; Latalova et al., 2011; Motter 

et al., 2016; Weinberger et al., 1986).  

Tasks engaging WM typically require participants to hold and manipulate temporary information 

(Baddeley, 1992; Shallice, 1988). The n-back task is the most popular measure of WM used in 

functional magnetic resonance imaging (fMRI) studies also because this paradigm requires several 

working memory processes, including maintenance, monitoring, updating, and manipulation of 

retained information (Cohen et al., 1997), therefore being the most complete task to study WM 

neural substrate. Moreover, the n-back task is commonly used in pathology because of its 

flexibility to different presentation modality (visual or auditory), stimuli (letters, numbers, images, 
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etc..), and load (1, 2, 3 n-back), allowing to set the complexity based on patients’ efforts and to 

avoid learning effects. The neural correlates of the n-back task in healthy subjects are well 

characterized and involved the bilateral fronto-parietal activation as well as the concurrent 

activation in the subcortical areas as the bilateral insula, the bilateral cerebellum, and the 

precuneus as shown in the previous study (Mencarelli et al., 2019). Considering the clinical 

population, meta-analyses showing neural correlates of different WM tasks have been already 

published (Cremaschi et al., 2013; McCarthy et al., 2014; Minzenberg et al., 2009; Müller et al., 

2017). However, no studies have specifically investigated brain activity of clinical population 

during n-back task so far.  

In an attempt to produce an overview of the neural correlates of n-back performance in patients 

with psychiatric or neurodevelopment disorders, we present a systematic quantitative meta-

analysis of fMRI and Positron Emission Tomography (PET) data collected during n-back processing. 

We included and analyzed 36 studies within the Activation Likelihood Estimate (ALE) analytic 

framework (Eickhoff et al., 2009, 2012). Separated meta-analytic maps were created for patients 

with schizophrenia (SZ), depressive disorder (DD), bipolar disorder (BD), and ADHD. Based on 

previous sparse literature, we hypothesized a decreased activation in the dlPFC in psychiatric 

disorders, and a less extensive activation in nodes of the fronto-parietal network in patients 

compared to healthy controls. Moreover, considering that depressive and bipolar disorders are 

both mood disorders and some studies have already shown their resting-state functional 

connectivity similarity, we hypothesized an analogous pattern of activation for these two maps. 

Additionally, we investigated the qualitative overlap between these activation maps and the 

previously presented ALE maps in healthy subjects, underlying similarities and differences 

between pathological and healthy brains in the WM domain. Finally, using biophysical modeling 

possible targets for future tES studies for rehabilitation and cognitive enhancement purposes has 

been proposed. Considering the relevance of WM in high cognitive functions, its enhancement 

could resonate also in other cognitive domains and improve patients’ quality of life.  

 

3.2.1 MATERIAL AND METHODS 

Literature search 

Articles were collected by performing a search on the PubMed database without temporal 

restrictions. The following terms "N-back task", “Working Memory Task”, were individually 
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combined with "Functional Magnetic Resonance Imaging", "Position Emission Tomography" and 

their acronyms and with “Schizophrenia”, “Depression”, “Depressive Disorder”, “Bipolar disorder”, 

“ADHD”, “Parkinson”, Alzheimer”, “MCI”, “Mild Cognitive Impairment” and “Multiple Sclerosis”. 

References from the collected material were also examined for relevant publications. Following 

the abstract screening of every resulted article published before October 2019, we evaluated a 

total of 169 studies (Figure 3.15), narrowing them to 36 final studies. We excluded (i) review 

papers, (ii) studies not mentioning any of the keywords in their abstract, (iii) studies not reporting 

fMRI/PET activations coordinates in MNI or Talairach space, (iv) studies not reporting activation 

foci in table format or reporting statistical values without corresponding coordinates, (v) studies 

that used predefined Regions of Interest (ROIs), (vi) studies that used small volume correction 

(SVC), (vii) studies not using classic n-back tasks (defined as ones where subjects must respond 

when the stimulus presented is the same as the stimulus presented n times before), (viii) studies 

that used a placebo or pharmacological therapies, (ix) studies with only one subject and (x) studies 

that did not report separate brain activation between healthy and pathological condition. We also 

excluded studies that considered patients with multiple sclerosis, MCI, Alzheimer’s, and 

Parkinson’s disease because the total number of papers that matched our inclusion criteria was 

unsatisfied. The complete list of the included studies is reported in Table 3.12, indicating the: (i) 

name of the first author, (ii) number of participants, (iii) experimental design, (iv) task specifics, (v) 

references (MNI or Talairach), (vi) the number of foci and (vii) imaging modality (e.g., fMRI, PET). 

Data of the specific activation foci were collected and included in a quantitative Activation 

Likelihood Estimation (ALE) analysis for the identification of brain regions involved in n-back tasks 

in psychiatric and neurodevelopment disorders. In particular, four different maps were created 

focusing on: (i) Schizophrenia, (ii) Depressive Disorder, (iii) Bipolar disorder, and (iv) ADHD. 
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Figure 3.15 Literature search for the identification of relevant publications included in the ALE metanalysis 

(from Liberati et al., 2009). 
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Paper Subjects N-Back Modality Task Type Stimuli Type Contrast Reference Foci Imaging Modality

Schizophrenia

Jiang  et al 2015 20 0,2 Visual Spatial Numbers/ Position Numbers 2back>0back MNI 10 fMRI

Kim et al 2003 12 0,2 Visual Identity Geometric Figures 2back>0back TAL 7 PET

Kumari et al 2006 12 0,1,2 Visual Spatial Dots 1back>0back MNI 6 fMRI

Mendrek et al 2004 12 0,2 Visual Identity Letters 2back>0back TAL 13 fMRI

Meyer-Linderberg et al 2001 13 0,2 Visual Identity Numbers 2back>0back TAL 10 PET

Nielsen et al 2017 17 0,2 Visual Identity Letters 2back>0back MNI 29 fMRI

Perlstein et al 2003 16 0,1,2 Visual Identity Letters Global TAL 9 fMRI

Perlstein et al 2001 17 0,1,2 Visual Identity Letters Global TAL 12 fMRI

Royer et al 2009 18 0,2 Visual Identity Numbers 2back>0back TAL 21 fMRI

Sapara et al 2014 18 0,1,2 Visual Spatial Dots 1back>rest MNI 7 fMRI

Sapara et al 2014 18 0,1,2 Visual Spatial Dots 2back>rest MNI 13 fMRI

Sapara et al 2014 18 0,1,2 Visual Spatial Dots 1back>0back MNI 7 fMRI

Sapara et al 2014 18 0,1,2 Visual Spatial Dots 2back>0back MNI 9 fMRI

Sapara et al 2014 14 0,1,2 Visual Spatial Dots 1back>rest MNI 12 fMRI

Sapara et al 2014 14 0,1,2 Visual Spatial Dots 2back>rest MNI 10 fMRI

Scheuerecker et al 2008 23 0,2 Visual Identity Letters 2back>0back TAL 7 fMRI

Wu et al 2017 45 0,2 Visual Identity Numbers 2back>0back MNI 5 fMRI

Yoo et al 2005 10 2 Visual Identity Faces 2back TAL 17 fMRI

Depression

Bartova et al 2015 78 0,2 Visual Identity Numbers 2back>0back TAL 10 fMRI

Fitzgerald et al 2008 13 1,2 Visual Identity Letters 2back>0back TAL 20 fMRI

Garrett et al 2011 16 0,1,2 Visual Identity Letters 1back>0back TAL 13 fMRI

Garrett et al 2011 16 0,1,2 Visual Identity Letters 2back>0back TAL 15 fMRI

Garrett et al 2011 15 0,1,2 Visual Identity Letters 1back>0back TAL 21 fMRI

Garrett et al 2011 15 0,1,2 Visual Identity Letters 2back>0back TAL 5 fMRI

Harvey et al 2005 10 0,1,2,3 Visual Identity Letters Global TAL 8 fMRI

Korsnes et al 2013 22 1,2 Visual Identity Numbers 2back>1back MNI 12 fMRI

Marquand et al 2008 20 0,1,2,3 Visual Identity Letters 2back TAL 18 fMRI

Matsuo et al 2007 15 0,1,2 Visual Identity Numbers 1back>0back TAL 3 fMRI

Matsuo et al 2007 15 0,1,2 Visual Identity Numbers 2back>0back TAL 3 fMRI

Matsuo et al 2007 15 0,1,2 Visual Identity Numbers 2back>1back TAL 7 fMRI

Rodríguez-Cano et al 2014 26 1,2 Visual Identity Letters 2back>1back TAL 9 fMRI

Rodríguez-Cano et al 2017 26 0,1,2 Visual Identity Letters 1back>0back MNI 4 fMRI

Rodríguez-Cano et al 2017 26 0,1,2 Visual Identity Letters 2back>0back MNI 3 fMRI

Schoning et al 2009 28 0,1,2 Visual Identity Letters 2back>0back MNI 13 fMRI

Schoning et al 2009 28 0,1,2 Visual Identity Letters 2back>1back MNI 28 fMRI

Bipolar Disorder

Alonso-Lana et al 2016 27 1,2 Visual Identity Letters 1back>baseline MNI 7 fMRI

Alonso-Lana et al 2016 27 1,2 Visual Identity Letters 2back>baseline MNI 1 fMRI

Alonso-Lana et al 2016 27 1,2 Visual Identity Letters 2back>1back MNI 1 fMRI

Alonso-Lana et al 2016 23 1,2 Visual Identity Letters 1back>baseline MNI 3 fMRI

Alonso-Lana et al 2016 23 1,2 Visual Identity Letters 2back>baseline MNI 1 fMRI

Alonso-Lana et al 2016 23 1,2 Visual Identity Letters 2back>1back MNI 3 fMRI

Dell'Osso et al 2015 28 0,2,3 Visual Identity Letters Global MNI 7 fMRI

Drapier et al 2008 20 0,1,2,3 Visual Identity Letters 1back TAL 5 fMRI

Drapier et al 2008 20 0,1,2,3 Visual Identity Letters 2back TAL 6 fMRI

Drapier et al 2008 20 0,1,2,3 Visual Identity Letters 3back TAL 4 fMRI

Frangou et al 2008 7 0,1,2,3 Visual Identity Letters Global TAL 15 fMRI

Haldane et al 2008 8 0,1,2,3 Visual Identity Letters Global TAL 7 fMRI

Monks et al 2004 12 0,2 Visual Identity Letters 2back>0back TAL 16 fMRI

Pomarol-Clotet et al 2012 29 1,2 Visual Identity Letters Global MNI 7 fMRI

Rodríguez-Cano et al 2017 26 0,1,2 Visual Identity Letters 1back>0back MNI 3 fMRI

Rodríguez-Cano et al 2017 26 0,1,2 Visual Identity Letters 2back>0back MNI 2 fMRI

ADHD

Bedard et al 2014 24 0,1,2 Visual Spatial Dots 1back>0back MNI 8 fMRI

Bedard et al 2014 24 0,1,2 Visual Spatial Dots 2back>0back MNI 9 fMRI

Li et al 2014 33 2 Visual Identity Images 2back TAL 6 fMRI

Massat et al 2012 19 0,2 Visual Identity Numbers 2back>0back MNI 16 fMRI

Mattfeld et al 2016 16 0,1,2,3 Visual Identity Letters Global TAL 10 fMRI

Mattfeld et al 2016 17 0,1,2,3 Visual Identity Letters Global TAL 7 fMRI

Valera et al 2005 20 0,2 Visual Identity Letters 2back>0back MNI 9 fMRI

 

Table 3.12 List of studies considered in this meta-analysis. For each study, the number of subjects, the 

levels of n-back task difficulty, the type of stimulus used, the modality of stimuli presentation, the type of 

references, the number of foci, and the imaging modality are listed. 
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ALE maps computation 

The quantitative evaluation of spatial PET and fMRI patterns was carried out using the activation 

likelihood estimate (ALE) technique implemented in the GingerALE software v. 3.0 

(www.brainmap.org) (Eickhoff et al., 2009, 2012). The method used is the same already described 

for the Study 1. For an overall comprehension, see ‘ALE maps computation’ paragraph of the first 

study (pages 42-43). 

 

Qualitative meta-analysis comparison 

Data acquired from our previously published ALE maps in healthy subjects (Mencarelli et al., 

2019), also described in the Study 1, have been used for this meta-analysis for comparing healthy 

and pathological brain activity during n-back task. Even though the available ALE database 

involved 10 maps (e.g., maps based on stimuli or presentation modality used during n-back task), 

here we focused on the identification of a more general overlap between healthy and pathological 

subjects, therefore we used the general map (corresponding to the data shown in Figure 3.2 and 

Table 3.3 in Study 1). The results from this comparison should be evaluated carefully considering 

the differences in sample size used for different maps.  

 

Biophysical modeling 

The biophysical model has been obtained as described in the Chapter 1 (Figure 1.1). In this case, 

we use as target the activation maps resulting from the ALE computation, instead that the 

functional connectivity map described in the ‘Biophysical modeling’ paragraph (page 22). 

 

3.2.2 RESULTS  

Ale Maps 

The results of the ALE meta-analysis include volumes representing the entire set of regions 

presented. In the following section, tables and figures describing n-back map for each pathology 

are shown. A discussion about the role of each specific node is also provided in the Discussion 

section. 
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N-back task activation profile in Schizophrenia 

Figure 3.16 and Table 3.13 present the resulting map and coordinates of the comprehensive set of 

activity patterns in patients with the schizophrenic disorder during the execution of n-back task. 

The map includes 8 separate nodes showing a right fronto-parietal distribution of activation. 

Moreover, there are additional contributions of regions in the left cerebellum, left superior 

parietal lobule, and temporal structures including the fusiform gyrus (Figure 3.16 A). A qualitative 

overlap between brain activity during n-back task in SZ patients and healthy subjects (as shown in 

Study 1) is reported in Figure 3.16 B. 

 

 

 

Figure 3.16. N-back task in SZ patients. (A) The map refers to 13 studies in which n-back task was 

performed by SZ patients. A complete set of coordinates for each cluster is available in Table 3.13. (B) Some 

significant slides of the brain activation overlap between healthy subjects (yellow) and SZ patients (pink) 

are shown. 
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Table 3.13. Activity patterns for n-back tasks in SZ patients. Volume, coordinates and corresponding 

Brodmann area, lobe, hemisphere and regional labels are reported for each cluster included in the ALE 

map. 

 

 

Activation patterns in depressive disorder  

Figure 3.17 and Table 3.14 report neural activation patterns during n-back tasks in patients with 

depressive disorder (DD). The map includes 5 clusters (i.e., nodes) of activation underlining an 

involvement of the bilateral frontal cortices, the right parietal cortex, and the middle temporal 

gyrus. All the articles included in this analysis used verbal stimuli (numbers or letters) in the n-back 

task. A qualitative overlap between brain activity during n-back task in DD and healthy subjects (as 

shown Study 1) is depicted in Figure 3.17 B. 

 

Table 3.14. Activity patterns for n-back tasks in patients with depressive disorder. Volume, coordinates 

and corresponding Brodmann area, lobe, hemisphere and regional labels are reported for each cluster 

included in the ALE map. 

Cluster number Volume (mm
3
)

Extrema 

Value

Brodmann 

Area
Hemisphere Lobe Label

x y z x y z

1 664 2.77 20.11 47.07 0.02515911 2 20 46 6 L Frontal Medial Frontal Gyrus

2 480 37.31 -58.65 44.29 0.02127223 38 -58 44 39 R Parietal Angular Gyrus

3 296 49.37 -40.74 48.74 0.021600092 50 -40 48 40 R Parietal Inferior Parietal Lobule

4 288 9.67 37.58 38.71 0.020535074 10 38 38 8 R Frontal Medial Frontal Gyrus

5 96 35.01 -56.32 32.35 0.01752005 36 -56 32 39 R Temporal Middle Temporal Gyrus

Weighted Center Extrema value coordinates
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Figure 3.17. Depressive Disorder and n-back task. (A) The map refers to a set of studies that analyzed 

neural substrate during n-back task in patients with depressive disorder (10). A complete set of coordinates 

for each cluster is available in Table 3.14. (B) Qualitative overlap with the healthy subjects’ map (in yellow) 

is presented. 

   

Activation patterns in Bipolar disorder 

Figure 3.18 and Table 3.15 show the map and coordinates of activity patterns elicited during the 

performance of the n-back tasks in patients with bipolar disorder (BD). The map includes 3 clusters 

(i.e., nodes) of activation showing a left lateralization of activation in the fronto-parietal areas and 

in the subcortical structures. All the articles included in this analysis used letters as stimuli in the n-

back task. A qualitative overlap between brain activity during n-back task in BD and healthy 

subjects (as shown in Study 1) is reported in Figure 3.18 B. 

 



 

83 
 

 

Figure 3.18. N-back task in patients with bipolar disorder. The map refers to 8 studies in which n-back task 

was performed by patients with bipolar disorder. A complete set of coordinates for each cluster is available 

in Table 3.15. (B) Significant slides of the qualitative overlap with the healthy subjects’ map (in yellow) are 

reported. 

 

Table 3.15. Neural substrate of the n-back tasks in patients with bipolar disorder. Volume, coordinates 

and corresponding Brodmann area, lobe, hemisphere and regional labels are reported for each cluster 

included in the ALE map. 

Cluster number Volume (mm
3
)

Extrema 

Value

Brodmann 

Area
Hemisphere Lobe Label

x y z x y z

1 1632 -34.79 -50.99 43.45 0.024 -42 -44 42 40 L Parietal Supramarginal Gyrus

0.019 -30 -58 44 39 L Parietal Angular Gyrus

2 376 -41.05 12.05 28.13 0.017 -40 12 28 9 L Frontal Inferior Frontal Gyrus

3 152 -24 -6 4 0.018 -24 -6 4 . L Sub-lobar Lentiform Nucleus

Weighted Center Extrema value coordinates

 

 

Activation patterns in ADHD  

Figure 3.19 and Table 3.16 report brain activity in patients with ADHD during n-back tasks and 

their corresponding set of coordinates. The map includes 7 clusters (i.e., nodes) of activation 

highlighting a bilateral involvement of the frontal areas, the right parietal areas, as well as the 

right subcortical structures and the right cerebellum. No active nodes were found over temporal 
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regions. A qualitative overlap between brain activity during n-back task in patients with ADHD and 

healthy subjects (as shown in Study 1) is illustrated in Figure 3.19 B. 

 

 

Figure 3.19. Brain activation pattern in patients with ADHD. (A) The map refers to 5 studies in which n-

back task was performed by patients with ADHD. A complete set of coordinates for each cluster is available 

in Table 5. (B) Qualitative overlap with the healthy subjects’ map (yellow) is shown. 

 

Table 3.16. Pattern of activation during the n-back tasks in patients with ADHD. Volume, coordinates and 

corresponding Brodmann area, lobe, hemisphere and regional labels are reported for each cluster included 

in the ALE map. 

 

 

 

Functional overlap between the different disorders and healthy subjects 

The resulting map for the overall pattern of activation during n-back tasks in different disorders 

and healthy subjects is reported in Figure 3.20. The figure shows the involvement of the left 
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cerebellum as well as of the right frontal cortex only for ADHD and Schizophrenia, whereas the 

involvement of subcortical structures is especially marked in ADHD. Bilateral activation of parietal 

areas is more visible in patients with schizophrenia. Conversely, patients with other disorders 

showed lateralization in right (ADHD and DD) or left (BD) parietal regions. All these pieces of 

evidence overlap with the healthy subject map (in yellow). However, activity in the right 

subcortical areas (e.g., insula, claustrum, caudate) as well as in the right cerebellum is specifically 

shown in healthy people and none of the other pathological groups considered. Temporal 

activation on the left hemisphere is also typically observed in healthy subjects, whereas SZ and DD 

patients have a similar contribution only on the right temporal cortex. On the other hand, BD and 

ADHD do not show any temporal activation during the n-back task. Considering the bilateral 

parietal and frontal areas, neural activations are spatially similar between healthy and pathological 

cohorts, but they are wider in healthy subjects. 

 

 

 

Figure 3.20. Overlap between pathologies and healthy subjects. The map shows a qualitative overlap of 

activation during n-back task between the four pathologies considered in this study and the general healthy 

map corresponding to the data shown in Study 1. The map is shown on a template brain in MNI space. 

MNI= Montreal Neurologic Institute.  
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Biophysical Modeling Results 

The results of this metanalysis, pin down the most relevant regions of increased activity during the 

performance of n-back task in psychiatric and neurodevelopmental disorders. Therefore, they also 

provide relevant details to inform future targeted non-invasive brain stimulation interventions 

aimed to improve WM performance in the different clinical cohorts, as summarized in Figure 3.21. 

In particular, we suggest two possible approaches: i) restoring missing activations, thus stimulating 

areas that are activated in healthy subjects but not in the clinical cohort; ii) boosting the existing 

activations, thus modulating areas still active during the n-back task in patients. Following the 

latter approach, we also computed biophysical modeling to obtain the optimal multichannel 

montages targeting the main clusters involved during the n-back task in the clinical cohorts 

considered. Detailed information about this method are reported in Chapter 1.  

Figure 3.22 reports the results of multichannel tES montage optimizations promoting the 

activation of the regions still active during the n-back task in the cohort of patients considered. We 

performed four different optimizations, one for each clinical group, targeting the two or three 

clusters easily reachable by tES and with the higher extrema values as reported by GingerALE 

maps (see the corresponding tables for each coordinate). The weighted maps used for the four 

optimizations are shown in Figure 3.22 (A-D). For the stimulation optimizations we set a: 2mA max 

current per electrode and 4 mA max total injected current, following the tES recommendation 

guidelines. The positions of the electrodes are picked from a pool of 64 electrodes. The algorithm 

limits the montages to 8-channels, for each optimization. In detail the montage for Schizophrenia 

comprehends F4: 1700μA, F6: -1700μA, C1: -500μA, CP3: -600μA, CP6: -600μA; P1: 1150μA; P2: 

1150μa, P6: -600μA (Figure 3.22 A); for Depressive disorder: F2: -550μA, FC1: 1200μA,  FCZ: 

2000μA, FC2: -2000μA, C3: -650μA, CP2: 200μA, CP6: -800μA; P4: 600μA (Figure 3.22 B); for 

Bipolar disorder: FC5: -1350μA, FC3: 1750μA, FC1: -150μA, C3: 100μA, CP5: -1500μA, CP1: 1500μA, 

P3: 650μA, Pz: -1000μA (Figure 3.22 C); and for ADHD: Cz: -1200μA, AFz: 500μA, AF8: -500μA, F2: 

1300μa, F8: -1200μA, CPz: 200μA, CP4: 2000 μA, P2: -1100 μA (Figure 3.22 D). Given the current 

constraints, these solutions represent the best fit of the normal E-field to the target maps 

obtained from the ALE meta-analysis. However, these montages are only suggestions based on our 

ALE maps, clinical experience and the limitations we used in performing the biophysical modeling. 

The same analysis can be performed considering other constraints or NIBS methods as, for 
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example, the transcranial alternate current stimulation (tACS) including also the wave shape as 

additional information. 

 

 

 

Figure 3.21. Possible targets for NIBS. Cortical regions that could be used as targets for NIBS are shown. 

Areas of overlap between healthy subjects and patients are highlighted with continuous line circles and red 

arrows, whereas areas that show activation only in the healthy subjects’ map are underlined by dashed line 

circles and green arrows. Subcortical regions are depicted with an X since they are not accessible directly 

through NIBS. Areas of non-overlap with healthy subjects’ map could be an expression of compensatory 

mechanisms or dysfunctional activity, future investigation should be conducted to detect the stimulation 

polarity (inhibitory or excitatory). (A) SZ; (B) ADHD; (C) BD; (D) DD. 
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Figure 3.22. tES Optimization montages for each clinical cohort. Stimulation montages aimed at boosting 

the nodes still active during the n-back task in (A) SZ; (B) DD; (C) BD; (D) ADHD are shown. All the 

optimizations involve 8 electrodes, delivering a total maximum current of 2 mA each electrode (4mA in 

total). The weighted map, and the nE-field (V/m) for each montage are presented.  

 

3.2.3 DISCUSSION 

 

We showed a set of specific maps representing the neural substrate of n-back task in patients with 

schizophrenia, depressive and bipolar disorders, and ADHD. In the following paragraphs, we will 

discuss the functional role of the resulting core regions for each examined disorder, as well as the 

observed overlap with maps previously computed in healthy subjects (as shown in the Study 1). 

Finally, we will discuss the utility of different activation patterns for planning neurostimulation and 

cognitive enhancement interventions.  

 

Core Regions in Schizophrenia 

Frontal hypoactivation during cognitive training in SZ patients, compared to healthy subjects, has 

been consistent observed in the literature (Glahn et al., 2005; Minzenberg et al., 2009) as well as 
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the functional connectivity modulation in the fronto-temporal (Crossley et al., 2009), default mode 

network (Zhang et al., 2013) and fronto-parietal networks (Deserno et al., 2012; Nielsen et al., 

2017). Particularly, the bilateral fronto-parietal networks have been associated with n-back task in 

healthy subjects (Mencarelli et al., 2019) and, the lack of neural activity in this network in SZ 

patients has been usually linked to their low ability in WM tasks. Nevertheless, the ALE map 

resulting from the present study shows a neural activity pattern similar to the control subjects (as 

shown in Figure 3.16B). The fronto-parietal network is activated during n-back task even in SZ 

patients, although with strong lateralization on the right hemisphere. Therefore, differently from 

the previous meta-analysis on SZ patients (Glahn et al., 2005; Minzenberg et al., 2009), we did not 

find a total absence of activation in the frontal lobe, but only a reduced activity in left frontal 

areas. Moreover, Glahn et al. (2005) underlined also increased activation in the anterior cingulate 

cortex (ACC) and left frontal pole regions in SZ patients during the n-back task. The authors 

suggested that abnormal activation patterns are not restricted to dlPFC, despite reduced 

activation of this region is consistently reported in SZ patients. However, our results are not in line 

with their observations because we did not find activity on ACC. The hypothesis that ACC increases 

its activity during the cognitive task in SZ patients due to hypoactivation on the frontal areas 

cannot be supported by our results, that instead revealed the opposite. Our findings partly sustain 

the guided activation model formulated by Miller and Cohen (2001). This model affirms that the 

concurrent activation of dlPFC and ACC is needed for the right allocation of additional control over 

the task that necessitates it. In SZ patients the absence of activity in ACC during a task that 

requires a high attentional control (like n-back task) may be the cause of their poor cognitive 

performance not only concerning the task but also in many daily life activities.  

The activation in the left cerebellum may be considered an unexpected result, because it was not 

previously described in another meta-analysis, despite it is in line with activity related to n-back 

task in healthy subjects. Indeed, as previously explained by Marvel and Desmond, working 

memory tasks could be supported by the cerebellum through the engagement of inner speech 

mechanism (Marvel & Desmond, 2010). Moreover, the development of inhibitory control seems to 

be mediated by the functional maturation of fronto-cerebellar neural pathways (Rubia et al., 

2007). This, together with the hypothesis that only the inferior frontal gyrus (IFG) could be 

specialized for the interplay with cerebellar areas for inhibitory control (Picazio et al., 2016), could 

support the role of the cerebellum in SZ patients while performing n-back task and, more 

generally, in the cognitive domain. 
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N-back and Depressive Disorder 

Several neuroimaging studies have been conducted while patients with DD were performing WM 

paradigms, showing that their WM impairments could be mediated by the aberrant activity in 

related brain areas as the prefrontal, parietal, temporal, cerebellar, and subcortical regions 

(Harvey et al., 2005; Vasic et al., 2009; Walter et al., 2007). However, these studies reported 

contrasting findings: some studies described increased activation of the dlPFC and/or ventrolateral 

prefrontal cortex (vlPFC) in patients compared to controls (Harvey et al., 2005; Matsuo et al., 

2007; Walter et al., 2007), while others observed decreased activity in the same areas (Goethals et 

al., 2005; Kerestes et al., 2012; Pu et al., 2011), additionally null findings have also been shown 

from other studies (Barch et al., 2003; Rose et al., 2006; Sandström et al., 2012). Recent meta-

analyses also showed heterogenic results, probably because they collected cognitive and 

emotional experiments, while others focused only on one specific aspect (Müller et al., 2017; 

Wang et al., 2015), and also our results stand back to the previous findings. Differently from Wang 

et al., (2015), we did not find a specific prefrontal hyperactivation during WM processing in the 

left dlPFC and vlPFC. However, as we focused the meta-analysis on a single WM task (n-back), 

different results compared to other meta-analyses were expected. In particular, we showed an 

involvement of the left and right medial frontal gyrus and of the right parietal and temporal areas 

that have been already reported as involved in the n-back paradigm in healthy controls 

(Mencarelli et al., 2019; Figure 3.17 B). The inferior parietal cortex (BA 40) and the angular gyrus 

(BA39) play an important role in maintaining temporal information and switching attention rapidly 

(Ravizza et al., 2004), as well as in preparing for a forthcoming given task (Sohn et al., 2000). 

Moreover, in line with our results, an increase in cerebral blood flow (CBF) on the right parietal 

cortex in patients with DD during a cognitive task has already been reported (Berman et al., 1993). 

On the other hand, the lack of activation in the bilateral dlPFC during n-back task may be 

associated with local hypometabolism (Baxter et al., 1989; Sackeim et al., 1990) and decreased 

CBF (Bench et al., 1992; Galynker et al., 1998), usually reported in patients with DD when 

compared to controls. However, some studies suggested that a good WM performance in patients 

with DD is associated with increased cortical activity while impaired performance is associated 

with a decrease in cortical activation. Even though this represents a crucial aspect of clinical trials, 

we could not investigate it in our study due to the insufficient number of studies collected. 
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Core regions in Bipolar Disorder 

Several studies have demonstrated that cognitive impairment, involving executive function and 

long-term memory particularly (Robinson & Ferrier, 2006), is a common feature in patients with 

BD. Recent neuroimaging studies provided numerous evidences about brain functional correlates 

of cognitive deficits in BD. Focusing on WM deficit, they have shown an aberrant activity in the 

prefrontal, parietal, and temporal cortices during WM tasks. However, also in this case, the 

available specific literature is not extensive and the results are moderately heterogeneous: all the 

studies presented a mixed picture of hyperactivation and hypoactivation in brain regions that are 

traditionally involved in WM circuits including dlPFC, vlPFC as well as the parietal and temporal 

cortices (Adler et al., 2004; Frangou et al., 2008; Monks et al., 2004; Thermenos et al., 2010). 

However, our results, focusing on n-back task only, showed a parietal as well as a subcortical 

activation, in line with the neural pattern showed in healthy subjects, even though with less 

extensive activity in BD. Unexpectedly, we found a left hemisphere lateralization in BD, that has 

been never reported so far. Such inconsistency could be the result of the balance between 

homogeneity and robustness: in this work we decided to focus on brain activity in BD during n-

back task, complying with the criteria of homogeneity but, due to the limited literature available 

so far, we did not completely observe the criteria of robustness (Müller et al., 2018). Nevertheless, 

this evidence should be interpreted carefully since the results of a meta-analysis with a low 

number of papers could be driven by few experiments (Eickhoff et al., 2016). Moreover, other 

potential confounding factors, as different pharmacological treatments and clinical variables used 

within the considered studies, could also have driven the results.  

Additionally, as hypothesized, both bipolar and depressive disorder did not show activation in the 

dlPFC. Several neuroimaging evidence has shown a similar pattern of brain abnormalities between 

mood disorders, with the involvement of the prefrontal cortex, the limbic system (e.g. the 

amygdala), the ventral striatum, the insula, and the hippocampus (Arnone et al., 2012; Bora et al., 

2012; Delvecchio et al., 2012; Selvaraj et al., 2012). This has been confirmed also by other 

neuroimaging modalities, underling for example that depression and bipolar disorder are 

characterized by abnormalities in white matter tracts of the genu of the corpus callosum that 

connect the two hemispheres of the prefrontal cortex implicated in mood regulation (Wise et al., 

2016). However, looking at the parietal activation, the two mood disorders showed an opposite 

pattern: lateralization on the left hemisphere has been shown for BD, whereas lateralization on 

the right hemisphere has been found for DD. These findings may support the idea that failure in 
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the engaging bilateral fronto-parietal network in mood disorders represents the core of cognitive 

impairment; this hypothesis should be verified in future studies. 

 

Brain activity in patients with ADHD 

The main behavioral features in ADHD are inattention and impulsivity that, as a collateral effect, 

lead to executive function impairment. In order to understand if this impairment could be directly 

linked to functional changes within specific brain regions, several studies have run WM tasks 

during fMRI in patients with ADHD. The current meta-analysis gathers all these studies in order to 

create a comprehensive activation map for the n-back task. As in healthy subjects, results in ADHD 

showed brain activity in frontal, parietal, subcortical, and cerebellar regions, although generally 

reduced. This result is in line with the literature in the field: several studies have already pointed 

out that participants with ADHD displayed hypoactivity compared to healthy controls in the right 

superior and middle frontal areas as well as in cerebellar, occipital, and parietal areas (Bayerl et 

al., 2010; Kobel et al., 2009; Mattfeld et al., 2016; McCarthy et al., 2014; Valera et al., 2005). 

Moreover, differently from the healthy controls, there is no activation in the left dlPFC and left 

parietal regions in patients with ADHD. The anomalous activity in the former has been already 

shown in a previous meta-analysis (McCarthy et al., 2014), and this is expected since dlPFC plays 

an important role in monitoring and updating the incoming information (Bagherzadeh et al., 2016; 

Brunoni and Vanderhasselt, 2014; D’Esposito et al., 1998; Owen, 1997; Owen et al., 2005), skills 

known to be impaired in ADHD. However, the dysfunctional activity in the left parietal cortex has 

never been pointed out in this clinical cohort. This area is involved in many higher-order functions 

and particularly in the maintenance of goal-directed attention (Corbetta & Shulman, 2002), and 

has an important role in the n-back task. However, the direct comparison between the neural 

activation in healthy subjects and patients with ADHD should be interpreted carefully, due to 

differences in the sample: in the study 1 all the studies performed on children or older adults have 

been excluded; while in the present meta-analysis, also studies that considered children or young 

adults in the sample have been included as ADHD is a neurodevelopmental disorder. Moreover, 

some neuroimaging studies have considered patients with ADHD as a whole group without 

differentiating between patients with and without working memory deficits, whereas other 

studies considered this difference. These latter studies highlighted that the impairment in the 

fronto-parietal network is mostly shown in patients with WM deficit (Mattfeld et al., 2016). 

Unfortunately, the small number of studies available did not allow us to investigate if there is a 



 

93 
 

direct link between the similarity in brain activation patterns between patients and healthy 

controls and WM performance. 

 

Potential NIBS targets for Cognitive Enhancement 

The present results shed light on the common and specific neural basis of n-back task in 

psychiatric and neurodevelopmental populations and suggest potential targets for TMS and tES 

neuromodulatory interventions (Bestmann et al., 2015; Santarnecchi et al., 2015; Tatti et al., 

2016). Several non-invasive therapeutic applications have been proposed so far but with 

inconsistent results. In a recent review Hill et al., (2016) showed that anodal tDCS applied to a 

clinical population significantly improves accuracy for online, but not offline, WM tasks, and no 

effect was found on reaction times. The heterogeneity between studies could be ascribed to 

several factors, as, for example, current density and stimulation duration, but also to the 

stimulation target. Most of the studies investigating the effects of NIBS on WM performance have 

targeted the dlPFC, due to its strong involvement in WM tasks (for a comprehensive review see 

Hill et al., 2016). However, there are several WM tasks, and not all of them have the same neural 

substrate (e.g. backward digit span, dual task, visual pattern recall, visual working memory task; 

Cocchini et al., 2002; McCarthy et al., 1994; Salmon et al., 1996); also subjects’ age may play a role 

in the responsiveness to NIBS for WM tasks, younger subjects reacting better than older ones 

(Feurra et al. 2016). Moreover, better results in terms of cognitive enhancement could be 

obtained using fMRI-guided targeting for NIBS increasing the accuracy of the treatment.  

Considering the n-back task, several brain regions are implicated when the task is performed by 

healthy subjects, including frontal, parietal, and cerebellar areas (Mencarelli et al., 2019; Owen et 

al., 2005; Rottschy et al., 2012), however, dlPFC has been the most used target to boost n-back 

performance by NIBS. Nevertheless, this area could not be the best target for patients with WM 

deficits: the ideal parameters in one population may not be optimal in another. For instance, our 

results showed that schizophrenic patients mostly activate the right fronto-parietal network and 

left parietal cortex, whereas less activity has been shown in the left frontal cortex; on the other 

hand, patients with depressive disorder showed activation mostly on the right parietal cortex. In 

this case, the stimulation targets should be based on the patients’ brain activity when a 

neuromodulation intervention is planned. Following our results, the possible approaches may aim 

to (i) improve the activity of nodes still active even in the presence of a pathological condition and 

working memory deficit, or (ii) reactivate nodes of the n-back network showing lack of activation 
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as compared to healthy controls (Figure 3.21). Following the first approach, we proposed different 

tES multichannel optimization using biophysical modeling (Figure 3.22). Future studies may 

investigate the effects of stimulation over these locations, covering additional therapeutic targets 

that have never been considered so far, as, for example, parietal and temporal cortices. Moreover, 

only single-site stimulation has been tested in patients with WM deficits so far. However, it is 

unlikely that this approach will produce a clinically meaningful whole brain effect and 

corresponding cognitive effects could be inconsistent between studies, as already pointed out in 

recent reviews (Hill et al., 2016; Hurley & Machado, 2018). Recently, multichannel stimulation 

devices have been developed, allowing the stimulation over multiple cortical sites using small and 

more focal electrodes, as the one we proposed here (Ruffini et al., 2018). These devices could 

provide an innovative alternative for potentially stimulating the entire WM network or functional 

MRI networks, as already proved in healthy (Brem et al., 2018; Fischer et al., 2017; Mencarelli et 

al., 2020; Neri et al., 2019; Polanía et al., 2012) and clinical (Dagan et al., 2018; Sprugnoli et al., 

2019; Thibaut et al., 2017) cohorts. Moreover, future studies could analyze the functional 

connectivity profile of the ALE regions resulting from our meta-analysis, suggesting 

hypoactivation/hyperactivation of one or more networks in the clinical cohort and leading a more 

specific non-invasive brain stimulation intervention. Future studies could also consider the use of 

other techniques such as EEG and TMS-EEG, able to explore brain-behavior relationships 

(Daskalakis et al., 2012; Fitzgerald, 2010; Rogasch & Fitzgerald, 2013) and provide more 

information on temporal dynamics between networks as well as to characterize network-level 

individual brain dynamics (Ozdemir et al., 2020), useful for NIBS interventions (e.g. cc-PAS TMS, Di 

Lorenzo et al., 2018; Fiori et al., 2018; Koch, 2020; Nord et al., 2019; Veniero et al., 2013).  

Finally, NIBS interventions are not the only ones useful in order to increase WM performance in 

patients with cognitive deficits. Several studies have already pointed out that specific memory 

training programs produce short-term effects but, unfortunately, do not generalize to other 

cognitive domains (for a comprehensive review see Melby-Lervåg & Hulme, 2013). Other studies 

reported the possibility to increase WM capacity through mindfulness meditation (Baranski & 

Was, 2018; Innes et al., 2017) or physical exercises (Hoffman et al., 2008; Kramer et al., 1999; 

Rand et al., 2010), but with inconsistent results. Moreover, numerous evidences suggest that the 

combination of two kinds of interventions, cognitive training and physical activity training, 

improves cognitive function in healthy older adults (for a comprehensive review see Jak, 2012). 

From this perspective also the combination of NIBS with cognitive interventions offers a 
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potentially powerful new approach for treating neuropsychiatric disorders, as recently reviewed 

by Sathappan et al., (2019). In this case, the timing of the NIBS is important since it could be 

applied online or offline for cognitive intervention. In particular, the functional engagement of a 

specific network during a cognitive task could simplify the long-term potentiation effects obtained 

with neuromodulation. Future studies could demonstrate the efficacy of WM training combined 

with MRI-guided targeted NIBS based on different clinical cohorts. 
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3.3 STUDY 3: Network Mapping of Connectivity Alterations in Disorder 

of Consciousness: Towards Targeted Neuromodulation2
 

 

Brain injury is one of the major causes of death and disability in the world (Langlois et al., 2006). 

As a consequence, several patients suffer from disorder of consciousness (DoC) (for specific 

statistics see Pisa et al., 2014), a condition that can be divided into four states: (i) coma (patients 

are not able to spontaneously open their eyes and to be awakened even with strong sensory 

stimulation; (Jellinger, 2009)), (ii) vegetative state/unresponsiveness wakefulness syndrome 

(VS/UWS; patients are able to stay awake spontaneously or after stimulation, but they have no 

awareness of themselves or of the environment; (Jennett & Plum, 1972; Laureys et al., 2010)), (iii) 

minimally conscious state (MCS; patients show some behavioral evidence of consciousness; 

(Giacino et al., 2002)) and (iv) patients emerging from MCS (EMCS; patients recover the ability to 

use objects in a functional manner, (Nakase-Thompson et al., 2004)). Patients may fluctuate 

between these different states until they fully recover consciousness, or may remain in a DoC 

state for years or permanently. Due to the strong impact of disease in patients and their 

caregivers, research aimed at improving diagnosis and therapies for patients with DoC is of great 

interest.  

In the last years, consciousness has been defined as separated in two linearly correlated 

components: arousal and awareness (Zeman, 2001). Awareness can be divided in two distinct and 

negatively correlated networks: the ‘external awareness’ network, which includes bilateral fronto-

temporo-parietal cortices, and the ‘internal awareness’ network, consisting of midline posterior 

cingulate cortex/precuneus and anterior cingulate/medial prefrontal cortices (Vanhaudenhuyse et 

al., 2011). In support of this hypothesis, several neuroimaging and electrophysiological studies 

showed the presence of a structural and functional disconnection between these brain areas in 

DoC patients (Bodart et al., 2017; Massimini et al., 2012; 2009). Specifically, deficits of cortico-

subcortical (i.e., including the thalamus) and cortico-cortical connectivity have been proposed as 

one of the biological causes of DoC (Laureys & Tononi, 2011; Posner, 1994). Resting state fMRI (rs-

fMRI) and PET studies suggest impaired inter-hemispheric connectivity in the ‘external awareness’ 

network (Vanhaudenhuyse et al., 2011), as well as in corticothalamic circuitry and the default 

                                                           
2
 A similar version of this article has been recently published (Mencarelli, L., Biagi, M. C., Salvador, R., Romanella, S., 

Ruffini, G., Rossi, S., & Santarnecchi, E. (2020). Journal of clinical medicine, 9(3), 828). 
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mode network (DMN) in patients compared to healthy controls (Boly et al., 2009; Ovadia-Caro et 

al., 2012; Vanhaudenhuyse et al., 2010). Moreover, a decrease in functional MRI resting state low 

frequency fluctuations and regional voxel homogeneity (Tsai et al., 2014) has been shown in DMN 

regions in patients with DoC. Historically, the DMN has been associated with conscious and self-

related cognitive processes (Buckner & Vincent, 2007; Raichle et al., 2001) such as inner or task-

unrelated thoughts (McKiernan et al., 2006) and self-reflection (Ingvar, 1979), with a progressive 

decrease in the functional connectivity (FC) of DMN regions alongside the spectrum of 

consciousness (Boly et al., 2009; Demertzi et al., 2014; Huang et al., 2014; Norton et al., 2012; 

Vanhaudenhuyse et al., 2010).  

Until now, both pharmacological and non-pharmacological therapies for DoC have been proposed, 

with several contrasting results. Non-pharmacological interventions (reviewed in Ragazzoni et al., 

2017) are divided in invasive (deep brain stimulation or vagal nerve stimulation) and non-invasive 

approaches (e.g., transcranial direct current stimulation -tDCS-, repetitive transcranial magnetic 

stimulation -rTMS-, transcutaneous auricular vagal nerve stimulation, low intensity focused 

ultrasound pulse and sensory stimulation program). Recent literature reviews (Bourdillon et al., 

2019; Thibaut et al., 2019) support the hypothesis that Non-Invasive Brain Stimulation (NIBS) is 

more successful than other therapies, but, considering the few evidence available to date, these 

techniques are not yet officially recommended by clinical consensus groups. In particular, the 

dorsolateral prefrontal cortex (dlPFC) was identified as a better target for tDCS compared to 

precuneus and motor cortex, due to its involvement in cortico-subcortical network and to its 

strong connection with thalamus and striatum, which is impaired in DoC according to the 

mesocircuit fronto-parietal model (Giacino et al., 2014). However, only two studies on tDCS 

provided class II evidence (Thibaut et al., 2019) and only in MCS patients, whereas for VS patients 

none of these approaches have provided group-level effects yet (Cincotta et al., 2015; Mancuso et 

al., 2017). 

Although new therapeutic approaches seem to be beneficial for patients with DoC, the 

optimization of procedures and parameters should be the goal of future studies. So far, the 

stimulation target in patients with DoC has been chosen based on anatomical and 

physiopathological models. However, several neuroimaging studies revealed the disconnection 

between different brain networks in DoC (‘external awareness’ and ‘internal awareness’ 

networks), and also found that brain regions do not operate in isolation but rather continuously 

interact with each other (Fox et al., 2005; Fox, Halko, et al., 2012; Sheffield & Barch, 2016). 
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Therefore, network targeting is becoming the main goal of neuromodulatory interventions and 

should be used in patients with DoC. Several studies already showed the possibility to target an 

entire network by means of non-invasive brain stimulation (NIBS; Dmochowski et al., 2011; 

Miranda et al., 2013; Ruffini et al., 2014). In particular, Ruffini et al. (2014) developed an algorithm 

for the optimization of multielectrode tES that uses subject’s data (fMRI, PET, EEG or other data) 

to optimize personalized stimulation protocols in terms of electrodes position and stimulation 

intensity. This approach is applicable to all tES modalities (e.g., tACS, tDCS, tRNS) and had already 

been implemented successfully in healthy subjects (Brem et al., 2018; Fischer et al., 2017; Neri et 

al., 2019) and patients (Dagan et al., 2018; Sprugnoli et al., 2019; Thibaut et al., 2017). 

In this study we present a quantitative meta-analysis with the aim of localizing the brain regions 

usually displaying altered activity both during external stimulation and at rest in patients with DoC, 

summarizing the fMRI and PET literature available to date. Network mapping was performed on 

brain regions resulting from the metanalysis, pinning down the most relevant networks altered in 

DoC patients and providing relevant details to inform future personalized tES solutions. 

 

3.3.1 MATERIAL AND METHODS 

Literature search 

The literature search was carried out using PubMed and Google Scholar databases without 

temporal limitations. The following terms "Disorder of Consciousness", "DoC", "vegetative state", 

“minimally conscious state”, "unresponsive wakefulness syndrome" were individually combined 

with "Functional Magnetic Resonance Imaging", "Position Emission Tomography" and their 

acronyms. Following careful abstract screening of every resulted article published before February 

2020, a total of 40 studies were chosen and scrutinized (Figure 3.23). We intentionally excluded (i) 

review papers, (ii) studies not mentioning any of the keywords in the abstract, (iii) studies not 

reporting fMRI/PET activations coordinates in MNI or Talairach space, (iv) studies not reporting 

activation foci in table format or reporting statistical values without corresponding coordinates, (v) 

studies that used predefined Regions of Interest (ROIs), (vi) studies reporting results obtained with 

Small Volume Correction (SVC), (vii) studies not in English language. The final selection included 17 

studies reporting either fMRI or PET findings. For each study, the following information were 

retrieved: (i) number of participants, (ii) etiology; (iii) sex, (vi) mean age, (v) contrast, (vi) 

reference, (vii) foci, (viii) imaging modality. Moreover, for task-related experiments we also 
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included the following information: task category, modality, and task type (Table 3.17). In 

particular, the etiology of patients considered in these studies is heterogeneous: traumatic brain 

injury (TBI), anoxic brain injury, cerebrovascular accident, hypoxic ischemic brain injury, 

hypoglycemia, subarachnoid hemorrhage, encephalitis, cardiopulmonary arrest, occlusion basilar 

artery, intoxication, stroke, cardiac arrest, and aneurysm. Due to the limited literature, we decided 

to consider any cause of DoC, not just TBI. Moreover, the number of subjects for each study 

ranges from case report (Fernández-Espejo et al., 2010; Monti et al., 2013), to large simple size 

(n=27) (Demertzi et al., 2014; Marino et al., 2017). The majority of the patients are male (225 on 

341 total subjects), mean age is 44. Specific activation foci were collected and included in a 

quantitative Activation Likelihood Estimation (ALE) analysis for the identification of brain regions 

most commonly reported as involved in DoC.  

Two separate maps were created: (i) a task-based map including all the coordinates referring to 

fMRI/PET activations during specific tasks (6 studies; Fernández-Espejo et al., 2010; Laureys et al., 

2000; Liang et al., 2014; Marino et al., 2017; Monti et al., 2013; Owen et al., 2002), and (ii) a 

resting-state map considering all the coordinates referring to neural deactivation in DoC patients 

compared to healthy controls (11 studies; Bruno et al., 2010; Bruno et al., 2012; Demertzi et al., 

2014; He et al., 2014; Kim et al., 2010, 2013; Koenig et al., 2014; Nakayama, 2006; Norton et al., 

2012; Soddu et al., 2016; Thibaut et al., 2012). Furthermore, when selecting data for the resting 

state ALE map, we divided fMRI/PET activations data for VS (including Unresponsive Wakefulness 

Syndrome, UWS) and MCS patients, resulting into two distinct maps. Activation foci were 

extracted separately for MCS and VS/UWS patients for each study. Studies in which DoC patients 

were combined (e.g., VS and MCS) without reporting separate information for each condition 

were excluded from the analysis. Patients defined as in ‘coma’, were considered as in “VS” for the 

analysis. The final selection included 4 studies for MCS (Bruno et al., 2012; Kim et al., 2013; 

Nakayama, 2006; Thibaut et al., 2012) and 7 studies for VS (Bruno et al., 2010; Kim et al., 2010; 

Koenig et al., 2014; Nakayama, 2006; Norton et al., 2012; Soddu et al., 2016; Thibaut et al., 2012). 

Given the limited number of studies focusing on each specific condition, more in-depth analysis 

was not feasible, therefore results must be considered exploratory in nature. Data on Locked-In 

Syndrome (LIS) and Emerging Minimally Conscious State (EMCS) were not included in the analysis 

due to very limited literature.  
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Figure 3.23. Literature search for the identification of relevant publications included in the ALE metanalysis 

(from Liberati et al., 2009).  
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Table 3.17 List of studies considered in the meta-analysis. Sample size, etiology of DoC, gender and age of 

sample, reference space, number of foci, imaging modality and experimental conditions are shown. 

Additional information about the specific experimental paradigm are reported for task-based studies. 

Patients labeled as in a “coma” were relabeled as VS; studies specifically comparing LIS and EMCS patients 

were not included in the analysis due to small sample size. 

Paper Subjects Etiology Sex (F) Age (mean) Reference Foci Imaging Modality Contrast Task category Modality Task Type

Task-based studies

Fernández-Espejo et al., 2010 1 UWS TBI 0 48 MNI 2 fMRI For>back; listen>silence passive auditory sentences listening

Liang et al., 2014 5 (2UWS, 3 MCS) TBI 2 42.8 MNI 10;6;11;4 fMRI
listen>rest; Navigation>rest; 

counting>rest; face>rest
active and passive auditory

spoken sentenses and 
motor/mental 

imagery 

Monti et al., 2013 1 MCS TBI --- --- MNI 33 fMRI no contrast passive auditory visual stimulation

Owen et al., 2002 3 UWS
acute febrile illness; TBI; 
cardiorespiratory arrest

3 28 MNI 8 PET
visual stimulation; familiar 

face perception; speech 
perception

passive
visual and 
auditory

visual stimulation

Marino et al., 2017 50 (23 UWS, 27 MCS)
TBI, anoxic brain injury; cerebro-

vascular accident
50 MNI 12 fMRI no contrast passive auditory sentences listening

Laureys et al., 2000 5 UWS hypoxic origin 3 44 TAL 4;8 PET no contrast; DOC<HC passive auditory click

Resting-State Studies

Bruno et al., 2010 10 UWS cronic post-anoxic enephalopathy 2 44.3 MNI 16 PET DOC<HC

Bruno et al., 2012 27 MCS

anoxia; TBI; subarachnoid
hemorrhage; encephalitis; 

hypoglycemia; cerebro-vascular 
accident

10 45 MNI 40 PET DOC<HC

Demertzi et al., 2013 53 (5coma, 24 UWS, 24 MCS) brain insult 23 50 MNI 50 fMRI DOC<HC

He et al., 2014 12 (9 UWS, 3MCS)
TBI; cerebro-vascular accident; 

anoxic brain injury 
4 44.7 MNI 8;8 fMRI DOC<HC; DOC>HC

Kim et al., 2010 12 UWS anoxic brain injury 5 41.7 MNI 4;3 PET DOC<HC; DOC>HC

Kim et al., 2013 17 MCS hypoxic-ischemic brain injury 8 40.5 MNI 16;5 PET DOC<HC; DOC>HC

Koenig et al., 2014 17 coma cardio-pulmunary arrest 3 55 TAL 3 fMRI DOC<HC

Nakayama et al., 2006 30 (17 UWS, 13 MCS) TBI 11 30 TAL 13;10 PET DOC<HC

Norton et al., 2012
13 (11 irreversible coma, 2 

reversible coma) 
cardiac arrest 5 66.3 MNI 16 fMRI DOC<HC

Soddu et al., 2016 15 (11 UWS, 4 LIS)
anoxia; cerebro-vascular 

accident; TBI; hypoglycemia; 
occlusion basilar artery

10 45 TAL 17 PET/fMRI DOC<HC

Thibault et al., 2012
70 (24 UWS, 28 MCS, 10 

EMCS,8LIS)

TBI; cardiac arrest; stroke; 
intoxication; anoxia; 

hydrocephali; meningitis
encephalopathy; aneurysm

27 43.9 MNI 8;4 PET DOC<HC

 

 

 

ALE maps computation 

The quantitative evaluation of spatial PET and fMRI patterns was carried out using the activation 

likelihood estimate (ALE) technique implemented in the GingerALE software v. 3.0 

(www.brainmap.org) (Eickhoff et al., 2009, 2012). The method used is the same already described 

for the study 1. For an overall comprehension, see ‘ALE maps computation’ paragraph of the first 

study. 

 

Neuroimaging analysis 

MRI dataset 

In order to perform network mapping, a fMRI dataset collected at Beth Israel Deaconess Medical 

Center was used. The dataset included 187 healthy participants (mean age 29 years, range 21 to 

49, SD = 12; mean education 15 years, range 11 to 23, SD = 3). Neuroimaging data were acquired 
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on a 3.0 T General Electric (GE Medical Solutions, Erlangen, Germany). For each subject, a three-

dimensional T1-weighted MPRAGE image was acquired in the axial plane (TR/TE 2500/3.5ms; 192 

slices; slice thickness 1mm; flip angle 8°; voxel size 1.0×1.0×1.0mm). Resting-state fMRI data were 

collected using T2-weighted BOLD images (TR/TE 2500/30ms; 38 interleaved slices; slice thickness 

3mm; 260 volumes; flip angle 80°; voxel size 3.0×3.0×3.0 mm). Participants were asked to maintain 

their eyes opened in the scanner while fixating a cross-hair without focusing on any topic. 

 

fMRI Preprocessing 

Preprocessing of the functional images was carried out using SPM8 (Wellcome Department of 

Cognitive Neurology, Institute of Neurology, University College London; 

http://www.fil.ion.ucl.ac.uk/spm/) within the MATLAB scientific computing environment 

(http://www.mathworks.com, MathWorks, MA, USA). The first five volumes of functional images 

were discarded for each subject to allow for steady-state magnetization. EPI images were then 

stripped of skull and other non-cerebral tissues, slice-timed using interleaved descending 

acquisition, manually realigned, and subsequently resliced. Structural images were co-registered 

to the mean volume of functional images and subsequently segmented using the NewSegment 

routine in SPM8. A Hidden Markov Random Field model was applied in order to remove isolated 

voxels. Moreover, to obtain a more accurate spatial normalization we applied the SPM8 DARTEL 

(Diffeomorphic Anatomical Registration Through Exponential Lie algebra) module, creating a 

customized gray matter template from all subjects’ segmented images (Ashburner, 2007). A 

nonlinear normalization procedure to the Montreal Neurological Institute (MNI) template brain, 

and voxel resampling to an isotropic 3x3x3 mm voxel size, were then applied. We removed linear 

trends to reduce the possible influence of the rising temperature of the MRI scanner. All functional 

volumes were band-pass filtered between 0.01 and 0.08 Hz to reduce low-frequency drifts. Finally, 

we controlled the potential contribution of nuisance sources of variability to grey matter BOLD 

time courses by regressing out the head motion parameters as well as the signal derived from four 

regions of interest (ROIs) placed in the white matter and cerebro-spinal fluid. This approach has 

been shown to significantly enhance within-subject and test-retest reliability (Behzadi et al., 2007). 

 

Seed-based functional connectivity  

To characterize the functional connectivity pattern of each region resulting from the ALE 

metanalysis, a seed-based connectivity analysis was conducted by extracting the average BOLD 
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time course from all the voxels included in a given resting-state map (e.g., altered rs-fMRI 

connectivity in MCS patients). Subsequently, we correlated the signal from each map with the 

remaining voxels in the rest of the brain, resulting in a 3D weighted volume where each voxel 

value represents the correlation coefficient between its BOLD activity and that of the seed map of 

interest. Results were computed applying a voxel-level threshold (p< 0.001, false discovery rate -

FDR- corrected) and cluster size correction (p< 0.001, family-wise error -FWE- corrected).  

 

Clustering Analysis 

Given the different significant regions identified by the ALE analysis, the presence of similar 

connectivity alterations was also tested by comparing their respective seed-based connectivity 

maps via a functional clustering algorithm (Matlab 2016b, The Mathworks). The algorithm 

identified similarity in the cortico-subcortical functional maps derived from each ALE region, 

assigning them to N clusters based on their profile (accounting for both topography and sign of 

connectivity values). The analysis allowed to reduce the number of potential networks altered in 

DoC, allowing to focus on identifying and testing possible tES solutions to enhance connectivity in 

patients.   

 

Similarity index  

Once the main functional connectivity clusters were identified, the functional maps belonging to 

the same cluster were averaged together, resulting in one main whole-brain connectivity map 

depicting a major Network altered in DoC. In order to characterize the functional profile of each 

resulting Network, functional labeling was performed by looking at the spatial similarity of each 

Network map and those of known RSNs using a weighted variant of the DICE coefficient (weighted 

Dice Coefficient, wDC) (Dice, 1945). RSNs were defined following the parcellation scheme by Shirer 

et al., (2012), reporting 12 non-overlapping maps of different networks: default mode (DMN), 

right and left executive control (RECN, LECN), dorsal attention (DAN), anterior and posterior 

salience (AS, PS), basal ganglia (BG), language (LANG), high and primary visual (HVIS, PVIS), 

auditory (AUD), and somatosensory (SM) (Shirer et al., 2012). Over the last 15 years, different 

research groups applied various approaches for extracting and labeling RSNs. In this study, we 

considered the AS as the network including bilateral insula (mostly referring to its anterior part) 

and dorsal anterior cingulate cortex (dACC). However, according to the work by Dosenbach et al., 

(2007), the same network, with the inclusion of two anterior frontal regions corresponding to 
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Brodmann area 9/10, is known as the cingulo-opercular network (Dosenbach et al., 2007). The 

same applies to the LECN and RECN, indicating two lateralized networks resembling the fronto-

parietal control network as originally described by the same group (Dosenbach et al., 2007, 2008). 

Both definitions, with the additional distinction of a left and right component in Shirer et al. 

(2012), refer to a network involved in cognitive control, with a specific involvement in control 

initiation, flexibility, and modulation of response to feedback. Also, the AN identified here reflects 

the ventral and dorsal attention network proposed by Corbetta et al. (2008), with no 

differentiation between a dorsal (including bilateral parietal lobe, frontal eye fields and, to a lesser 

degree, parieto-occipital regions) and a ventral part (i.e., more frontal, including regions of the 

inferior and middle frontal gyrus) (Corbetta et al., 2008). Moreover, we decided to group together 

vDMN, dDMN, and precuneus in a single network (DMN). Finally, another classification has been 

proposed by Yeo et al. (2011), including multiple labeling solutions acknowledging the existence of 

7 or up to 17 resting-state fMRI networks. The main difference with respect to the work by Shirer 

et al. (2012) concerns the labeling of a subset of prefrontal regions, classified as part of the FPCN 

by Yeo et al. (2011) instead of AN (Shirer et al., 2012; Yeo et al., 2011). 

Importantly, the comparison of weighted, unthresholded connectivity maps for each DoC Network 

and RSN map at the single voxel level requires considering not only spatial similarity, but also 

similarity of connectivity sign (i.e., positive and negative connectivity). Therefore, the similarity 

index was obtained by computing the product of each voxel’s value across two maps (e.g., voxel j 

in the DoC and DMN maps), resulting in a map where positive values represent voxels with the 

same sign in both maps (i.e., positive connectivity in both DoC and DMN), while negative ones 

represent opposite signs (i.e., positive connectivity value in voxel j in DoC, negative in DMN). As a 

result, the magnitude of the similarity index represents the similarity of connectivity strength in 

any two given maps (expressed as wDC). This procedure allowed to identify similar connectivity 

profiles between the main Networks altered in DoC (as resulting from functional clustering of 

regions showing altered activity during fMRI or PET imaging) and known RSNs, thus providing 

insight about the function and meaning of Networks altered in DoC.  

 

Biophysical modeling 

The biophysical model has been obtained as described in Chapter 1 (Figure 1.1). Moreover, 

considering that in this study functional connectivity images has been used as targets for the 
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modeling, we included here an additional description reporting how these maps have been used in 

order to obtain the best result. 

Functional connectivity volume images were converted into target networks for the optimization 

algorithm following a procedure already applied to the motor cortex network. The FC correlation 

coefficient values t in the image (Figure 1.1- b1) are mapped onto the cortical surface of the 

reference brain (http://brainweb.bic.mni.mcgill.ca/brainweb), after registration to a common 

space (Figure 1.1- b2) (MNI). Since we aim at promoting the activation (excitation) of the positively 

correlated areas and the inhibition of negatively correlated ones, regions with positive t were 

assigned positive target electric field = 0.25 V/m (excitatory), while regions with negative t 

were assigned to negative  = -0.25 V/m (inhibitory). The target network map for the 

optimization (Figure 1.1- b3) is created by applying different thresholds to ignore low and 

emphasize high correlation, and by linearly rescaling the t-values into weights w (from 0 to 10). 

Note that, in order to reflect the absolute correlation strength, the values are saturated to 

different maximum weights wmax: higher wmax maximum weight is assigned to the regions with 

higher maximum absolute correlation |tmax|. 

 

3.3.2 RESULTS 

ALE Meta-analysis 

The results of the ALE meta-analysis are available for download as a nifti. nii volumetric file at 

(www.tmslab.org/santalab.php). The maps include network-level volumes representing the entire 

set of regions presented in the following paragraphs. Detailed information on the anatomical 

localization of each significant regions and the relative statistics is reported in dedicated figures 

and tables. A more in-depth discussion about the meaning of the patterns identified, as well as the 

role of specific regions, is provided in the discussion section. 

 

Task-based map 

The resulting map and coordinates of the neural activity patterns during active or passive tasks 

execution are reported in Table 3.18 and Figure 3.24 A. The map includes 2 regions showing a very 

specific activation of the bilateral temporal lobes (BA 41, MNI coordinates of main clusters: x= -52, 

y= -30, z= 10; x= 46, y= -28, z= 12), without contribution of any other region.   

 

http://brainweb.bic.mni.mcgill.ca/brainweb


 

106 
 

Table 3.18. Brain activity pattern in task-based map. Coordinates, extrema value, and corresponding 

Brodmann area, lobe, hemisphere, and regional labels are reported for each region included in the ALE 

map. 

Region number Extrema Value
Brodmann 

Area
Hemisphere Lobe Label

x y z

1 -52 -30 10 0.013 41 L Temporal Superior Temporal Gyrus

1 -44 -30 10 0.010 41 L Temporal Superior Temporal Gyrus

2 46 -28 12 0.013 41 R Temporal Trasverse Temporal Gyrus

2 50 -20 10 0.010 41 R Temporal Trasverse Temporal Gyrus

Extrema value coordinates

 

  

Resting-state maps 

Figure 3.24 B and Table 3.19 show the pattern of deactivation in patients with DoC during resting 

state compared to healthy subjects. Results on the entire sample of DoC patients include 6 

separate regions highlighting the involvement of cortical areas (frontal and parietal areas in 

particular: BA 6 and BA 39, MNI coordinates of main regions: x= -36, y= 6, z= 54; x= -44, y= -70, z= 

40) and subcortical regions (e.g., cingulate gyrus; BA 31; MNI coordinates of main regions: x= 0, y= 

-36, z= 32; caudate; MNI coordinates of main regions: x= 14, y= 14, z= 8; and thalamus; MNI 

coordinates of main regions: x= 8, y= -16, z= 6). Similarities and differences in resting-state 

connectivity of MCS and VS patients are also shown (Figure 3.25, Table 3.20), specifically referring 

to regions of decreased fMRI activity in DoC patients. Major connectivity alterations are visible in 

the thalamus for both VS and MCS. Interestingly, MCS patients present alteration of more anterior 

subcortical structures (i.e., right and left caudate nuclei), whereas VS patients display significant 

decrease in connectivity in more posterior structures (i.e., posterior cingulate cortex).  
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Figure 3.24. Task- and resting state- related activation map. (A) Temporal lobes are strongly activated 

when DoC patients performed a task (in red). (B) Brain hypoactivation in both internal and external 

awareness networks in patients compared to healthy controls during rs-fMRI is shown (blue). The ALE 

regions numbers are reported. 

 

 

Table 3.19. Brain activity pattern in resting-state map. Coordinates, extrema value and corresponding 

Brodmann area, lobe, hemisphere and regional labels are reported for each region included in the ALE map. 

Region number Extrema Value
Brodmann 

Area
Hemisphere Lobe Label

x y z

1 0 -36 32 0.034 31 L Limbic Cingulate Gyrus

1 2 -20 36 0.029 24 L Limbic Cingulate Gyrus

2 8 -16 6 0.031 . R Sub-lobar Thalamus

2 -4 -14 6 0.024 . L Sub-lobar Thalamus

3 4 12 24 0.018 24 R Limbic Cingulate Gyrus

3 4 8 42 0.013 24 R Limbic Cingulate Gyrus

4 14 14 8 0.026 . R Sub-lobar Caudate

5 -32 6 54 0.020 6 L Frontal Middle Frontal Gyrus

6 -44 -70 40 0.021 39 L Parietal Angular Gyrus

Extrema value coordinates
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Figure 3.25. Similarities and differences between MCS and VS. Brain hypoactivation during resting state is 

shown for MCS (red) and VS patients (green), as well as for overlapping regions (yellow). The map shows 

the qualitative overlap without any statistical threshold (panel A), as well as with a family-wise error (FWE) 

correction both at cluster level and voxel level (p<0.001 for cluster-formation; p<0.05 for cluster-level 

inference, panel B). 

 

 

Table 3.20. Activity patterns during rs-fMRI in MCS and VS patients. Coordinates, extrema value and 

corresponding Brodmann area, lobe, hemisphere, and regional labels are reported for each region included 

in the ALE map. 

Region number Extrema Value Brodmann Area Hemisphere Lobe Label

x y z

MCS patients

1 0 -36 32 0.022 31 L Limbic Cingulate Gyrus

2 4 -18 6 0.017 . R Sub-lobar Thalamus

3 4 12 24 0.017 24 R Limbic Cingulate Gyrus

4 14 14 8 0.023 . R Sub-lobar Caudate

5 -8 12 10 0.021 . L Sub-lobar Caudate

VS patients

1 10 -18 4 0.019 . R Sub-lobar Thalamus

2 0 -38 34 0.015 31 L Limbic Cingulate Gyrus

2 4 -36 24 0.008 23 R Limbic Posterior Cingulate

3 4 -16 34 0.019 23 R Limbic Cingulate Gyrus

4 -6 -14 6 0.019 . L Sub-lobar Thalamus

Extrema value coordinates
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Functional connectivity mapping 

In order to better illustrate the spontaneous functional connectivity of the regions resulting from 

the resting-state map, a seed-based analysis was run on a database of 187 healthy subject 

previously collected at Beth Israel Deaconess Medical Center (BIDMC) in Boston (MA, USA). Figure 

3.26 shows the functional connectivity mapping of each region separately. In particular, the 

functional connectivity profile between the only two cortical regions identified at the ALE analysis 

(region #5 and #6) and the posterior cingulate gyrus (region #1) resemble the DMN and FPN, while 

the functional connectivity of subcortical areas, thalamus (region #2), anterior cingulate gyrus 

(region #3) and caudate nuclei (region #4), resembles the anterior and posterior salience networks 

(AS, PS). 

 

  

Figure 3.26. Network mapping. Positive and negative functional connectivity profile for each ALE region is 

shown. Surface representation underlies the high similarity between the FC of regions #1, #5 and #6 and 

between the FC of regions #2, #3 and #4. 

 

Furthermore, as shown in Figure 3.27A, clustering analysis (p < 0.05, FDR correction at single voxel 

level; p < 0.05 NBS correction at whole network level) reveals a quantitative estimate of the 

positive connectivity between cortical nodes (middle frontal gyrus and angular gyrus) and the 

posterior cingulate gyrus, as well as a positive correlation among the three subcortical nodes 
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(thalamus, caudate nuclei and anterior cingulate gyrus). As expected, the functional clustering 

algorithm grouped the six maps into two main clusters (Cluster #1 and #2) resembling cortical 

nodes in the first one and subcortical structures in the second one (Figure 3.27A). The resulting 

two connectivity maps obtained by averaging the connectivity maps of cortical and subcortical 

regions separately displayed different topography (Network #1 and #2 hereafter; Figure 3.27B). 

 

  

Figure 3.27. Cluster mapping. (A) A strong similarity within the functional connectivity profile of cortical 

regions (Cluster #1, red) and subcortical regions (Cluster #2, green) was highlighted by the functional 

clustering analysis. (B) Resulting average functional connectivity maps characterizing cortical and 

subcortical clusters (Networks #1 and #2) shows similar topography in the anterior prefrontal cortex but 

partially negatively correlated profiles in parietal and ventrolateral prefrontal cortices (dashed circles). 

 

DoC Networks and RSNs  

Cortical and subcortical maps for multiple RSNs were computed in order to provide a qualitative 

comparison with DoC Network #1 and #2. As shown in Figure 3.28, a qualitative spatial similarity 

analysis suggests Network #1 as mostly resembling the right and left Fronto-Parietal Control 

Networks (FPCN), given its strong activation in prefrontal and parietal areas, as well as the DMN 

due to high connectivity in the precuneus. The FPCN is usually associated to cognitive control with 



 

111 
 

a specific involvement in control initiation, flexibility and modulation of response, whereas DMN is 

mostly involved in self-related and internal control. The similarity between Network #1 and these 

two cognitive networks led us to label Network #1 as a ‘Cognitive’ network altered in DoC. 

Network #2, instead, showed high similarity with the anterior salience (AS) and basal ganglia (BG) 

networks, suggesting more specific matching in ventrolateral prefrontal and parietal cortices. 

These two networks are involved in top–down control over sensory and limbic regions, as well as 

in the integration of external sensory information with internal emotional and bodily states 

(Menon & Uddin, 2010; Uddin, 2015). Because of the similarity between Network #2 and RSNs 

involved in salience and sensory perception, we labeled Network #2 as ‘Sensory/Salience’. 

Quantitative similarity analysis confirmed the pattern (Figure 3.29), while also underlining a 

similarity between Network #1 and the Language Network (LANG), as well as between Network 

#2, DMN and Auditory Network (AUD). Interestingly, the two networks display a complementary 

pattern in term of their loading on known RSNs, further confirming the different nature of the two 

separate clusters identified via functional clustering of ALE regions.  

Additionally, the same analysis performed by splitting MCS and VS connectivity maps shows a 

similar pattern for both groups and mostly comparable to Network #1 – Cognitive (Figure 3.30). 
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Figure 3.28. Functional connectivity profile of the two identified DoC networks. A visual comparison of 

seed-based connectivity maps for DoC networks (Network #1 and #2) and major RSNs is shown. Red and 

blue colors represent the intensity and polarity of connectivity between each network and the rest of the 

brain. At the qualitative level, Network #1 (cognitive) resembles the Fronto-parietal Control Network (right 

and left) and DMN are highlighted (green dotted lines). Qualitative similarity is also present for Network #2 

(sensory/salience) and Anterior Salience and Basal Ganglia Networks (red dotted lines). Connectivity is 

expressed as correlation coefficient between the average BOLD signal extracted from each map and that of 

any other voxel in the brain.  
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Figure 3.29. Similarity coefficient. Weighted DICE Coefficients (wDC) for every RSN are shown, confirming 

the higher similarity between Network #1 and DMN, left and right FPCN and LANG, as well as the 

dissimilarity in connectivity profile with AS, PS, Auditory, Visual and Somatomotor networks. The opposite 

pattern was identified for Network #2, showing higher similarity for networks involved in sensory 

perception (AUD, SM, BG) and salience (AS, PS). Red and blue rectangles underline the higher significant 

overlap between RSNs and DoC Networks. Note: default mode network (DMN), right and left fronto-

parietal control networks (right and left FPCN); dorsal attention network (DAN), anterior and posterior 

salience networks (AS, PS), basal ganglia network (BG); language network (LANG); high and primary visual 

networks (HighVIS, PrimVIS); precuneus network (Precuneus); auditory network (AUD); somatosensory 

network (SM).  

 

 

Figure 3.30. MCS and VS and RSNs. The functional connectivity profile and the similarity coefficient with 

RSNs is shown separately for MCS (A) and VS (B). Similar network profile was identified for both MCS and 

VS patients, with major overlap with DMN and FPCN as shown for Network #1.  
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Biophysical Modeling Results 

The optimal multichannel montages to target the aforementioned networks on a MRI-derived 

realistic head model can be determined by optimization algorithms. These algorithms require the 

creation of a signed target map out of the network, indicating the importance of each network 

area in the optimization, as well as the desired stimulation effect (excitation/inhibition). Detailed 

information about these methods are reported on Chapter 1.  

Figure 3.31 shows the result of multichannel tES montage optimization to promote the activation 

of positively correlated FC areas in DoC patients. The signed weight maps used for the two 

optimizations are shown in Figure 3.31 (panel b) for Network #1- Cognitive (left) and Network #2- 

Sensory/Salience (right). Since for both networks the maximum negative correlation values r are, 

in absolute, lower than the maximum positive ones (for Network #1 rmin=-0.118; rmax= 0.982; for 

Network #2 rmin=-0.102; rmax= 0.839), we assigned a maximum weight of wmin =5 to the areas 

to inhibit, and a maximum weight of wmax =10 to the areas to excite.  

For Network #1, values of r>0.4 and r<-0.06 were clipped to wmax and wmin respectively; values 

|r|<0.045 were considered not significant to target and set to no-stimulation with low weight w0 

= 2. For the Network #2, we mapped r>0.15 to wmax, r<-0.04 to wmin, and |r|<0.02 to w0. For 

both networks, intermediate negative correlation values were linearly rescaled between w0 and 

wmin, positive ones between w0 and wmax. As we observe, the maps thus created represent a 

reasonable translation of the cortical FC correlation information in terms of the target network, as 

they retain and emphasize only the areas with the strongest positive and negative correlation, 

with consistent significance. In particular, we observe that for Network #2, the FC correlation 

between cortical areas and seeds is much lower in the external surface than in the midsagittal 

region (Figure 3.31, panel A, right). However, since tES can induce higher En on the external cortex 

than on the internal surfaces, the weight map enhances the importance of the former as a target 

for the stimulation as the preferential venue to reach the deep cortical seed. 

The optimized montages are shown in Figure 3.31 (panel c) for Network #1 and #2. Both montages 

involve 8 electrodes, delivering a total injected current of approximately 4mA (max current per 

electrode was limited to 2.0 mA). For Network #1, the montage comprehends C6: -831uA, CZ: -

741uA, FC1: 759uA, FC5: -1054uA, FZ: 826uA, P3: 1576uA, P4: 837uA and PO3: -1372uA. For 

Network #2, it comprehends: AF3: 829uA, AF7: -1402uA, C1: -710uA, C6: 398uA, CP2: -1257uA, CZ: 

1650uA, FT7: 1121uA and P7: -629uA. Given the current constraints, these solutions represent the 

best fit of the En to the target maps obtained from FC correlation values. Moreover, using only 8 
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electrodes, they reach respectively 95% and 89% of the optimal fit value using a full electrode cap 

with 64 channels. For Network #1, the optimized montage induces an average normal electric field 

on the correlated areas, set to excitation, of <En, ex>=0.014V/m and on the anticorrelated areas, 

set to inhibition, of <En, in>=-0.016 V/m. The montage for Network #2 induces <En, ex>=0.007 

V/m on the areas set to excitation, and <En, in>=-0.003 V/m on the areas set to inhibition. Results 

suggest that biophysical optimization of Network #1 achieves stronger e-fields compared to 

Network #2 on average, therefore suggesting the former as the most suitable target for network 

stimulation in DoC.   
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Figure 3.31. Multichannel tES optimized montages. (A) Functional connectivity profile for Network #1 and 

#2, mapped onto the cortical surface. (B) Weighted target maps for both networks. The values in the scale 

correspond to the weights multiplied by the sign of En target to display excitatory and inhibitory areas. For 

Network #1, correlation higher than 0.4 were assigned to excitation with maximum weight wmax=10, 

whereas lower than -0.06 were assigned inhibition with lower negative weight wmin=5. For Network #2, 

the threshold value for excitation was set to 0.15 and for inhibition to -0.04. (C) Optimized montages for 

Networks #1 and #2. Both solutions involve 8 electrodes, delivering a total maximum current of 4 mA. 

Anodes are shown in red, cathodes in blue; arrows represent current density.  
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3.3.3 DISCUSSION 

In the present work, we reviewed all the studies reporting fMRI or PET activity in DoC patients, in 

order to provide a set of activation/deactivation maps related to both task-dependent or resting-

state activity. We expanded these findings by mapping the functional connectivity profile of each 

identified region, and by calculating the similarity coefficient between resting-state networks 

altered in DoC patients and canonical RSNs maps. In the following paragraphs we discuss our 

results and their relevance for possible new therapeutic applications in DoC, including 

personalized transcranial electrical stimulation (tES) solutions. 

 

Brain activations and deactivations in DoC  

The brain activation pattern reported during tasks in DoC is mostly restricted to the bilateral 

temporal cortices, reflecting the use of passive auditory tasks during fMRI in most of the 

considered studies. The task materials and presentation modalities were various in the articles 

included in the meta-analysis. An example of active task during fMRI was: “imagine navigating 

your home” (Liang et al., 2014); whereas, during the passive task participants heard long spoken 

narrative regarding everyday events (Fernández-Espejo et al., 2010). Despite this dissimilarity, it 

was not possible to compute two different maps (active/passive task) since only one study used 

active task paradigm.  

Differently from similar analysis done by Berlingeri et al. (2019), we did not find activity in bilateral 

orbito-frontal and frontal gyrus. However, our results are comparable with theirs when comparing 

results obtained with the same cluster correction approach, i.e., family wise error (FWE, see Table 

S2 in Berlingeri et al., 2019). As suggested by Müller et al., (2018), cluster-level FWE correction is 

the most reliable approach to control for false positives (Müller et al., 2018). Moreover, following 

the same recommendation, we also used a more conservative mask size compared to Berlingeri et 

al. (2019).  

Looking at resting-state results, diminished activity in the posterior and anterior cingulate, 

thalamus, angular gyrus, and prefrontal cortex were found, in line with previous literature 

(Hannawi & Lindquist, 2015). Subcortical regions mostly matched with the internal awareness 

network, also defined as the network involved in mental processes (i.e., mind wandering, 

daydreaming, mental imagery) without the requirement of external stimuli (Vanhaudenhuyse et 

al., 2011). On the other hand, cortical regions (middle frontal gyrus and angular gyrus) resemble 

the external awareness network, typically involved in conscious perception of environmental 
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stimuli and in goal-directed behavior (Vanhaudenhuyse et al., 2011). Results also confirm the 

central role of thalamus in consciousness (Hannawi & Lindquist, 2015), as well as the necessary 

link between cortex and thalamus for conscious perception (Laureys et al., 2000; Schiff et al., 

2007), with thalamic lesions classically leading to global loss of consciousness (Castaigne et al., 

1981). Moreover, considering the analysis conducted separately for MCS and VS patients, the 

central role of the thalamus stands out again. As shown in Figure 3.26 and in line with a previous 

study (Hannawi & Lindquist, 2015), in VS patients both thalami seem less activated at rest, 

whereas in MCS patients only the right thalamus is impaired compared to healthy controls. 

Additionally, from a qualitative point of view the main difference between MCS and VS resides in a 

differential alteration of the internal network, with a more anterior impairment in MCS compared 

to a more posterior deactivation in VS patients. These results are also in line with a previous study 

by Vanhaudenhuyse et al. (2010) showing that only medial parietal regions are sensitive to 

differences in functional connectivity between MCS and VS (Vanhaudenhuyse et al., 2010). 

Overall, during passive task a specific pattern of activity in the temporal lobe seems present, 

whereas reduced activity during rs-fMRI is observed mostly in subcortical structures of the internal 

network. However, a widespread reduction of activity in DoC patients compared to healthy 

controls is also visible in cortical areas (i.e., middle frontal gyrus and angular gyrus) of the external 

network (Vanhaudenhuyse et al., 2011).  

 

Network mapping 

The functional connectivity analysis conducted on ALE regions based on resting-state data shows 

the involvement of multiple functional networks possibly responsible for different clinical 

characteristics of DoC. Our results suggest that areas of hypoactivation in DoC patients belong to 

two main networks: Network #1, resembling networks related to high-order cognitive processing 

and executive functions (right and left FPCN) and Network #2, resembling networks involved in 

salience and sensory perception (AS and BG). Moreover, both networks display clear overlap with 

the DMN, as already pointed out by several studies (Hannawi & Lindquist, 2015; He et al., 2014; 

Vanhaudenhuyse et al., 2010). 

In particular, quantitative similarity analysis between Network #1 and RSNs suggests higher 

similarity with right and left FPCN. These networks are mostly related to cognitive processes, such 

as control of attention allocation, abstract reasoning, and flexibility. Moreover, they are highly 

involved in fluid intelligence (Santarnecchi, et al., 2017b) and executive functions (updating, 
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switching and inhibition, Miyake et al., 2000) and play a relevant role in mediating the dynamic 

balance between DMN and DAN (Spreng et al., 2012). The impairment of areas strongly related to 

the FPCN in DoC patients was previously pointed out by Crone et al., (2013). Using graph-theory 

analysis of BOLD data, the authors reported that fronto-parietal network proprieties are altered in 

several regions associated with conscious processing. Additionally, the middle prefrontal cortex (a 

central hub in the FPCN) has been associated to emotional balance, response flexibility and self-

knowing awareness, processes impaired in DoC patients. 

Despite Network #2 presented less similarity with other RSNs compared to Network #1, we found 

an interesting resemblance with AS and PS networks. These networks are usually involved in 

monitoring and maintaining performance during a task (Botvinick et al., 2001, 2004), as well as 

play a role in cognitive control and error detection due to their involvement in top–down control 

over sensory (Crottaz-Herbette & Menon, 2006) and limbic regions (Etkin et al., 2006). Impairment 

in these networks could be driven by the loss of thalamic activity: anatomically the thalamus is 

well connected to the salience network since the interoceptive signals pass through the autonomic 

afferent nuclei and the thalamus before reaching the insula and then dispatched to other cortical 

areas of the salience network where signals are integrated and used to coordinate other large 

scale cortical networks (Uddin, 2015).  

Moreover, the well-known similarity between both DoC networks and DMN is not surprising 

considering that the DMN has been linked to self-related and internal processes, such as stimulus- 

independent thoughts (McKiernan et al., 2006), mind-wandering (Mason et al., 2007), social 

cognition (Schilbach et al., 2008), introspection (Goldberg et al., 2006), monitoring of the ‘mental 

self’ (Lou et al., 2004) and integration of cognitive processes (Greicius et al., 2003)(for a review 

see: Buckner & DiNicola, 2019). The hypoactivity in brain areas that are functionally related to 

these networks could be linked to patients’ deficit in perception of external stimuli, maybe not at 

primary level (since the task-based ALE map shows an activation in the temporal cortex probably 

related to auditory tasks), but in the connections between primary areas and associative cortices, 

responsible for cognitive behavior, motor planning, memory and higher cortical functions.  

Finally, network mapping reveals very similar functional connectivity patterns between MCS and 

VS, with a main involvement of DMN and bilateral FPCN, as previously observed for Network #1. 

Unfortunately, due to the small number of available studies, our results are not strong enough to 

detect any significant difference in VS and MCS functional connectivity profile. Future studies 

should focus on exploring the potential for imaging biomarkers to differentiate VS and MCS 
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patient, also leveraging network-level alterations identified by means of combined TMS-EEG 

studies (Casarotto et al., 2016; Ozdemir et al., 2020; Ragazzoni et al., 2017).  

 

Potential therapeutic interventions 

An effective treatment for DoC has not been identified yet, and the clinical management of these 

patients remains very challenging. Invasive and non-invasive therapeutic interventions have been 

proposed with inconsistent results (Ragazzoni et al., 2017). For what concern noninvasive brain 

stimulation, several studies have shown the efficacy of tDCS over the dlPFC in improving patients’ 

responsiveness to external stimuli both after single (Thibaut et al., 2014) and repeated stimulation 

sessions (Angelakis et al., 2014; Estraneo et al., 2017). Although available studies reported a 

beneficial tDCS effect in MCS compared to VS patients, even within MCS patients high variability in 

response to the treatment was present and any effect was not strong enough to impact patients’ 

clinical status (Mancuso et al., 2017). Such heterogeneity may be explained by single site 

stimulation and therefore not able to produce a meaningful whole brain effect. Following this 

rationale, Thibault et al. (2017) stimulated the fronto-parietal network using tDCS. However, 

results showed that only 30% of MCS patients positively responded to stimulation. Crucially, in this 

study the stimulation targets were not chosen based on functional connectivity maps (Thibaut et 

al., 2017). In an attempt to move the field towards image-guided, network-based targeting for 

DoC, here we leveraged results of network mapping to test two tES montages designed to 

modulate cortical and subcortical regions identified via the ALE analysis. The approach considers 

functional connectivity maps as a target for stimulation montage optimization, selecting number 

and location of the electrodes as well as stimulation intensity according to weighted distribution of 

connectivity values. Such approach allows to indirectly target subcortical structure using 

transcranial cortical stimulation by leveraging cortical projections of deep structures, constituting 

a potential alternative for the treatment of pathologies currently addressed by DBS (Fox et al., 

2014).  

In the optimized montage solution proposed, and in agreement with the connectivity profiles of 

Network #1 and #2, lower priority has been assigned to the negative correlated areas than to the 

positive correlated ones. Therefore, stronger excitatory than inhibitory effect is expected for both 

target networks. The results indeed reveal that in both montages the electrodes delivering the 

highest currents are anodes, placed over the areas to excite: the parietal lobes for Network #1 are 

targeted by P3/P4, whereas the superior frontal gyrus for Network #2 is addressed by Cz and AF3. 
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However, the overall excitatory effect is larger than the inhibitory one only in Network #2, 

whereas in Network #1 the two effects are comparable. Moreover, both excitatory and inhibitory 

effects are stronger in Network #1 than in Network #2. These differences result from the 

combination of head anatomy and current constraints with network topology. In Network #2, a 

large portion of highly relevant areas to be excited lies on the midsagittal cortex, which is rather 

difficult to reach with scalp electrodes due to the limited penetration depth of the current. In 

Network #1, instead, important patches are also located on the lateral cortex, where, with the 

current less attenuated, the excitatory effect can be higher. On the other hand, negative 

correlated areas lie only on the cortical surface, and they are larger and have slightly higher 

(negative) weight in Network #1 than in Network #2. Consequently, the inhibiting electric field on 

the negative correlated areas is larger for Network #1.   

In short, the montage created for targeting Network #1 induces stronger effects, with a good 

balance between excitation and inhibition. This montage solution could help in reaching deep 

brain structures by stimulating multiple cortical areas functionally connected to DMN and FPCN, 

whereas the solution proposed for targeting Network #2 seems to be less efficient possibly due to 

the fact that subcortical regions altered in DoC do not display a strong functional correlation with 

cortical structures. 

 

Limitations of the study and future directions 

The aim of this study was to show the brain activation/deactivation pattern typically involved in 

DoC patients during task-evoked activity or resting state, and the similarity of these nodes to 

known RSNs. Even though we consider our ALE maps the most accurate representation of 

available literature, potential publication biases should be considered. Based on a recent study 

(Müller et al., 2018), the importance of finding a balance between homogeneity and power has to 

be considered. ALE maps based on a small number of studies are more affected by studies 

heterogeneity (Eickhoff et al., 2016), while at the same time focusing on a specific topic/task (and 

therefore a smaller number of studies) is also important to provide specific contribution to the 

field of interest. In this work we decided to focus on alterations of brain activity in DoC as a whole, 

complying with the criteria of homogeneity and including patients with DoC of any cause. 

Unfortunately, due to the limited literature available so far, we could not create specific ALE maps 

for every source of DoC, which should remain the ultimate goal of this type of work.  
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Moreover, a crucial missing element in our analysis is a characterization of the increase in neural 

activity observed in DoC compared to healthy controls. However, the number of studies reporting 

this information is very limited and it is not possible to compute reliable ALE maps. Future studies 

should investigate this aspect, in order to understand whether the increased brain activity in DoC 

could represent a compensatory mechanism and possibly an alternative therapeutic target.  

Additionally, a few methodological issues in the study of rs-fMRI connectivity in DoC patients 

should be considered. DoC patients often present severe and heterogeneous brain damage: 

anatomical defects alter FC estimation as well as confound estimation of current distribution 

during brain stimulation (Laakso et al., 2015). Moreover, group-level functional connectivity 

analysis is usually performed by normalizing individual MRI data to a reference space (e.g., MNI), 

inevitably losing spatial resolution and individual features. Even though the approach presented in 

our study is a valuable step forward in the direction of identifying pathology-specific NIBS 

montages, future studies should involve modeling of individual MRI-fMRI data and personalized 

NIBS solutions for each patient.   
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BRIEF SUMMARY 
 

In the first two meta-analyses presented in the Chapter 3, we demonstrated how neuroimaging 

techniques can lead biophysical modeling aimed at improving the activity in brain nodes 

associated to a cognitive function, in this case the WM, using NIBS. On the other hand, in the third 

meta-analytic study we showed that also neural alterations and their functional connectivity 

profile can be useful to individualize biophysical modeling, hypothesizing potential therapeutic 

solution leveraging network-target NIBS. Even though with different foremost aims, these three 

meta-analyses point out an important statement: the non-invasive network stimulation, imitating 

a more natural cortical activation and offering a more accurate stimulation, could be more 

effective in modulating cognitive functions or specific neural state compared to the traditional 

bifocal stimulation. However, the network stimulation approach has been employed in few 

studies, and no evidence on his efficacy at neuroimaging level has been shown so far. Therefore, in 

the Study 4 we are going to propose the network stimulation approach to stimulate the whole 

sensorimotor network by using tDCS during the concurrent fMRI acquisition on healthy subjects. 

Although in the Chapter 3 we proposed network targeting for specific cognitive function (WM) and 

neural alterations (DoC), in here we firstly decide to test the network specificity of multichannel 

stimulation approach on a well-known brain area (M1) and its related network, the sensorimotor 

network. Demonstrating the possibility to induce functional effects on multiple network nodes at 

the same time by using network stimulation approach in healthy subjects, we then decided to use 

this technique in clinical population characterized by network-connectivity alterations (like AD) 

with cognitive enhancement purposes. Consequently, in the Study 5 we are going to show how to 

use the modern approach of personalized multifocal stimulation to optimize the tACS intervention 

targeting the regions with higher Aß burden in mild to moderate AD patients. Considering the 

recent evidence confirming the effect of gamma induction in promoting protection against 

neurodegeneration in mouse model of AD, here we propose 40 hz tACS as a potential therapeutic 

intervention for AD.   

These two studies will be amply discussed in the following Chapters.  
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CHAPTER 4 

STUDY 4: TARGETING BRAIN NETWORKS THROUGH NON-INVASIVE 

BRAIN STIMULATION: IMAPACT ON INTRINSIC AND NETWORK-TO-

NETWORK FUNCTIONAL CONNECTIVITY3 

 

Transcranial direct current stimulation (tDCS) is a non-invasive brain stimulation (NIBS) technique 

capable of influencing spontaneous neuronal activity by means of a decrease or increase of resting 

membrane potential of neuronal populations underneath, respectively, positively (i.e. anode) and 

negatively (cathode) charged scalp electrodes (Paulus, 2003) (Nitsche & Paulus, 2001). For 

instance, when applied to the motor system, tDCS has been found to increase corticomotor 

excitability —up to 90 minutes following stimulation (Nitsche & Paulus, 2001)— and to enhance 

motor performance in healthy individuals —up to 45 minutes after stimulation’s cessation (van 

Asseldonk & Boonstra, 2016)—, possibly acting on cortical plasticity mechanisms (Antal, Terney, 

Poreisz, & Paulus, 2007; Boros, Poreisz, Münchau, Paulus, & Nitsche, 2008; Fritsch et al., 2010; 

Furubayashi et al., 2008; Nitsche & Paulus, 2000; Nitsche et al., 2005; Uy, Ridding, Hillier, 

Thompson, & Miles, 2003). Moreover, results from studies on clinical populations with motor 

deficits suggest tDCS as a promising neuromodulatory tool to restore motor function (Liew et al., 

2014) (for a review see (Sánchez-Kuhn et al., 2017).   

However, traditional tDCS approach employs a two-electrode montage with rather large 

rectangular electrodes. The poor focality and the risk of producing diffuse electric fields in the 

brain— which could exert unspecific cortical effects— represent a known downfall of tDCS 

(Miranda et al., 2013). Moreover, brain regions do not operate in isolation, but rather 

continuously interact with each other in well-organized cortical networks (Fischer et al., 2017; Fox 

et al., 2005; Sheffield & Barch, 2016), creating the need for tDCS solutions able to target brain 

networks. This becomes even more important when considering how alterations of such networks 

are also responsible for psychological and neurological deficits in almost any neurological or 

psychiatric condition (Drysdale et al., 2017; Fox, 2018; Fox, Buckner, White, Greicius, & Pascual-

Leone, 2012; Sheffield & Barch, 2016).  

                                                           
3
 A similar version of this article has been recently published (Mencarelli, L., Menardi, A., Neri, F., Monti, L., Ruffini, G., 

Salvador, R., ... & Rossi, S. (2020). Journal of Neuroscience Research, 98(10), 1843-1856). 
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Therefore, if brain networks are becoming the targets of neuromodulatory interventions, 

stimulation of a single brain region might no longer be sufficient. Recently, Fischer and colleagues 

(2017) tested a novel approach for multifocal network-targeted tDCS (net-tDCS) of the primary 

motor cortex (M1) and its associated resting-state fMRI network. The approach is based on the 

genetic algorithm already described in Chapter 1 (Ruffini, Fox, Ripolles, Miranda, & Pascual-Leone, 

2014). By optimizing the net-tDCS solution on the basis of a resting-state functional connectivity 

map of the right hand representation on the left motor cortex, Fischer and colleagues (2017) 

investigated the impact of network-targeted tDCS on corticospinal excitability via combined TMS 

and electromyography (EMG). Net-tDCS induced approximately twice the increase in left M1 

excitability over time (compared to traditional bifocal tDCS targeting left M1 and contralateral 

fronto-orbital region), with a concomitant increase in the excitability of the contralateral motor 

cortex (usually not induced by traditional tDCS applied solely over left M1). Results suggested the 

possibility of using network-targeted stimulation approaches to engage multiple nodes of a given 

network, possibly resulting in an overall greater modulatory effect (Ruffini et al., 2018). However, 

TMS-tDCS measurements do not entail the same specificity in assessing network-level changes 

compared to what can be achieved with combined tDCS-fMRI (Antal et al., 2011; Lindenberg et al., 

2013; Meinzer et al., 2012, 2013; Polanía, Nitsche, et al., 2011; Zheng et al., 2011). Among the 

major advantages, simultaneous tDCS-fMRI allows to produce whole-brain data at high spatial 

resolution, uncovering changes in brain activity over both stimulated and not-stimulated region(s). 

Moreover, this allows to also look at changes in network-to-network dynamics, a relevant target 

for net-tDCS.  

Here we attempted to replicate the findings previously reported by Fischer et al., (2017) by 

directly looking at changes in network dynamics during a concurrent tDCS-fMRI study. In 

particular, we tested the effects of net-tDCS on the activity of (i) a target resting-state fMRI 

network (i.e., the sensorimotor network, SMN), as well as (ii) on its negatively correlated regions 

in the prefrontal and parietal lobe. To do so, we collected resting-state functional connectivity 

BOLD MRI in two groups of ten healthy participants before, during and after tDCS using an MRI-

compatible brain stimulation device. In the first group, a more canonical bifocal sponge-based 

tDCS targeting the left motor cortex was used. In the second group, the tDCS electrode placement 

was optimized to match the rs-fcMRI pattern of the right hand representation in the left motor 

cortex (M1), with anodal stimulation affecting bilateral motor cortices and cathodal stimulation 

eliciting maximal inhibition over prefrontal and parietal cortices as in Fischer et al. 2017 (see 
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Figure 4.1). By comparing the increase in functional connectivity over the SMN between these two 

groups we want to verify whether stimulating only one motor cortex (left) or the entire 

sensorimotor network would lead to different changes in FC. In particular, we hypothesized that (i) 

net-tDCS would elicit a stronger modulation of the SMN as a whole, i.e., a greater change in 

functional connectivity of both left/right motor cortices during as well as after stimulation 

compared to standard tDCS (which should selectively modulate only the left motor cortex, as 

previously found in Fisher et al., 2017). Moreover, in order to validate potential effect of net-tDCS 

over Network-to-Network dynamics, we compared the effect induced by real and sham net-tDCS 

on negative functional connectivity. In particular, we assumed that (ii) net-tDCS would also 

modulate the functional connectivity between SMN and its negatively correlated regions 

(resembling the fronto-parietal network -FPN-; Corbetta, 1998). Finally, given the different number 

and distribution of electrodes on the scalp for net-tDCS and bifocal tDCS, side/adverse effects and 

subjective feelings during both stimulation approaches were assessed after each session.  

 

4.1 MATERIALS AND METHODS 

Participants 

Two groups of ten right handed healthy individuals (14 males and 6 females, age 26,3 ± 3,1), with 

normal neurological exam and no history of psychiatric disorders were recruited through flyers 

and online advertisement. Subjects with personal and family history of epilepsy were excluded, as 

well as those reporting recent migraine attacks. Each subject provided written informed consent. 

The study was approved by the Local Ethics Committee at Le Scotte Hospital and University of 

Siena School of Medicine (Siena, Italy; IRB protocol “APOLLO”).  

 

Experimental paradigm 

The subjects took part into two different experimental protocols: standard tDCS (8 males and 2 

female, age 25,5 ± 3,5) and network targeted tDCS (net-tDCS hereafter; 6 males and 4 female, age 

27,2 ± 2,5). Each condition consisted of two randomized experimental sessions, real-tDCS and 

sham-tDCS, held on separated days at least 1 week apart. Four resting-state fMRI were acquired in 

order to evaluate brain FC at different time points: before, during and after tDCS. In particular, the 

first resting state scan was computed as a baseline without the stimulation, the second and the 

third fMRI were computed concurrent to tDCS to evaluate “acute” and “cumulative” stimulation 
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effects, whereas the last one was used for evaluating tDCS after-effects. The experimental design 

is shown in Figure 4.1A. The duration of the experiment was approximately one hour per session. 

At the end of each study visit, a questionnaire evaluating possible side effects of stimulation was 

administered (Fertonani et al., 2010). 

 

Brain Stimulation Device 

tDCS was delivered by means of an MRI compatible Starstim hybrid EEG/tCS 8-channel 

neurostimulator system (Neuroelectrics, Barcelona, Spain). The device was connected via 

Bluetooth to a computer located outside the Faraday cage (Figure 4.1B). The stimulation protocol 

was created and monitored using the NIC 2.0 software 

(www.neuroelectrics.com/products/software/nic2/). MR-compatible electrodes consisting of 

conductive rubber electrodes were used (Figure 4.1B) and inserted in circular sponge sockets 

soaked with 15 ml of sterile sodium chloride solution (0.9%) for at least 10 minutes (MRI Sponstim, 

Neuroelectrics). The electrodes were positioned in a neoprene cap with 32 electrode positions 

corresponding to the 10/20 EEG system. The stimulator was connected to the MR-compatible 

electrodes by specially designed MR-compatible (non-ferrous and radio translucent) leads. 

 

Standard tDCS protocol 

Traditional tDCS was applied using a “standard” montage widely used in the tDCS literature 

(Lefaucheur et al., 2017), with the anode over the left M1 area (C3 in the 10/20 EEG-reference 

system) and the cathode over the right supraorbital area (Fp2) (Figure 4.1D). A current intensity 

equal to 2mA was delivered by means of 23 cm2 round electrodes positioned inside saline-soaked 

sponges (Figure 4.1B). This montage is thought of activating the motor system with a major focus 

on left motor cortex. Given the nature of bifocal tDCS, a second electrode delivering cathodal 

stimulation needs to be placed on the scalp. In the case of bifocal tDCS for motor cortex 

stimulation, the cathode is usually placed over a “neutral” region (i.e., contralateral frontopolar 

region, Fp2), which implies the potential induction of two stimulation effects: a desired anodal –

excitatory— stimulation over M1, and an unspecific cathodal –inhibitory— stimulation over the 

right frontopolar cortex, both potentially contributing to resulting changes in brain physiology 

and/or behaviour. Net-tDCS was thought of leveraging such limitation of canonical tDCS by 

systematically placing anodes and cathodes following fMRI-based patterns of positive and 

negative connectivity within/outside the motor system. This should lead to both a stronger 

http://www.neuroelectrics.com/products/software/nic2/
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modulation of motor system’s excitability compared to standard tDCS, as well as to the 

modulation of functionally relevant network-to-network dynamics between motor cortices and 

the rest of the brain via carefully tailored cathodal stimulation (see below).  

 

Network-targeted tDCS optimization 

As in Fischer et al. (2017), the target region for net-tDCS was based on the hand area 

representation of the left motor cortex (Figure 4.1C). The functional connectivity pattern of the 

hand area was calculated (Figure 4.1C); the coordinates of 5 largest clusters positively correlated 

with left M1 are: x= -42, y= -18, z= 62; x=50, y= -72, z= 2; x= 18, y= -82, z= 30; x=-10, y= -88, z= 36; 

x=-50, y= -74, z=8; whereas the coordinates of 5 largest clusters negatively correlated with left M1 

are: x= 46, y= -46, z= 40; x=-40, y= 24, z= 32; x= -8, y= -78, z= -26; x=-30, y= 18, z= -6; x=-54, y= -54, 

z=-4. This pattern was used as input for the optimization of a genetic algorithm (Stimweaver 

algorithm; Ruffini et al., 2014) comparing thousands of multi-electrode montages including up to 8 

stimulating electrodes located on any of the 32 positions of the 10/20 International EEG system, as 

already described in Chapter 1. Stimulation was performed using MRI compatible Sponstim 

electrodes (circular 1 cm radius, π cm2 area sponges, Neuroelectrics), with a maximal current at 

any electrode of 2.0 mA, and a maximal total injected current of 4.0 mA across 8 electrodes 

(Figure 4.1D). Stimulation parameters were maintained within recommended safety parameters 

for transcranial electrical stimulation (tES) in humans (Lefaucheur et al., 2017). Anodal stimulation 

was delivered via five electrodes placed over the sensorimotor cortex bilaterally: specifically, C1 

(872 uA), C2 (888 uA), C3 (1135 uA), C4 (922 uA), T8 (183 uA); —cathodal electrodes were placed 

over frontopolar and parietal areas, specifically Fz (-1843 uA), P3 (-1121 uA), P4 (-1036 uA) (Figure 

4.1D). 

Real-tDCS for both conditions was delivered for 22 mins, with periods of ramp-up/down of 30 

secs, whereas sham-tDCS consisted of only 60 secs of stimulation at the beginning (ramp-up) and 

at the end (ramp-down) of the session. The impedance levels were kept below 10 kΩ throughout 

the stimulation sessions, thereby minimizing cutaneous sensations.  

 

Biophysical modeling 

Biophysical modeling has been computed as already described in Chapter 1. For this study two 

separate models were built, for standard and net-tDCS respectively. Distribution of current and 
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normal components of the generated electrical fields is reported for each montage in Figure 4.1 

(C-D, for more details see Figure 1.1).  

 

MRI data acquisition 

Imaging was conducted on a Siemens Avanto scanner with a 12-channel head-coil (Siemens, USA). 

High-resolution T1-weighted anatomical images were obtained using a 3D-MPRAGE sequence (TR 

= 1880ms, TE = 3.38ms, TI = 1100ms, flip angle (FA) = 15°, number of slices = 176, thickness = 

1mm, gap = 0mm, imaging matrix = 256 × 256, acquisition duration: 5 minutes). Functional MRI 

data were acquired before tDCS (“BASELINE”), during stimulation (mins 1’-8’ of stimulation, 

“ACUTE”; mins 15’-22’ of stimulation, “CUMULATIVE”) and after stimulation (“AFTER”). Functional 

MRI images were acquire using standard echo-planar blood oxygenation level-dependent (BOLD) 

imaging (TR = 2000ms, TE = 20 ms, flip angle (FA) = 70°, number of slices = 37, thickness = 3.59mm, 

gap = 4.64mm, acquisition duration: 8,36’’). Subjects were instructed not to focus their thoughts 

on any particular topic, do not cross their arms or legs and keep their eyes open. Arterial Spin 

Labeling (ASL) data were also acquired before and during tDCS; however, perfusion-related results 

are not discussed as part of the present manuscript.  
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Figure 4.1. Experimental paradigm. (A) Overview of the tDCS-fMRI experimental session. (B) Schematic of 

multichannel stimulator MRI installation. (1) electrode in cap detail, (2) CMS/DRL mastoid electrodes for 

impedance check, (3) and (4) MRI compatible touchproof connector, (5) Patch panel connection, (6) 

Starstim cable adaptor. (www.neuroelectrics.com), MRI-compatible rubber electrodes used for (7) standard 

(5x5 cm) and (8) net-tDCS (1x1 cm). (C) The hand area of left M1 (targeted by standard tDCS) and areas 

positively and negatively connected to left M1, constituting the sensorimotor resting state network 

(targeted by net-tDCS), are reported. Clusters of negative connectivity to the SMN are shown. (D) For both 

standard and net-tDCS stimulation polarity, electric field maps >0.25V/m (red=anodal, blue=cathodal), 

normal electric field, and electrode positions (right; green anodes, red cathodes) are shown.  

 

 

 

http://www.neuroelectrics.com/
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fMRI data preprocessing 

fMRI data preprocessing and statistical analyses were carried out using SPM12 software (Statistical 

Parametric Mapping; www.fil.ion.ucl.ac.uk/spm/) and MATLAB 2013b (MathWorks, MA, USA) 

software. BOLD images underwent the following preprocessing steps: discarding of the first three 

volumes to allow for steady-state magnetization and stabilization of participant status; slice 

timing; realigning to correct for head motion; co-registration to structural images; segmentation; 

nonlinear normalization to the Montreal Neurological Institute (MNI) template brain; voxel 

resampling to an isotropic 3 × 3 × 3 mm voxel size; smoothing with an isotropic Gaussian kernel 

(full-width at half maximum, 8 mm). Structural images were co‐registered to the mean volume of 

functional images and segmented using routines in SPM12. To obtain a more accurate spatial 

normalization, we created a customized grey‐matter template from all subjects' segmented 

images. Briefly, this approach is based on the creation of a customized anatomical template built 

directly from participants T1-weighted images instead of the canonical one(s) provided by SPM 

(MNI template, ICBM 152, Montreal Neurological Institute). This allows a finer normalization into 

standard space and consequently avoids under- or overestimation of brain region volume. Linear 

trends were removed to reduce the influence of the rising temperature of the MRI scanner and all 

functional volumes were bandpass‐filtered at 0.01 Hz < f < 0.08 Hz to reduce low‐frequency drifts. 

Finally, an important issue for brain connectivity analysis is related to the deconvolution of 

potential confounding signals –mainly physiological high frequency respiratory and cardiac noise— 

from the grey matter voxels’ BOLD time course. We decided to regress out  potential confounding 

signals, like physiological high frequency respiratory and cardiac noise, from grey matter voxels’ 

BOLD time course using the Compcorr algorithm (Whitfield-Gabrieli & Nieto-Castanon, 2012), in 

order to reduce artificial negative correlation and provide adequate filtering of the data. 

 

Second-level analysis 

Given the rationale of the study, changes in FC were expected on both left and right sensorimotor 

cortices, as well as on their negatively correlated regions during/after net-tDCS; instead, standard 

tDCS was expected to induce changes only on left sensorimotor cortices and right frontopolar 

regions. However, the two approaches generate electric fields of different intensity, shape, and 

polarity on the cortex, making it difficult to capture stimulation effects by implementing a single 

set of regions of interest (ROIs) defined anatomically. Therefore, we extracted individual RSNs for 

each participant using Independent Component Analysis (ICA)(Beckmann & Smith, 2005). Fifteen 

http://www.fil.ion.ucl.ac.uk/spm/
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components were obtained from subjects’ resting data and visually inspected by three 

investigators. The SMN was chosen as seed to directly compare the effects of standard and 

network-targeted stimulation at whole-brain level. Additionally, the effect of tDCS in modulating 

the interaction between sensorimotor cortices and brain regions showing the highest negative 

functional connectivity was also investigated (Figure 4.1C). Specifically, these regions 

corresponded to a cluster of voxels mapping onto the anterior portion of the cingulate cortex (ACC 

hereafter) and the precuneus. In summary, FC analyses were focused on evaluating changes in 

local connectivity involving the sensorimotor cortices due to anodal stimulation, as well as changes 

in the negative connectivity between sensorimotor cortices and ACC/Precuneus as a measure of 

network-to-network connectivity.    

 

Functional connectivity analysis 

In order to verify our hypothesis, we implemented two different analysis. The first one, aimed to 

compare the modulation of FC induced by bifocal or net-tDCS at whole-brain level considering as 

seed the SMN identified via ICA. The second one, aimed at investigating the potential network 

effects of net-tDCS by looking at changes in connectivity between the motor system and its 

negatively correlated brain regions. 

Whole Brain Functional connectivity modulation  

Statistical analysis was carried out using the CONN (v.17f) toolbox and Matlab 2013b software 

(Mathworks, MA, USA). A repeated measure analyses of variance (rp-ANOVA) was carried out on 

the connectivity profile of the sensorimotor network identified via ICA. The model included factors 

‘Montage’ (standard bifocal, network-targeted), ‘Condition’ (real, sham), and ‘Time’ (Baseline, 

Acute, Cumulative and After tDCS), as well as ‘Montage X Condition X Time’ interaction term. Age, 

gender and order of stimulation were included as covariates in all analyses. Results were 

computed applying a voxel-level threshold (p< 0.001 uncorrected) and cluster size correction (p< 

0.05, false discovery rate -FDR- corrected).  

Changes in Network-to-Network connectivity 

To specifically investigate the effect of net-tDCS on network-to-network connectivity patterns 

involving the SMN, the following analysis was carried out for net-tDCS montage and was focused 

on the effects of the condition (real and sham) on negative correlation/connectivity in different 

time points (acute, cumulative and after). We initially run an ICA to define the SMN across subjects 

(data-driven, based on our sample) and then we identified the clusters of voxels showing the 
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significant (p< 0.001 uncorrected at voxel level; p< 0.05 FDR-corrected at cluster size) negative 

connectivity with the sensorimotor ICA component at baseline, for each session/condition. At this 

point we look at negative connectivity at whole-brain level, therefore not biasing the analysis 

towards a specific topology/topography. Then, we investigate the modulation of negative 

connectivity in these clusters, extracting significant connectivity values for each participant (p< 

0.001 uncorrected at voxel level; p< 0.05 FDR-corrected at cluster size; r>3) at each time point 

(acute, cumulative and after tDCS). The values diverged by 2 or more standard deviation from the 

mean have been removed from the dataset. Finally, a repeated measure analyses of variance (rp-

ANOVA) was carried out including the factor ‘Condition’ (active, sham), ‘Time’ (baseline, acute, 

cumulative, after), and the interaction ‘Condition x Time’. Moreover, as exploratory analysis we 

compared FC values extracted for each time point with the FC value obtained at baseline 

separately for real and sham net-tDCS by means of paired t-tests (p< 0.05) using Statistical 

Package for Social Science (IBM SPSS Statistics 20) for Windows. 

 

Subjective sensations 

Given the different spatial distribution of the induced currents (due to the different number, 

location and size of the electrodes, with an overall higher total stimulation current intensity for 

multifocal stimulation equal to 4mA, compared to standard bifocal stimulation inducing 2mA), we 

used a self-report questionnaire (Fertonani et al., 2010) to collect information about subjective 

sensations during both standard bifocal and network-targeted stimulation, addressing commonly 

reported subjective feelings (e.g. tingling, pain, headache, etc..) that might be relevant for 

participant and operator blinding in future studies. We performed a rp-ANOVA testing the factor 

‘Condition’ (real and sham), ‘Montage’ (standard bifocal and network targeted) and the 

interaction ‘Condition x Montage’ for each item of the questionnaire. Moreover, post-hoc analyses 

of simple main effects were performed using pairwise comparisons (p < 0.05) in SPSS 20. 

4.2 RESULTS 

Connectivity changes in the Sensorimotor network  

The overall ANOVA model was significant (F(2,158)= 4.25, p< 0.003), with a significant effect of 

Montage (F(2,158)= 3.58, p< 0.007), as well as an effect of Condition (F(2,158)= 2.62, p< 0.012) and 

Time (F(2,158)= 3.71, p< 0.002). A significant Montage X Condition X Time interaction was found 

(F(2,158)= 2.36, p< 0.025), therefore post-hoc comparisons of interest were run to understand the 
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specific acute, cumulative and after effects of net-tDCS. Similar to what observed using cortico-

spinal excitability in the previous study by Fischer et al 2017, a significant increase in intrinsic FC of 

the sensorimotor ICA component (i.e. increased positive connectivity in both motor cortices) was 

observed both during (ACUTE: t(158)= 9.86, p< 0.03; CUMULATIVE: t(158)= 25.81, p< 0.006)(Figure 4.2 

A and B) and immediately after real net-tDCS (AFTER: t(158)= 36.14, p< 0.002, Figure 4.2C), 

compared to standard tDCS. On the other hand, no significant results have been showed 

comparing the effects of sham conditions (net-tDCS and standard montages) at the same time 

windows (all p>0.05). MNI coordinates of each significant cluster are reported in Table 4.1.  

 

 

Figure 4.2. Functional connectivity results. Results of the contrasts between standard and net-tDCS for the 

sensorimotor ICA component are shown for each time point relative to baseline: Acute (A; minute 1-8); 

Cumulative (B; minute 15-22) and After (C) tDCS effect. The images, displayed in neurological convention, 

shown an increase of functional connectivity in the left part of SMN during and after net-tDCS compared to 

baseline and compared to the standard tDCS group. Axial, coronal and sagittal views are shown. 
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Table 4.1. ICA connectivity results. MNI coordinates, cluster size and localization of significant clusters 

displaying increased connectivity for net-tDCS compared to bifocal tDCS, both during and after stimulation 

Time point Size (voxel) Peak  p-uncorrected Cluster p-FDR

x y z Voxel Hemisphere Area

ACUTE

8 24 4 1699 .00001 .005 409 RL Subcallosal cortex

164 RL Cingulate gyrus

126 R Paracingulate gyrus

105 R Caudate

85 RL Frontomedial cortex

26 L Paracingulate gyrus

21 L Frontoorbital cortex

24 -64 2 1610 .0003 .005 214 R Lingual gyrus

205 R Intracalcarine cortex

115 R Tempooccipital Fusiform cortex

89 L Lingual gyrus

66 R Occipital pole

57 R Middle Temporal gyrus

52 R Cerebellum

36 R Middle Temporal gyrus

32 RL Precuneus

27 L Occipital Fusiform gyrus

24 R Inferior Temporal gyrus

10 -24 38 1243 .00002 .01 207 R Supramarginal gyrus

175 R Precentral gyrus

165 RL Cingulate gyrus

64 R Supramarginal gyrus

20 R Angular gyrus

CUMULATIVE

42 16 36 2503 .00005 .0003 605 R Precentral gyrus

335 R Postcentral gyrus

285 R Middle Temporal Gyrus

108 R Insular Cortex

65 R Parietal operculum

59 R Superior Temporal gyrus

30 R Heschl's gyrus

29 R Supramarginal gyrus

AFTER

30 -20 50 783 .00009 .03 419 R Postcentral gyrus

114 R Precentral gyrus

58 R Supramarginal gyrus

28 R Superior Parietal lobule

MNI Location/Label

. 

 

Effect on network-to-network connectivity 

A significant effect of Condition (F(1,9)= 5.24; p= 0. 048) was observed, whereas no significant 

results was depicted for Time (F(3,27)= 1.70; p= 0.19) and for Condition x Time interaction (F(3,27)= 

1.16; p= 0. 34). In order to investigate these results in detail and for a qualitative perspective, we 

conducted several paired t-tests (p< 0.05) evaluating the differences in all time points (acute, 

cumulative and after) between the two conditions (active and sham). The results showed a 

significant increase of the negative connectivity between SMN and ACC/Precuneus for real net-

tDCS in all time points when compared to acute sham tDCS (Acute: t(9)= 2.11, p= 0,032; 

Cumulative: t(9)= 2.93, p= 0,008; After: t(9)= 1.93, p= 0,043; see Figure 4.3). All the other contrasts 

reported no significant results (all p> 0.08).  

Moreover, the exploratory analysis conducted separately for real and sham net-tDCS comparing 

FC values extracted for each time point to baseline showed an increase of negative connectivity 
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both during (ACUTE and CUMULATIVE) and AFTER stimulation only for real tDCS (respectively, 

ACUTE: t(9)=-2.28, p= 0.024; CUMULATIVE: t(9)=-2.09, p= 0.033; AFTER: t(9)=-2.20, p= 0.027; % 

increase in FC for real net-tDCS with respect to baseline: ACUTE: 12%; CUMULATIVE: 15%; AFTER: 

11%). Conversely, the connectivity between SMN and its negatively correlated clusters was not 

significantly different during or after sham net-tDCS (respectively, ACUTE: t(9)= 1.29, p= 0.11; 

CUMULATIVE: t(9)=-0.45, p= 0. 33; AFTER: t(9)= 0.014, p= 0.49; % increase in FC for sham net-tDCS 

with respect to baseline: ACUTE: -0.8%; CUMULATIVE: 2%; AFTER: -0.1%)  (Figure 4.3). 

 

 

 

Figure 4.3. Modulation of network-to-network connectivity. The acute, cumulative and after effect of 

stimulation on the negative FC is shown for net-tDCS. The plot represents the change in FC as compared to 

baseline (1 =100% baseline) at each time point (Acute, Cumulative and After; e.g. 1.1 equals to 10% 

increase in FC compared to baseline), for both real and sham net-tDCS. Negatively correlated regions 

targeted by cathodal stimulation (ACC and Precuneus) are shown. * identifies timing in which the 

modulation of negative FC is significative different between conditions (p< 0.05), whereas ^ shows the 

significant effect of real net-tDCS in different time points compared to baseline.  

 

 

Induced subjective sensations  

Neither side-effects nor adverse effects were reported during or after stimulation, confirming the 

safety profile of both standard and net-tDCS. The reported subjective sensations were not 

significantly different between stimulation modalities, as showed by the ANOVAs results. In 
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particular, no significant effect was observed for Headache (Montage: F(1,9)= 1.80; p= 0. 21; 

Condition: F(1,9)= 0.31; p= 0.59; Montage x Condition: F(1,9)= 3.85; p= 0.08); Scalp pain (Montage: 

F(1,9)= 1.55; p= 0. 24; Condition: F(1,9)= 0.10; p= 0.76; Montage x Condition: F(1,9)= 3.46; p= 0.09); 

Scalp burn (Montage: F(1,9)= 0.10; p= 0. 76; Condition: F(1,9)= 0.00; p= 1; Montage x Condition: F(1,9)= 

0.23; p= 0.64); Sensation under the electrodes (Montage: F(1,9)= 0.03; p= 0. 86; Condition: F(1,9)= 

0.80; p= 0.39; Montage x Condition: F(1,9)= 3.12; p= 0.11); Sleepiness (Montage: F(1,9)= 2.71; p= 0. 

13; Condition: F(1,9)= 0.37; p= 0.56; Montage x Condition: F(1,9)= 0.37; p= 0.56); Trouble in 

concentrating (Montage: F(1,9)= 2.44; p= 0.15; Condition: F(1,9)= 2.25; p= 0.17; Montage x Condition: 

F(1,9)= 0.00; p= 1); Change in mood (Montage: F(1,9)= 0.79; p= 0.40; Condition: F(1,9)= 0.31; p= 0.59; 

Montage x Condition: F(1,9)= 3.86; p= 0.3). A significant effect of Montage (F(1,9)= 7.36; p= 0.02) was 

observed for the item ‘Skin redness’, whereas no significant effects of Condition (F(1,9)= 2.25; p= 

0.17) and Condition x Montage (F(1,9)= 2.25; p= 0.17) were observed. Post-hoc analysis conducted 

on this item on this item confirmed the higher skin redness after real standard stimulation (t(9)= 

2.23; p= 0.038) compared to the real net-tDCS. For the real conditions, higher scores were 

observed for (i) sleepiness (mostly imputed to the length of the study visits), (ii) tingling under the 

electrodes (usually reported at the beginning of stimulation and decreasing afterwards), and (iii) 

burning (mild, not reported as uncomfortable), but no one of this item resulted significant 

different compared to the sham conditions. Most commonly reported effects were headache, 

changes in mood, neck pain, scalp pain and trouble in concentrating. Individual scores are 

reported in Figure 4.4, mean and standard deviation (SD) for each item by condition and montage 

are shown in Table 4.2. 
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Figure 4.4. Side effects. Bars represent average subjective reports (Lickert scale: 0=none, 4=strong, adapted 

from Fertonani et al., 2010) for both standard bifocal and net-tDCS. Blue triangles and violet diamond 

represent the subjects’ single value reported respectively for sham and real conditions. Error bars represent 

standard error of mean. * = p< 0.05. 
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Table 4.2. Mean and standard deviation (sd) for each subjective sensation reported trough a self-report 

questionnaire by conditions and montages. 

 

 
headcache 

neck 

pain 

scalp 

pain 

scalp 

burn 

sensation 

under the 

electrodes 

skin 

redness 
sleepiness 

trouble in 

concentrating 

change 

in 

mood 

Bifocal tDCS REAL         

Mean  0,1 0 0,3 0,9 1,3 0,5 1,5 0,1 0 

SD 0,316 0,000 0,483 0,568 0,483 0,707 0,707 0,316 0,000 

Bifocal tDCS 

SHAM 
        

Mean  0 0,3 0 0,8 0,8 0,1 1,5 0,2 0,2 

SD 0,000 0,483 0,000 0,919 0,789 0,316 0,850 0,422 0,422 

Net-tDCS REAL         

Mean  0,2 0,2 0,3 0,7 1 0 0,9 0,5 0,4 

SD 0,422 0,422 0,483 0,823 0,816 0,000 0,876 0,707 0,966 

Net-tDCS SHAM         

Mean  0,4 0,2 0,5 0,8 1,2 0 1,2 0,6 0,3 

SD 0,699 0,632 0,850 0,632 0,422 0,000 0,919 0,843 0,675 

 

 

4.3 DISCUSSION 

 

The aim of the study was to further explore previous findings reported by Fisher et al., (2017) 

using TMS-EMG (i.e., net-tDCS is able to modulate the entire SMN beyond the effect of canonical 

bifocal tDCS over left M1) using a concurrent tDCS-fMRI approach, by also investigating the 

feasibility, efficacy as well as safety of a tDCS solution optimized to engage a target RSN via 

multichannel stimulation. Moreover, the present study was designed to test the possibility of 

using net-tDCS to modulate not only local brain dynamics but also the interplay between the 

target networks and its negatively correlated brain regions/networks. Results suggest a stronger 

engagement of the bilateral sensorimotor areas during net-tDCS compared to bifocal tDCS. 

Furthermore, by conducting an exploratory analysis to have a qualitative overview of the effects of 

net-tDCS on network-to-network interaction, the results show its efficacy in amplifying the 

negative connectivity between the SMN and its negatively correlated brain regions targeted by 
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cathodal stimulation. However, due to the small sample size, this finding should be interpreted 

carefully and requires further validation. Findings might be relevant for the optimization of tDCS in 

clinical contexts, where alterations of network-to-network connectivity have been documented 

(e.g. see Zhou et al., 2010), as well as for cognitive enhancement purposes (Santarnecchi et al., 

2017c; Spreng et al., 2016).   

 

Modulation of Intrinsic functional connectivity 

Modulation of M1 excitability via tDCS has been extensively used to enhance motor behaviour and 

motor learning (Nitsche et al., 2003; Reis et al., 2009), also exploring its potential in clinical and 

rehabilitative settings (Liew et al., 2014). Several studies have also investigated the impact of tDCS 

by combining TMS-EEG (Pellicciari et al., 2013; Romero Lauro et al., 2014; Varoli et al., 2018) or by 

means of neuroimaging measures (Amadi, Ilie, Johansen-Berg, & Stagg, 2014; Polanía, Paulus, & 

Nitsche, 2012b, 2012c; Sehm, Kipping, Schäfer, Villringer, & Ragert, 2013). Given the shift in focus 

towards network-based approaches for the study of human cognition (Santarnecchi et al., 2017b; 

Santarnecchi, Momi, et al., 2018; Santarnecchi, Sprugnoli, et al., 2018; Spreng et al., 2016; Pisoni 

et al., 2018) and more recently even for the diagnosis of neuropsychiatric conditions (Fox et al., 

2014), we tested the impact of a tDCS montage optimized to concurrently modulate multiple 

nodes of the sensorimotor network (and its negatively correlated regions) instead of solely left 

M1. Using a multifocal tDCS solution previously tested by assessing corticospinal excitability 

(Fischer et al., 2017), here we document a greater modulation of functional connectivity involving 

both left and right M1 during net-tDCS compared to standard tDCS. Moreover, the effect on fMRI 

connectivity seemed present both during and after tDCS, similarly to what we observed in the 

previous investigation and to what has been reported for standard and high-density (HD) tDCS 

(Antal et al., 2011; Bikson et al., 2010; Dmochowski et al., 2011; Nitsche & Paulus, 2001). This 

suggests an interesting convergence between neurophysiological findings (i.e., Motor Evoked 

Potentials as measured via combined TMS and electromyography) and neuroimaging results 

related to net-tDCS.  

Of note, changes in cortical excitability in one hemisphere could increase or decrease cortical 

excitability in the other hemisphere by means of interhemispheric connections, such that 

functional inhibition or excitation of contralateral homologous areas may occur at different times 

depending on the task at hand/brain state (Bloom & Hynd, 2005). When dealing specifically with 

the primary motor cortices, neurophysiological and neuroimaging research investigating 
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interhemispheric interactions have corroborated the idea of these two areas being negatively 

correlated when subjects perform a unimanual motor task (Ferbert et al., 1992; Kobayashi et al., 

2003; Vines et al., 2006). The network-targeted solution investigated in the present study offers 

interesting opportunities to target a bilaterally distributed network, but it should be considered 

that this might only apply to a healthy brain stimulated at rest. Ad-hoc investigations are needed 

to adapt net-tDCS for applications in clinical populations with pathological interhemispheric 

imbalance or those with unilateral lesions in general (as showed in Chapter 1), for which a 

reduction of interhemispheric connections has been reported in favour of greater 

intrahemispheric cohesion (Siegel et al., 2016). 

 

Effect on network-to-network connectivity 

A growing body of literature suggests the importance of looking at alterations of brain networks, 

as well as network-to-network interactions, as potential biomarkers of neurological and 

psychiatric conditions. For instance, alterations of the interplay between the Default Mode 

Network (DMN) and Anterior Salience Network (AS) have been documented in both Alzheimer’s 

Disease and Frontotemporal Dementia patients: however, while the former shows increased 

DMN-AS functional connectivity, the latter display the opposite pattern, even though both 

conditions shared a significant neuropathological substrate. This highlights the need for network-

targeted interventions able to modulate such dysfunctional inter-networks dynamics. Moreover, 

the negative connectivity (or “anticorrelation”) between brain networks has been also promoted 

as a crucial aspect of the functional organization of the human brain, with relevance for cognitive 

performance (Fox et al., 2005). For instance, recent reports have highlighted how the strength of 

the negative connectivity between regions of the dorsal attention network (DAN) and the DMN is 

among the best predictors of individual variability in intelligence levels (Santarnecchi et al., 2017c). 

Recent work by our group has shown the possibility to selectively modify resting-state fMRI 

network-to-network coupling by means of multi-site TMS using cortico-cortical paired associative 

stimulation (cc-PAS) (Santarnecchi, Momi, et al., 2018). However, the possibility to modulate inter-

network dynamics by means of network-targeted tDCS has not been demonstrated yet. Here we 

show how a tDCS montage optimized to desynchronize the target network (SMN) and its 

negatively correlated nodes is partially able to increase the negative connectivity between 

networks. By systematically placing cathodal electrodes over frontal and parietal brain regions 

(i.e., Fz to target the medial prefrontal cortex and ACC; P3/P4 to target the left/right angular 
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gyrus), net-tDCS resulted in an amplified negative correlation between SMN, ACC and bilateral 

angular gyri, compared to the results obtained in the acute sham net-tDCS, but not in the other 

time points. The presented results originally suggest the opportunity of manipulating network-to-

network functional connectivity patterns by means of optimized tDCS targeting both positively and 

negatively connected brain regions. Moreover, looking at active or sham stimulation alone, a 

significant trend in the increase of negative connectivity both during and after real net-tDCS 

compared to baseline was found, with no effect during sham stimulation. While this is suggestive 

of potential modulation of network-to-network connectivity, this finding should be interpreted 

carefully given the very limited sample size and high number of conditions/comparisons in the 

design.   

 

Limitations and future directions 

The first limitation is represented by the small sample size, which has had a significant impact on 

data analysis and our ability to draw firm conclusions about some findings, especially those related 

to modulation of negative connectivity. For these reasons, our study only represents a preliminary 

yet informative investigation on the potential of network-targeted tDCS for modulation of network 

dynamics as compared to bifocal tDCS.  Another potential limitation is the higher current intensity 

induced by net-tDCS (4mA) compared to bifocal stimulation (2mA). In fact, given the nature of 

multichannel stimulation and the need to target multiple brain regions, net-tDCS is usually 

performed at higher stimulation intensity compared to standard tDCS, and through a higher 

number of scalp electrodes. Even though this might represent an advantage, electrodes’ location 

and their corresponding current intensity actually increase the parameter space and potentially 

leads to suboptimal situations where not enough electrodes deliver sufficient stimulation to reach 

the brain transcranially. For instance, while in traditional tDCS current diffuses through a single 

anode injecting 2mA, in the current net-tDCS protocol anodal stimulation was delivered via 5 small 

electrodes with an average of 0.8 mA stimulation intensity per electrode (with values as low as 

0.183mA for electrode T8 over the temporal lobe). Moreover, given the focus on the sensorimotor 

cortices/network, a smaller set of electrodes is used for stimulation of negatively correlated nodes 

(n=3), leading to one electrode delivering almost 2mA on a single location (Fz=-1843uA). Future 

optimizations may consider a fixed lower intensity bound (e.g., ensuring that each electrode 

deliver at least 0.5mA) and possibly more than 8 electrodes to guarantee higher spatial resolution. 

Although the orientation of the current flow across gyri and sulci (Lafon et al., 2017) is considered 
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in the biophysical modeling, our analysis was focused on the areas where stimulation is 

predominantly “anodal” or “cathodal”. Future study should develop a consistent method to look 

at the difference of the anodal or cathodal current flow in the gyri and sulci.  

Furthermore, TMS-based MEPs should be collected before and after the fMRI-tDCS sessions to 

provide a comparison between electrophysiological and fMRI effects, also replicating findings from 

Fischer et al. (2017) and further looking for the predictive power of baseline cortical excitability 

over tDCS modulation of functional connectivity. Moreover, an additional limitation of rs-fMRI 

technique should be considered. Functional RSNs have been mostly studied through fMRI, with 

several investigations focused on fMRI-based connectivity dynamics within and across distributed 

brain networks. However, rs-fMRI is a low temporal resolution estimate of FC, unable to capture 

brain oscillatory rhythms reflective of actual neural activity (i.e. at millisecond timescale) (He et al., 

2010). Only direct external manipulation of RSN activity may provide valuable information about 

fast-evolving interactions between RSNs. An increasing number of studies over the years have 

employed multimodal neuroimaging techniques to better understand the neural origins and 

spatial− temporal signatures of RSNs (Britz et al., 2010; Chang et al., 2013; Chen et al., 2008; Feige 

et al., 2017; Laufs, 2008; Liu et al., 2018; Sadaghiani et al., 2010; Tagliazucchi et al., 2012). For 

example, some studies examined the specificity of tDCS effects on brain connectivity by means of 

TMS-EEG, highlighting how the spread of tDCS effects follows structural brain connections when 

applied at rest (Romero Lauro et al., 2014), whereas spreading only to functionally relevant areas 

when tDCS is applied during task execution (Pisoni et al., 2018). Moreover, recent work by our 

group (Ozdemir et al., 2020) has revealed that is it possible to capture the same fMRI dynamics 

but with high temporal resolution by using network-guided TMS-EEG. Despite no consensus has 

been reached on the correlation between EEG spectral power features and dynamic functional 

connectivity profiles within or across specific RSNs, multifocal tES approaches could be helpful in 

investigating this link. 

Future studies should also investigate other control conditions (e.g., inverse condition, 

extracephalic cathodal electrode) and the possibility of personalizing electrode montages (i.e., 

electrode number and intensity) based on individual brain anatomy (Tecchio et al., 2013) and fMRI 

network dynamics/topology, like recently shown in a similar network-target brain stimulation 

approach using personalized multi-coil TMS (Santarnecchi, Momi, et al., 2018). 
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CHAPTER 5 

STUDY 5: Preliminary evidence of gamma induction on neural dynamics 

via tACS in patients with Alzheimer’s disease 
 

Gamma oscillations are rhythmic fluctuations in local field potentials (LFPs) encompassing a broad 

range of frequencies (35–100 Hz). The involvement of gamma oscillations in high cognitive tasks is 

a well-known concept in literature. An increase in gamma has been observed in tasks such as 

reading and subtraction expectancy; where each task elicited gamma oscillations with a distinct 

distribution (Fitzgibbon et al., 2004). Furthermore, gamma increases have been reported during 

working memory (Chen et al., 2014) and during memory encoding in humans and mice (Colgin, 

2016; Yamamoto et al., 2014). In particular, there are evidence suggesting that gamma rhythms 

are involved in hippocampal memory processing (Buzsáki, 2015; Carr et al., 2011, 2012). 

Therefore, it is not surprising that some brain diseases characterized by memory impairments are 

linked to disorders in gamma rhythms (Mably & Colgin, 2018). Alzheimer’s disease (AD) is 

characterized by a relative attenuation and dysregulation of gamma frequency and a shift from 

faster (e.g. gamma) to slower (e.g. theta) brain activity (Mably & Colgin, 2018). Current studies in 

AD indicate that amyloid-ß (Aß) oligomers cause dysfunction in parvalbumin-positive (PV+) and 

somatostatin-positive (SST+) interneurons, resulting in dysregulation of gamma oscillations and 

cognitive decline (Palop & Mucke, 2016; Palop & Mucke, 2010). These studies suggest that 

decreasing slow gamma disorders may be a promising new strategy for treatment of memory 

impairments in AD. Therefore, gamma induction could be highly beneficial in individuals with AD. 

So far, studies in animals revealed that the induction of gamma frequency through sensory 

stimulation or optogenetics reduces amyloid-β plaques (Iaccarino et al., 2016; Rajji, 2019). 

Moreover, optogenetic modulation of PV+ and SST+ interneurons restores gamma oscillations in 

murine models of AD (Adaikkan & Tsai, 2020). The induction of gamma oscillations also decreases 

inflammatory brain processes and leads to microglia-mediated clearance of Aß and tau 

depositions, and consequential cognitive benefits (Adaikkan et al., 2019; Iaccarino et al., 2016). 

Although the optogenetic method is limited to animal use, there is emerging evidence that gamma 

oscillations can be safely and noninvasively modulated by transcranial electrical stimulation (tES) 

in humans (Guerra et al., 2018; Santarnecchi et al., 2013; Santarnecchi et al., 2017a; Santarnecchi 
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et al., 2019). Furthermore, Naro and colleagues (2016) demonstrated that failure in responding to 

gamma-tACS correctly discriminated between MCI patients designated to convert into AD, 

showing that gamma-tACS could be a useful perturbation-based biomarker in predicting MCI to AD 

conversion (Naro et al., 2016). The modulation of gamma oscillation can be achieved by inducing 

spike-timing-dependent plasticity (STDP) via a multiple session of 40 Hz tACS. Successful gamma 

induction would be reflected as changes in both resting-state brain oscillations and in the evoked 

gamma during a cognitive task.  

In this study the feasibility and safety of gamma induction via transcranial alternating current 

stimulation (tACS) have been investigated in patients with mild to moderate AD. A biophysical 

model targeting the region with maximal Aß burden by combining T1-weighted MRI and Aβ PET 

images has been optimized (Ruffini et al., 2014). This method leverages modern multi-focal 

stimulation solutions allowing for whole-scalp stimulation montages including up to 32 channels, 

promoting personalization of tACS treatment and greater spatial accuracy. In this case we propose 

a multifocal tACS protocols, instead of a net-tDCS as suggested in the Study 4, following the 

literature showing an effect of gamma stimulation, through sensory stimulation or optogenetics, 

in reducing amyloid-β plaques on AD’s animal models. In particular, we hypothesized that the daily 

application of 40 Hz tACS would be firstly safe and well-tolerated, and secondly would increase 

gamma activity in resting-state EEG recordings and enhance the evoked gamma during the N-back 

task, measured as event-related synchronization.  

 

5.1 MATERIALS AND METHODS 

Study design 

Fifteen individuals with a diagnosis of mild to moderate AD (median age = 76, range= 63-78; 

median MMSE = 25, range = 20-26; median ADAS-Cog = 17, range=15-19; APOE gene = 40% ε3/ε3, 

33%ε4/ε4, 27%ε3/ε4; BDNF gene = 53% Val/Val, 33%Val/Met, 14% Met/Met) were assigned to 

three groups (n=5/per group) to receive: 10 sessions of right-hemispheric, unilateral tACS applied 

with a personalized electrode montage designed to target each patient's Aβ deposition as mapped 

by positron emission tomography (PET) (Group 1); or either 10 (Group 2) or 20 (Group 3) sessions 

of bi-hemispheric tACS targeting both temporal lobes (Figure 5.1). Sessions were conducted daily, 

Monday through Friday. All participants underwent a comprehensive neuroimaging assessment 

including brain magnetic resonance imaging (MRI), amyloid-β imaging with PET, 
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electroencephalogram (EEG) recording, Transcranial Magnetic Stimulation (TMS) combined with 

EEG, and neuropsychological assessment preceding and following tACS treatment. Saliva samples 

were collected and analyzed for brain-derived neurotrophic factor (BDNF) Val66Met, catechol-O-

methyltransferase (COMT) Val158Met, and apolipoprotein E (APOE) e2, e3, e4 polymorphisms 

(Figure 5.1A). In this study, we present the results of only a part of this dataset, including the rs-

EEG collected daily before and after every stimulation session, and the event-related potential 

response to the n-back task collected before and at the end of the entire treatment. Qualitative 

results on cognitive enhancement are also provided. 

Participants were amyloid positive, completed at least until the 8th grade of education, did not 

have any history of intellectual disability, and were receiving a stable dose of medications for at 

least six weeks. The exclusion criteria included a history of migraines, neurological disorders other 

than dementia, major psychiatric disorders, as well as substance abuse or dependence. 

This study was conducted following the Declaration of Helsinki and the International Ethical 

Guidelines for Biomedical Research Involving Human Subjects. This study was approved by the 

Beth Israel Deaconess Medical Center (BIDMC) Institutional Review Board, and informed consent 

from all participants was obtained before performing any research procedures. The data collection 

was performed under two IRB protocols registered separately on ClinicalTrials.gov (NCT03412604 

and NCT03290326). 

 

Safety and adverse event monitoring  

Given the unprecedented nature of tACS application in AD, adverse events were collected during 

all the time of the experiment. All adverse events, regardless of attribution to tACS, PET, MRI, or 

EEG were collected and recorded using standard forms (Fertonani et al., 2015). Moreover, 

participants were asked in an open-ended way about the presence of any such events. Before and 

after each tACS daily visit, we administered an adverse event questionnaire. We also monitored 

cognitive effects with a rotation of three parallel versions of the Montreal Cognitive Assessment 

(MoCA). In the case of a 4-point or greater drop from the baseline MoCA, a neurological 

examination was conducted to assess the patient's condition (Milani et al., 2018). 

 

Transcranial Alternating Current Stimulation (tACS) 

TACS was delivered via a battery-driven current stimulator Starstim 32 (Neuroelectrics Barcelona, 

Cambridge) through surface 3.14 cm Ag/AgCl electrodes. The electrodes were placed into a 



 

148 
 

neoprene cap corresponding to the international 10/20 EEG system, with the Cz electrode position 

aligned to the vertex of the head. Gel was applied to optimize signal conductivity and lower 

impedance (Signa Gel, Parker Laboratories Inc.). For all daily sessions, we placed 32 electrodes on 

the scalp to record EEG before/after every tACS session, although only a subset was used to 

deliver tACS (Figure 5.1B). Stimulation frequency was set to 40 Hz and it was applied for 1 hour, 

preceded by 30 seconds ramp-up and followed by 30 seconds ramp-down intervals.  

 

Biophysical modeling and montage optimization  

Individualized tACS optimizations were conducted from the subject's own MRI and Aβ PET. The 

algorithm was constrained by safety parameters, in which the total injected current could not 

exceed 2 mA per electrode, consistent with the safety limits of the Starstim device. As an example, 

for one patient, the algorithm identified the optimal electrode configuration and amperage to be: 

AF4= -823µA, C6= 812µA, F8= 602µA, FP2= 1061µA, FZ= -318µA, P10= -444µA, T8= -1162µA, IZ= 

271µA for a total injected current of 2746 µA and a maximum current any electrode of 1162 µA 

(quality of the solution weighted correlation coefficient (WCC): 0.54, and the ideal solution that 

minimized error relative to no intervention (ERNI) was (mV^2/m^2): -4151; for details about WCC 

and ERNI see Ruffini et al., 2014). Bi-hemispheric temporal lobe tACS montage was delivered by 

electrodes P7-P8-T7-T8 for the subjects of the Groups 2 and 3, considering these areas as the most 

affected by TAU proteins (Figure 5.1B). For all daily visits, tACS was applied for 60 minutes at an 

intensity of 2 mA, with a ramp up/down interval of 30 seconds. 40Hz stimulation frequency 

yielded 144000 cycles for every 60 minutes of stimulation. 
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Figure 5.1. Experimental design and tACS montages optimization. A) Preceding and following tACS 

intervention, PET, MRI, EEG were recorded; Neuropsychological (NPS) and activities of daily living (ADL) 

assessments were conducted; saliva samples were analyzed for BDNF (rs6265) and COMT (rs4628) ValMet 

polymorphism and apolipoprotein E (APOe) e2, e3, e4 allele. During 40 Hz tACS daily intervention we 

monitored EEG and safety and adverse effects. B) We adopted two stimulation solutions, one targeting the 

subject’s Aβ deposition (Group 1, on the left an example of one subject), and the other targeting bi-

hemispheric temporal lobe (Groups 2 and 3), with target maps defined on Aβ PET, CT, and T1-weighted MRI 

data. For all daily sessions, we placed 32 electrodes on the scalp to record EEG, although only a subset of 

the electrodes was used to deliver tACS. For all daily visits, the stimulation was applied for 60 minutes with 

intensity of 2 mA, with a ramp up/down interval of 30 seconds. SUVR = standard uptake value ratio. 
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Scalp EEG Recordings  

To monitor EEG resting-state dynamics throughout daily tACS visits intervention, whole scalp 32-

channel EEG was recorded using standard 10-20 montage according to the 10-20 International 

System (Jasper, 1958), for 10 minutes immediately before and after 40 Hz tACS. Participants were 

instructed to stay relaxed, to reduce movement and consequent muscular contractions. EEG was 

acquired by Starstim 32 (Neuroelectrics Barcelona, Cambridge) and was recorded from 32 tES-

compatible Ag/AgCl disk electrodes placed in: AF3, AF4, C1, C2, C3, C4, CP1, CP2, CP5, CP6, CZ, 

FC1, FC2, FC5, FC6, FP1, FP2, F3, F4, F7, F8, FZ, P3, P4, P7, P8, Pz, PO3, PO4, O1, O2, OZ. Recordings 

were online-referenced to the right mastoid at a sampling rate of 500 Hz and online filtered with a 

band-pass of 0.01–100 Hz. Electrode impedances were kept below 5 kΩ.  

EEG signal was also recorded while patients were performing a 1-back task within one week 

before starting the stimulation sessions, as well as within one week after completing the 

treatment. In this case the Event-Related Potentials (ERPs) have been analyzed. 

 

N-Back paradigm 

Previous studies showed that mild cognitively impaired (MCI) and AD patients are compromised in 

working memory functioning (Baddeley et al., 1991; Missonnier et al., 2007). Further studies also 

identified specific electrophysiological alterations of ERP components. In particular, when 

performing the N-back task a marked delay of P200 latencies was found in MCI patients relative to 

control participants (López Zunini et al., 2016; Missonnier et al., 2007), indicative of delays in 

storage and retrieval stages of working memory. Therefore we administered the N-Back task (Kane 

et al., 2007; Owen et al., 2005) before and following tACS intervention with the hypothesis that 

daily applications of 40 Hz tACS would drive a reduction of the P200 delay. 

Visual stimuli (letters) were presented using Presentation software (Neurobehavioral Systems, 

Inc., Albany, CA, USA), installed on a laptop PC (Dell Inc.). Stimuli were displayed on a 15-inch 

screen (refresh rate of 60 Hz). The sequence of the stimuli was pseudo-randomized. The visual 

material comprised capital letters from the alphabet (A, B, C, D, F, G, H, J). The onset time of each 

letter was of 1500 ms with an inter-trial interval of 3000 ms. The letters and fixation cross were 

presented in the middle of the screen on a light grey background. All letters were in black ink with 

a 54-point Arial font (Figure 5.2B). Participants received instructions about how to do the task, and 

then they practiced the task with the assistance of the investigator until they became familiar with 

the stimuli presentation and the response keys, and they were able to execute the task 
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autonomously. When ready, participants performed four blocks of 1-back task with 50 trials (40 

distractors, 10 targets, for a total of 200 trials) while EEG was recorded with the Starstim 

Neurostimulator device.  

 

Statistical analysis 

Resting-state EEG analysis 

Resting-state EEG has been analyzed using EEGLAB 14.1 (Delorme & Makeig, 2004) and 

Brainstorm, and customized scripts in the Matlab R2017b (MathWorks Inc.) environment. 

Specifically, recordings were band-pass and notch filtered, with high pass and low pass cut-off 

frequencies of 1 Hz and 70 Hz, respectively, and notch frequencies centered around 60 Hz. Then, 

the signal was visually inspected in order to remove bad electrodes or artifact not detectable by 

Independent Component Analysis (ICA). Finally, the ocular (e.g., blinks) and muscular components 

were isolated and subtracted using the ICA approach provided in EEGLAB 14.1, and the data has 

been re-reference to the average of the electrodes. Fast Fourier Transform (FFT) and Hilbert 

method were then used to measure spectral power (μV2/Hz) for each electrode site. Changes in 

power spectral densities (PSD) before and after the tACS were calculated, specifically absolute and 

relative power density values (μV2/Hz) were calculated within the delta (1-4 Hz), theta (4-7 Hz), 

alpha (8-13 Hz), beta (14-30 Hz), low gamma (35-45 Hz), narrow gamma (38-42 Hz) and high 

gamma bands (45-55 Hz) for each participant at each site. Relative power denotes the power in a 

frequency band as a percentage of the total power of the signal over the 1-55 Hz range.  

We hypothesized that the repeated 1-hour daily stimulation might have a carry-over/additive 

effect on the EEG spectral dynamics and might also depend on other factors (e.g. a good/bad night 

of sleep). Therefore, we calculate a within visit index that we called ACUTE effect (Visitn post - 

Visitn pre/ Visitn pre * 100), a between visits index called the DELAYED effect (Visitn+1 pre – Visitn 

post/ Visitn pre*100) and the sum of the two called TOTAL effect. The ACUTE, DELAYED and TOTAL 

effects for each daily tACS visit were determined across sessions for each participant and then 

averaged across participants. Finally, the grand average of ACUTE, DELAYED and TOTAL effects 

across all participants, all visits and all electrodes were calculated (Figure 5.2). From a statistic 

point of view, three separate one-way ANOVA were conducted to compare the effects of 40 Hz 

tACS on ACUTE, DELAYED and TOTAL effects in all EEG bands. Power changes were expressed as 

percentage relative power variations. Specifically, for each band we used this equation: Δ-power = 

(P-Post - P-Pre)/ P-Pre x 100, where Δ-power denotes the percentage relative variation of relative 
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powers, P-Pre and P-Post are the powers in the pre- and post-daily tACS, respectively. Note that a 

positive value of Δ-power means an increase in power and a negative one a decrease.  

ERPs analysis 

To isolate the ERPs from the ongoing EEG, the segments preceding and following each stimulus 

were extracted, applying a 30 Hz filter to visualize the ERP curves. A total of 200 trials for each 

subject have been detected. After discarding artifactual and error trials, we calculated the ERPs for 

each patient and then we calculated the grand average across all patients. Lastly, given that P200 

component has been shown to be maximal over the frontal region we clustered the electrodes F3, 

Fz, and F4. In total at group level, 1353 out of 3000 trials were considered for the analysis, 

resulting from the correct responses to target and distractor. The time window of -500 to 900 ms 

relative to the stimulus presentation was analyzed, and the pre-onset average was subtracted 

from the post-onset signal (baseline correction). Independent components analysis (ICA) was used 

to extract blinking and eye movements within the data. Therefore, two-tailed paired sample t-test 

corrected for multiple comparisons were conducted to compare pre and post tACS ERPs.  

5.2 RESULTS 

Adverse events 

All 15 patients completed the study and tolerated the tACS gamma induction intervention. The 

majority of patients reported mild adverse effects; one patient reported severe head pain and one 

reported hand tingling, however both effects were deemed unrelated to tACS application by the 

covering neurologist. All patients reported sensations that are commonly reported during the 

administration of other types of tES. The most frequently described sensations were a light 

burning sensation underneath the stimulation electrodes, tingling, itching, and mild headache 

induced by mechanical pressure from the stimulation cap (see Table 5.1). No serious adverse 

events were reported. Notably, less than 5% (9/200) of scheduled tACS visits were missed, 

indicating the low level of attrition and feasibility of the tACS gamma induction approach in AD 

(Table 5.2). 
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Table 5.1. Adverse events frequency, severity and attribution. 

ID GROUP
F S A F S A F S A F S A F S A F S A F S A F S A F S A

1 1 1 1 5 1 1 4 2 2 4 2 1 2 2 1 5 - - - - - - - - - - - -

2 1 1 1 5 - - - 2 1 4 - - - 2 2 5 - - - - - - - - - - - -

3 1 2 1 5 - - - 2 1 4 - - - 2 1 5 1 1 5 2 1 3 - - - - - -

4 1 2 1 5 2 1 5 - - - - - - - - - - - - - - - - - - - - -

5 1 2 1 5 - - - 2 1 4 - - - 2 1 5 - - - - - - 2 1 4 - - -

6 2 2 1 5 - - - 2 1 4 - - - - - - - - - - - - - - - 2 1 4

7 2 1 1 5 - - - - - - - - - - - - - - - - - - - - - - - -

8 2 1 1 5 2 1 5 1 1 4 - - - 1 1 5 - - - - - - - - - - - -

9 2 1 2 5 2 1 3 1 1 2 - - - 2 1 5 2 1 5 - - - - - - - - -

10 2 - - - - - - - - - - - - - - - - - - - - - - - - - - -

11 3 1 1 5 2 3 5 2 1 4 - - - 1 1 5 1 1 5 - - - - - - - - -

12 3 - - - - - - - - - - - - - - - - - - - - - - - - - - -

13 3 - - - - - - - - - - - - - - - - - - - - - - - - - - -

14 3 - - - - - - - - - - - - - - - - - - - - - - - - - - -

15 3 - - - - - - - - - - - - - - - - - - - - - - - - - - -

EYE PAIN TROUBLE CONCENTRATING HAND TINGLINGSENSATION HEAD PAIN VISUAL CHANGES NERVOUSNESS SCALP IRRITATION NECK PAIN

F= frequency, 1-constant, 2-intermittent; S= severity, 1-mild, 2-moderate, 3-severe, 4-life threatening, 5-

fatal; A= attribution, 1-unrelated, 2-unlikely, 3-possible, 4-probable, 5-definite 

 

Table 5.2. tACS daily visits and missing visits. 

ID Group 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

1 1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ x ✓ x           

2 1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓           

3 1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ x           

4 1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ x           

5 1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ x           

6 2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓           

7 2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓           

8 2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓           

9 2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓           

10 2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓           

11 3 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

12 3 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ x 

13 3 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

14 3 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ x 

15 3 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ x x x 

✓= visit completed; x= visit missed; Group 1 = 10 sessions of right-hemispheric tACS target each patient’s 
Aβ deposition map; Group 2 = 10 sessions bi-hemispheric tACS targeting both temporal lobes; Group 3 = 20 
sessions bi-hemispheric tACS targeting both temporal lobes. 
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Effects of tACS gamma on power 

Consistent with our hypothesis, EEG power spectral analysis of the TOTAL effect of tACS reveals 

that the gamma power increase is significantly greater compared to the other bands. Specifically, a 

one-way ANOVA revealed an effect of tACS on relative spectral power of all frequency band (F(6,63) 

= 5.01, p< 0.01). Post hoc analysis show that gamma power increase more than the power in other 

frequencies. In particular, a difference between gamma (M=12.61, SD=8.53) and theta (M=2.44, 

SD=2.21, t(9) = 3.80, p < 0.01), and alpha (M=5.37, SD=3.88, t(9) = 2.27, p < 0.01), and beta (M=3.94, 

SD=2.06, t(9) = 3.34, p < 0.01) was found (see Figure 5.2A). The effects of 40Hz tACS were greater 

for the gamma band (e.g., 35-60 Hz) than for activity in lower bands (e.g., theta, alpha, beta) 

supporting the predicted frequency specificity. Moreover, we performed a one-way ANOVA of the 

ACUTE effect (F(6,63) = 2.07, p = 0.06), and DELAYED effect (F(6,63) = 0.44, p = 0.8) (see Figure 5.2B), 

without finding any significant effect.  

 

Effects of tACS montage 

We tested the spatial specificity of the intervention by comparing the ACUTE relative power 

change in the gamma band (35-45 Hz). We compare bi-hemispheric temporal lobe and mono-

hemispheric montages, as a proxy of stimulated brain regions, and central electrodes as control 

regions (Figure 5.2B). The bi-hemispheric temporal cluster comprises the same electrodes of the 

groups 2 and 3 montages (P8-T8-P7-T7). The mono-hemispheric cluster comprises common 

electrodes of group 1 montage (F2-FC2-FC6-F6-CP6). The central cluster includes CP1-CP2-Pz 

electrodes. For group 1 we found a difference between mono-hemispheric electrodes (M=11.36, 

SD=22.05) and central electrodes (M=-0.44, SD=6.86, t(9) = 2.02, p=0.03). For groups 2 and 3 we 

found a difference between bi-hemispheric temporal lobe (M=11.05, SD=22.15) and central 

electrodes (M=-2.67, SD=8.89, t(19) = 3.12, p=0.03). As shown in Figure 5.2B, results indicate a 

greater increase of gamma activity in the areas underneath tACS stimulation electrodes as 

predicted by the biophysical model E-field distribution (Figure 5.1B).  

 

Effects of tACS number of sessions  

For the bi-hemispheric temporal lobe stimulation (groups 2 and 3), we also examined the dose-

response relation over two stimulation durations, 10 and 20 hours. For group 2 that received 10 

visits we found no difference between temporal lobe (M=3.14, SD=14.04) and central electrodes 

(M=-0.44, SD=6.86, t(9) = 0.88, p=0.2). Also, for the first 10 visits of group 3 we found no difference 
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between (M=11.35, SD=17.49) and central electrodes (M=-0.44, SD=6.86, t(9) = 0.88, p=0.2). In 

contrast for group 3 we found a difference between temporal lobe (M=10.75, SD=14.04) and 

central electrodes (M=-4.91, SD=6.86, t(9) = -2.28, p=0.04) considering visits 11-20. These results 

suggest that longer tACS intervention might lead to a sustained increase of gamma, which might 

be in line with previous studies using other non-invasive brain stimulation techniques (D’Agata et 

al., 2016; Winker et al., 2020). We also found that the cumulative effect over time is characterized 

by a trend of peaked gamma around mid-week (see Figure 5.2B).  

 

Effects of tACS on ERPs 

In order to analyze the effects of tACS on ERPs during the N-Back task, we used a permutation 

paired t-test to compare ERPs pre and post tACS intervention. To correct for multiple comparison, 

we adopted FDR correction by the Benjamini-Hochberg step-up procedure. Paired sample t-test 

corrected for multiple comparisons shows a reduction of P200 latency after the intervention (p< 

0.05), possibly indicative of faster working memory retrieval and storage phases. The shadowed 

area in the Figure 5.2C represents a significant difference in the P200 between pre and post tACS. 
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Figure 5.2. EEG power spectral dynamics and event-related potentials (ERPs) are shown. A) From left to 

right, a schematic illustration of gamma extraction by Hilbert transformation (bandpass filtered at 35-45 Hz, 

1 minute before and after daily tACS. Clearly observable are more frequent gamma burst at T2 (after the 

intervention, red line) than at T1 (before the intervention, blue line). Schematic illustration of ΔPower 

calculation. Grand average of ΔPower TOTAL effect across all frequency bands and all visits: the effects of 

40Hz tACS on gamma band (e.g., low γ 35-45, narrow γ 38-42 and high γ 45-60 Hz) are significantly greater 

than lower bands (e.g., theta, alpha, beta). B) Left: Grand average of ΔPower ACUTE (pre vs post tACS 

within session) and DELAYED (post vs pre tACS across sessions) effects across all frequency bands and all 

visits. Middle: schematic showing the position of the electrodes for group 1 (green) and groups 2 and 3 

(orange, red). Right: differential results between the 3 groups across daily visits: green line for Group 1, 

orange and red lines respectively for Groups 2 and 3, black line for the control site. Positive values 

represent the percentage increase of gamma power (35-45 Hz) during the treatment and light red 

rectangles depict weekends during treatment. C) Schematic representation of N-back task and event-

related potentials (ERPs) recorded during the N-Back task. Stimuli are presented while the EEG is being 

recorded. Frontal cluster average activity of the electrodes F3, Fz, and F4. P200 latency was found to be 

reduced after tACS intervention. Gray shadowed area represents a significant difference between pre (light 

blue line) and post (light red) tACS intervention. All data are shown as mean ± s.e.m. *p < 0.05. 
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Effects of tACS on cognitive tests 

Given the short duration of tACS intervention, we did not expect substantial changes in cognition, 

therefore neuropsychological assessment was administered before and following the tACS 

intervention primarily to assess the safety of tACS intervention. Although no significative changes 

were found in any of the cognitive measures, our results suggest that some patients showed a 

tendency towards improvement in declarative memory and language tasks. We report some of the 

results here for completeness, but they should be considered explorative results. Global cognition, 

evaluated by ADAS-Cog remained stable (pre: M=18.27, SD=7.68; post: M=18.11, SD=7.69). 

Activities of daily living (ADL) were assessed by a questionnaire covering multiple aspects of 

everyday personal activities (e.g., eating, bathing, dressing, shopping, keeping appointments, etc.), 

and remains stable (pre: M=68.5, SD=4.68; post: M=68.3, SD=6.23). The majority of patients 

showed signs of improvement in declarative memory and language assessed by Craft Story Recall 

(CSR) Delayed, (pre: M=3.87, SD=3.36; post: M=4.93, SD=4.30; see Figure 5.3 for individual 

datapoints, x axis pre tACS and y axis post tACS). The language and memory improvement were 

supported by caregivers' feedback. 

 

 

Figure 5.3. tACS effects on cognitive domain. A) changes in global cognition (ADAS-cog). B) activities of 

daily living (ADL). C) declarative memory (CSR-D). Legend: markers depict each patient, shapes are used to 

indicate the group: (i) square for Aβ Individualized, (ii) circle for bi-hemispheric temporal lobe 10 hours and 

(iii) triangle for bi-hemispheric temporal lobe 20 hours; colors indicate improvement or no change (green) 

and decline (blue) in performance after tACS gamma induction. These are exploratory results.  
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5.3 DISCUSSION 

Despite the open-label nature of the present study, it constitutes a first-in-human translational 

trial of recent evidence on the effect of gamma-induction in promoting protection against 

neurodegeneration documented in mouse model of Alzheimer’s Disease (AD) (Adaikkan & Tsai, 

2020; Iaccarino et al., 2016). In patients with mild to moderate AD, we investigated the clinical, 

neurophysiological, and cognitive impact of multiple daily sessions of tACS to induce gamma 

oscillations. To our knowledge, this is the first study addressing the effects of 40Hz tACS on 

individuals with AD during a 10-days long intervention. This study proved the feasibility and safety 

of this procedure for the studied population. Going further, a key result of our non-invasive 40 Hz 

tACS gamma-induction protocol is the significant increase of gamma oscillations throughout the 

intervention. Beside significant frequency-specific effects on gamma oscillations, we also observed 

that tACS generate greater effects on the brain regions underneath stimulation electrodes, 

indicating spatial-specificity and efficacy of the targeting approach. Further, prolonged tACS 

treatment leads to a cumulative impact on gamma oscillations throughout the daily stimulation 

sessions, suggestive of a dose-response relation which highlights the need to further explore tACS 

as a treatment in follow-up studies. Moreover, we show a significant improvement in working 

memory processing revealed by a reduction of P200 latency normally associated with dementia-

related cognitive decline. Finally, qualitative results of potential improvement in declarative 

memory, language, and activities of daily living have been reported.  

 

Safety and feasibility 

Although there is extensive evidence about the safety of tACS applied in healthy humans, we show 

for the first time that multiple sessions of gamma-tACS in AD are feasible, safe and well-tolerated. 

Normally, tACS is delivered for 10-20 minutes duration in a single session (Antal et al., 2017), 

whereas here we provide further support of the feasibility of multiple consecutive 1-hour daily 

sessions of 40Hz tACS in AD patients. Moreover, here we administered tACS via multiple 

electrodes adopting a multi-focal stimulation approach that allows for stimulation montages based 

on up to 32 stimulating channels, in contrast to the conventional two electrodes administration of 

tACS. We also included the careful stimulation design defined through MRI-based modeling of 

induced electric field, resulted in more realistic, individualized montages, which might become 

crucial when targeting Aβ in AD patients. Given the novelty of this stimulation approach, we 

continuously monitored adverse events throughout tACS intervention. We found that the majority 
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of patients reported only minor adverse events that are generally described also during standard 

short tACS –or tDCS/tRNS— protocols. For instance, mild itching, tingling, burning sensations 

under the stimulating electrodes, discomfort, and tiredness for the long protocol, which can be 

efficiently handled (e.g., by adding conductive gel, improving skin-electrode contact, etc.). The fact 

that no serious adverse events were reported is noteworthy since the prolonged exposure to tACS 

in a vulnerable clinical population such as AD is unprecedented.  

 

Gamma induction, temporal and spatial specificity 

Several studies have shown that gamma oscillations are decreased in AD (Palop & Mucke, 2016). 

Iaccarino and collaborators (2016), using mice model 5XFAD, investigated how AD affects gamma 

rhythms under the hypothesis that abnormal neuronal states play a key role in the symptoms of 

the disease. They found that reduced levels of gamma power in the hippocampus of 5xFAD mice 

preceded the accumulation of amyloid plaques and cognitive impairment (Iaccarino et al., 2016). 

Furthermore, the authors reported a reduction of Aβ levels after 1 hour of optogenetic stimulation 

or flickering light stimulation at 40Hz. This effect was related to the activation of GABAergic 

neurons, which in turn activated microglia, allowing for amyloid plaque depletion, improving 

behavior, and ultimately promoting protection from neurodegeneration (Adaikkan et al., 2019). 

These studies proved that optogenetic and multisensory stimulations are recognized methods for 

gamma-induction in animal models of AD (Adaikkan & Tsai, 2020; Cardin et al., 2009; Martorell et 

al., 2019; Sohal et al., 2009). Here we investigated non-invasive gamma-induction via tACS in AD 

patients, showing a significant increase of gamma oscillation throughout the intervention. 

Although there is accumulating evidence that tACS can be used to synchronize frequency-specific 

neuronal networks in healthy humans (Helfrich et al., 2014; Herrmann et al., 2013; Witkowski et 

al., 2016), we show for the first time that tACS produces a significant change in gamma oscillations 

in AD. Our results, indicating that 40 Hz tACS specifically upregulates fast oscillations in AD, are 

important considering that generalized EEG slowing is a hallmark of AD and correlates with 

cerebrospinal fluid (CSF) biomarkers and poorer cognitive outcome (Stomrud et al., 2010). 

Although the mechanisms underlying the after-effects of tACS are still subject of investigations, 

converging evidence from intracranial recordings in awake nonhuman primates suggests that tACS 

modulates spike timing activity of neurons in a frequency-specific manner (Alekseichuk et al., 

2019; Krause et al., 2019). However, future studies that better clarify the mechanisms of tACS in 

humans and the potential application to clinical populations are needed. 
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Moreover, we investigated the effects of prolonged exposure to 40 Hz tACS by recording 

longitudinal EEG data during each daily session. We show that the repeated daily administration of 

tACS produced significantly greater effects over time (e.g., 20 vs 10 sessions), suggesting a 

cumulative effect of tACS on gamma oscillations. Earlier studies provide evidence of Hebbian-type 

neuroplasticity modifications of synaptic strength following repetitive daily application of other 

non-invasive brain stimulation techniques (e.g. rTMS and tDCS)(Huang et al., 2017; Koch et al., 

2013; Revill et al., 2020). Our results extend current evidence demonstrating that also 40 Hz tACS 

yields an additive effect on gamma neural dynamics. Intriguingly, the cumulative tACS action is 

marked by a maximum gamma peak level around mid-week followed by a period where the 

effectiveness of tACS diminishes. Thus, the repeated exposure to 40 Hz tACS appears to cause a 

drop in the brain response to the stimulation around mid-week, probably caused by a mirrors 

habituation (Cohen et al., 1997; Rankin et al., 2009), in which the response to tACS decreases after 

repeated consecutive prolonged exposure.  

Furthermore, to examine the spatial specificity of tACS intervention, we adopted two stimulation 

solutions, one targeting individual subject Aβ deposition (Group 1), and the other targeting Bi-

hemispheric temporal lobe (Groups 2 and 3). Recent major technological developments presently 

enable individualized multi-electrode stimulation solutions based on modeling of current 

distribution to optimize the precision of tACS targeting (Fischer et al., 2017; Ruffini et al., 2014). 

We analyzed the differences between the proxy of stimulated regions and a group of central 

electrodes as control regions (Figure 5.2), showing that gamma increases more in the proximity of 

the stimulation electrodes as predicted by biophysical modeling, thus supporting spatial 

specificity. These results are important because they provide preliminary validation for targeting 

optimization integrating different imaging modalities in AD. 

 

ERPs and Cognitive effects  

For a physiological point of view, we showed a significant reduction of P200 latency in the n-back 

task after tACS gamma-induction. As well-known in literature, P200 expresses retrieval and 

storage phases in memory domain and it is significantly delayed in mild cognitive impairment 

(MCI) in contrast to healthy controls (López Zunini et al., 2016). Our observed changes indicate 

that tACS gamma-induction speeds up working memory processing in AD patients. Despite 

preliminary, these results showing initial signs of a potential effect of gamma-induction on 

cognitive processing are very encouraging. However, we can not exclude that the observed effect 
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is a consequence of the basic attentional levels’ improvement or of the practice effects. Therefore, 

future investigations with sham-controlled designs are necessary to disentangle these novel 

findings. 

The effects of tACS on cognitive domain has been investigated through an extensive 

neuropsychological battery. tACS gamma-induction did not significantly affect the tests, however 

we found interesting evidence of improved declarative memory in the CSR-Delayed Paraphrased. 

This result is especially salient because declarative memory is one of the most sensitive signs of 

memory loss in the early stages of AD. In this task, patients hear a brief story, each containing 25 

informational bits, and were asked to recall as much as possible both immediately and after a 10 

minute delay period using the same words (verbatim) or other similar words (paraphrased) (Craft 

et al., 1996). We found that 75% of patients improved in the paraphrased delayed recall after tACS 

gamma-induction (Figure 5.3). Even though these results should be interpreted carefully because 

only qualitative, they were mirrored by the subjective reporting of improvement in word finding 

and episodic memory by the patients’ caregivers (e.g., "I noticed an improvement in word finding", 

"He remembered his appointments", etc.).  

 

Limitations of the study and future directions  

In this Chapter, I reported only the data results I had the opportunity to analyze during my period 

abroad in Boston. Surely, the main limitation of the results presented here is the lack of a control 

condition. However, this is an ongoing research, and the center in Boston is working on extending 

the sample and including a control group that will receive the sham protocol. This implementation 

will allow us to draw conclusion about whether the observed effect is caused by the 40 Hz 

stimulation and not by placebo effects or confounding variables. Future studies should also 

consider controlled sham designs leveraging novel solutions for placebo control (Neri et al., 2019). 

Within-subject study designs may also allow for comparison between sham and real tACS 

stimulation keeping a low variability in the data. Moreover, the small sample size limited the 

statistical power of our study. Using a larger sample size will increase the power to detect changes 

in event-related synchronization or desynchronization, as well as increase the signal to noise ratio 

in the EEG recordings during the N-back task. In order to better investigate the spatial localization 

of tACS, the higher density EEG montages could be useful considering the stimulation space 

specificity and the recordings spatial resolution, allowing the implementation of source 

reconstruction techniques to localize the stimulation effects more efficiently. Furthermore, 
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implementing MEG could improve the gamma oscillations’ detection and localization. Such 

technique reliably measures gamma (Cheyne & Ferrari, 2013; Tan et al., 2016) and could increase 

the spatial resolution of recordings both by using a high number of sensors to quantify brain 

activity and by its immunity to volume conduction effects. Additionally, new techniques as 

oscillatory transcranial direct current stimulation (o-tDCS) and close loop tACS may be explored in 

the future. Finally, studies in animal models and humans found an association between sleep 

deprivation and Aβ protein burden (Mander et al., 2016; Shokri-Kojori et al., 2018). Furthermore, 

gamma oscillations have been reported during slow-wave sleep in intracranial EEG recordings 

(Valderrama et al., 2012). These findings, together with the possible capability of 40Hz stimulation 

to reduce amyloid-beta burden, encourage the study of the effects of 40Hz tACS during slow-wave 

sleep. Stimulation at this brain state could generate a stronger response regarding the state 

dependency of tACS effects. 
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 CONCLUSIONS 

 

The ambition of this dissertation was to discuss new applicative approaches of Non-Invasive Brain 

Stimulation (NIBS) combined with neuroimaging techniques, aimed at improving safety and 

applicability of these methods. For this purpose, various implementation of neuroimaging 

techniques to gain more understanding about the mechanism of action of NIBS has been 

discussed. Moreover, we highlighted the potentiality of neuroimaging to personalized NIBS 

protocols through the experiments presented as independent landmark, although strictly 

connected to one another. In particular, we started from theoretical assumptions useful to 

understand and explain the meaning of the disclosed studies, we presented three different meta-

analysis showing how neuroimaging techniques can be used to lead biophysical modeling and 

personalize NIBS protocols, and we concluded with a validation of this methodology through the 

results of two different experiments implemented on healthy and AD patients.  

In Chapters 1 and 2 an overview of the current options for brain stimulation and neuroimaging 

methods has been provided, mostly focusing on the techniques used (tDCS, tACS and fMRI). The 

emphasis has been placed on the possibility to integrate NIBS and neuroimaging techniques 

through biophysical modeling. Computational electric field modeling has shown that the individual 

brain geometry can substantially impact the strength and distribution of the NIBS-induced electric 

field. Individual head model can be derived from anatomical MRI data and segmented in different 

tissue types with specific conductivity value. However, instead of calculating the NIBS-induced 

electric field given the coil/electrodes positions and the subject-specific head model, an inverse 

method might be useful to calculate the optimal target for the stimulation, thus fMRI data can be 

useful for accurate, orientation specific conductivity mapping, and to lead the targeting of NIBS 

protocols. This targeting approach based on fMRI data have matured over the last few years, given 

now the possibility to target not only a single brain area, but also an entire RSN, offering a more 

precise stimulation. In Chapter 3, three different examples on how meta-analytic studies can be 

used to drive the targeting of NIBS through biophysical modeling have been presented. In the 

Study 1 we identified stimuli-, presentation modality- and contrast- dependent brain activity maps 

for n-back processing in humans. While providing insight on working memory processing in 

healthy subjects, the study aimed at informing also future neuroimaging investigations. For this 

purpose, based on the topography of the functional network associated to the n-back task, 
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biophysical modeling of potential brain stimulation solutions has been suggested. By unifying and 

guiding targets for future brain stimulation protocols on healthy subjects, the present work also 

intended to reduce the observed variability in the outcome of cognitive enhancement studies, that 

have used bilateral dlPFC as target, without considering the network-stimulation approach. 

However, the stimulation target suggested for healthy subjects may not be effective in patients 

with WM deficits. Therefore, in Study 2 similarities and differences in brain activity within 

neurodevelopmental and psychiatric populations during the n-back task have been revealed. As in 

the previous study, the aim was to provide information about neural bases in psychiatric and 

ADHD patients while performing the n-back task, offering a comparison to activation in healthy 

controls. Moreover, this study also aimed at suggesting new potential targets for personalized tES 

interventions. The results encourage the fMRI-guided montage stimulation and hint at future 

studies applications to enhance WM in clinical cohorts, stressing the use of multichannel approach 

to stimulate other brain regions functionally more activated in these patients instead of the 

common dlPFC. Mapping the functional network associated with a specific cognitive function is 

not the only way to lead biophysical modeling. For example, several studies have recently 

suggested the use of rs-fcMRI maps as the perfect targets for stimulation. Consequently, the 

mixed results obtained in literature by stimulating through NIBS patients affected by Disorder of 

Consciousness (DoC) led us to investigate the neural correlates of this disease. Considering this as 

crucial landmark for the conceptualization and application of effective therapeutic interventions, 

we also investigated their functional connectivity and used the network mapping approach in 

order to better understand the topography of this disease. Network mapping performed on brain 

regions resulting from our metanalysis suggested a link between brain regions altered in DoC 

patients and two sets of brain networks representing internal mentation/cognitive control and 

sensory/salience processing, respectively. Based on biophysical modeling of network alterations, 

two different neuromodulation approaches have been presented. The results suggested that the 

most effective brain stimulation solution for patients with DoC involves stimulation of a network 

resembling the DMN and FPCN, promoting the value of network mapping and personalized 

montage optimization in future DoC studies. Overall, Chapter 3 has shed light into the utility and 

possibility of using brain networks as target for future neuromodulation studies in healthy and 

clinical cohorts. Since the human brain is organized in functional networks composed of multiple 

regions, brain stimulation solution allowing to modulate network activity are needed. Nowadays, 

the network stimulation approach has been investigated in few studies, confirming its success 
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from a physiological point of view on sensorimotor network (Fisher et al., 2017), but no one has 

demonstrated the effects at neuroimaging level. Therefore, considering the motor cortex as one of 

the most examined area in the brain, we decided to test the network specificity of multichannel 

stimulation approach in modulating the functional connectivity of the sensorimotor network. 

Consequently, in the Chapter 4 we proved that network stimulation approach, leveraging through 

multifocal tDCS solution informed by resting-state fMRI connectivity patterns of M1, can increase 

the precision of brain networks targeting in humans. In particular, we provided evidence of the 

efficacy of network-targeted electrical stimulation, showing an increase of the spontaneous 

activity of the targeted sensorimotor network, as well as a possible modulation of its interplay 

with other brain networks. The possibility of inducing functional effects on multiple network nodes 

at the same time while affecting both local and network-to-network connectivity dynamics might 

be relevant for the optimization of brain stimulation in clinical populations where alterations of 

network connectivity rather than single brain areas have been documented, as well as for 

cognitive enhancement purposes. Following the just mentioned aims, in the Chapter 5 we used 

the images-guided targeting approaches determining the feasibility and safety of ten 1-hour-long 

sessions of gamma induction via 40 Hz transcranial alternating current stimulation (tACS) in 

patients with mild to moderate Alzheimer’s disease (AD). Based on the recent literature showing 

the decrease of amyloid-β plaques and the improvement of cognitive benefits after the induction 

of gamma frequency through sensory stimulation on animals (Iaccarino et al., 2016; Rajji, 2019, 

Adaikkan et al., 2019), multifocal tACS protocols have been optimized based on combined T1-

weighted MRI and amyloid-beta (Aβ) PET images targeting regions with maximal Aß burden. 

Considering this was the first study addressing the effects of 40Hz tACS on individuals with AD 

during a 10-days long intervention, the results proved the safety and feasibility of this procedure. 

Moreover, a cumulative increase in gamma power throughout tACS intervention, spatially 

localized in the regions predicted by biophysical modeling, demonstrated the frequency and 

spatial specificity of this treatment. Additionally, the significant improvement in working memory 

processing revealed by a reduction of P200 latency normally associated with dementia-related 

cognitive decline, suggests personalized 40 Hz tACS gamma-induction as a potential therapeutic 

intervention for AD.  

This dissertation has some limits and some questions that remain unanswered, every study we 

have presented has its specific limitations due to the research implementation. However, 

considering the general work, I can affirm that using information from neuroimaging to obtain 
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patient- or function- specific brain stimulation protocols, taking into account the network-to-

network connectivity, might decrease the inter-individual variability and potentially also increase 

the overall clinical effectiveness.  

In this thesis, neuroimaging techniques have been used to investigate the effect of NIBS but also 

to lead the targeting optimization by using biophysical modeling. However, in future studies also 

the stimulation intensity, timing and frequency might be subjects for personalization of tES 

protocols. The individual stimulation frequency, for example, might be derived from off-line EEG 

recording, whereas optimizing timing of the stimulation might require real time EEG or MEG 

recording during every stimulation procedure through a closed-loop system. Furthermore, 

simultaneous TMS-fMRI or TMS-EEG might help to optimized subject-specific stimulation intensity 

recording the effects of stimulation in terms of BOLD activity or TEPs. Nevertheless, future studies 

need to be performed to investigate if these patient’s specific stimulation parameters improve the 

clinical efficacy. Moreover, considering the clinical cohort, it will be equally important to learn 

about the patient and the pathology that needs to be treated. Overall improvement of the clinical 

efficacy of brain stimulation techniques is an iterative process: more knowledge about stimulation 

techniques can improve the knowledge about pathology and vice versa. Besides, efficiency of 

brain stimulation might be increased by combining stimulation treatment with other types of 

treatment, such as for example psychotherapy or cognitive therapies.  
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