
Advancing Transcranial Electrical Stimulation for

Personalised Cognitive Enhancement

Jake Toth

26th February 2025
Version: Final copy





Advancing Transcranial Electrical

Stimulation for Personalised Cognitive

Enhancement

by

Jake Toth

A dissertation submitted to

The University of She�eld

in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

26th February 2025



Jake Toth

Advancing Transcranial Electrical Stimulation for Personalised Cognitive Enhancement

PhD Dissertation, 26th February 2025

Supervisors: Dr Mahnaz Arvaneh

Dr Méadhbh Brosnan

The University of She�eld

Department of Automatic Control and Systems Engineering

Amy Johnson Building

Portobello Street

Sheffield, S1 3JD



v



"Dave suddenly turned to

me and said you know,

these are the good old

days. I don’t think I

would have been more

startled if David had

announced he was a

Martian. I don’t

remember what I said,

but I do remember what I

thought, I don’t think so!"

... "But you know what,

Dave was right."

Michael Abrash
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Abstract

Transcranial electrical stimulation (tES) demonstrates potential for cognitive enhancement,

including improvements in vigilant attention. However, its efficacy across the population is

limited by numerous challenges, including inter-individual variability in the electric fields

induced by tES and brain-state dependent responses to stimulation.

This thesis first presents a comprehensive literature review critically analysing challenges in

non-invasive brain stimulation (NIBS) research, encompassing the principal brain stimulation

modalities and sources of variability. Recommendations are presented, including accounting

for inter-individual variability, inclusive research practices, improving spatial precision, and

the use of multimodal and multi-site stimulation, among others.

Following the literature review, this thesis addresses the challenge of accessible, participant-

specific tES dose control through a novel MRI-free approach developed using the largest

electric field modelling simulation of its kind. This scalable approach, which utilises read-

ily available demographic and morphological data, significantly reduces peak electric field

strength variability across participants compared to fixed-dose stimulation.

Commercial and academic trends within NIBS and tES are analysed to assess the market

readiness for the proposed MRI-free tES dosing approach. This includes a systematic search

of academic publications across NIBS modalities and of clinical trials utilizing tES. In addition,

the current state of the commercial usage of tES and intellectual property challenges are

discussed.

This thesis then explores the electrophysiological correlates of vigilant attention during

a continuous random-dot motion task, known to measure spatial attention performance.

Electroencephalography features associated with arousal, active attentional suppression and

off-task thought are identified. Potentially enabling the future development of brain-state

dependent stimulation.
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Subsequently, a within-subject sham-controlled electroencephalography and transcranial

direct current stimulation experiment investigates the effects of transcranial direct current

stimulation applied to the right dorsolateral prefrontal cortex on vigilant attention. While no

significant effects were observed, the methodological insights of this work are discussed.

Together, the advances presented in this thesis contribute to a multifaceted approach to

addressing key challenges in NIBS research. This thesis proposes a scalable approach to per-

sonalized tES dosing, insights into the electrophysiological underpinnings of vigilant attention

and offers broader NIBS recommendations. Ultimately, these contributions aim to advance

translational, accessible, and individualized cognitive enhancement.
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1.1. Background

Non-invasive brain stimulation (NIBS) is the use of electricity, magnetism, ultrasound and/or

light to modulate brain activity without the requirement of surgery or pharmaceuticals. NIBS

o�ers a safe [1�4] approach to modulating brain activity with greater patient acceptability

than invasive or pharmaceutical approaches [5].

Transcranial electrical stimulation (tES) is an established NIBS modality that works by apply-

ing electrical currents through electrodes placed on the scalp to stimulate the brain, altering

neuronal excitability [6]. tES has a wide range of applications including treating depression

[7], schizophrenia [8], and medically refractory epilepsy [9].

However, the e�cacy of tES-based interventions varies on both an inter-individual and

intra-individual basis. Inter-individual variability can be due to many factors, including ge-

netics [10], age [11], sex [12] and the existence of brain lesions [13]. A key area of concern

for tES research is the variability in the electric �eld (E-�eld) generated in the brain. This

E-�eld can vary between individuals with the same dosage applied by up to 100% [14]. To

address this variability, current �ow modelling guided by participant-speci�c magnetic res-

onance imaging (MRI), is used to approximate participant-speci�c E-�elds and subsequently

participant-speci�c tES dosing [15, 16]. Despite the extensive validation of current �ow mod-

elling [17�19], many studies do not take advantage of its capabilities. This may be partly

explained by the additional time, cost and complexity associated with collecting MRI data

and simulating participant-speci�c E-�elds. This approach con�icts with the cheap and ac-

cessible nature of tES [20].

Intra-individual variability to tES, i.e. the variability in e�cacy in the same individual over

a period of time, can also be explained by many factors, including circadian rhythms [21],

ca�eine [22] and more broadly the functional state of the brain during stimulation [23, 24].

Brain state-dependent tES has been demonstrated with transcranial alternating current stim-

ulation (tACS) by adjusting the phase and frequency of the stimulation based on EEG data

[25]. Initial proof-of-concept studies have also demonstrated the feasibility of closed-loop

tDCS with short-duration tDCS based on task timing [26] and the real-time adaptation of

current magnitude based on EEG markers [27].

While the applications of tES are broad, vigilant attention (VA) enhancement is particularly

pertinent. VA, also known as sustained attention, is the ability to maintain the conscious pro-

cessing of non-arousing stimuli for prolonged periods [28]. VA performance is also related

to abilities in other executive and �uid areas of cognition [29]. A de�cit in VA has real-world
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implications; for instance, VA performance is reduced in older adults [30] and is associated

with an increased risk of falls [31]. Additionally, reduced VA performance has been associ-

ated with higher driving speeds in a simulated driving task [32]. tES has shown potential in

enhancing VA [33].

A broad set of challenges remain in optimising tES e�cacy, including the adoption of

personalised tES to reduce inter-individual variability and adapting tES to the functional state

of the brain.

1.2. Motivation

tES o�ers an accessible and safe approach to modulating brain activity. However, tES has

limited translational uptake, in part due to inconsistent e�cacy between individuals and within

individuals over time [34]. This work is motivated to address these barriers by developing

accessible participant-speci�c dose control, thereby accelerating the development and adop-

tion of tES. Additionally, there is an exploration into the potential incorporation of the dynamic

functional state of the brain into tDCS-based VA enhancement. Ultimately, the motivation of

this work is to advance cognitive enhancement through non-invasive brain stimulation.

1.3. Aims and Objectives

The aim of this work is to explore inter and intra-individual variations in the response to

tES to inform strategies that could enable personalised, accessible and e�ective cognitive

enhancement. To ful�l this aim, I propose an investigation into the relationship between

head morphology and demographic factors with tES dose as well as electrophysiological

and behavioural correlates with VA.

The aforementioned aim will be addressed through the satisfaction of the following object-

ives:

1) Develop an accessible approach to participant-speci�c tES dose optimisation to re-

duce inter-individual E-�eld variability. The following tasks are necessary to achieve

this objective.

ˆ Investigate the correlations between head morphology and demographic factors

and the strength of the E-�eld induced by tES.
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ˆ Develop a modelling approach to predict participant-speci�c dosing and ro-

bustly evaluate its performance on out-of-sample participants.

ˆ Evaluate the market readiness to adopt this personalised dose estimation ap-

proach.

2) Investigate electrophysiological and behavioural correlates with tDCS e�cacy for

VA. The following tasks are necessary to achieve this objective.

ˆ Investigate electrophysiological biomarkers associated with de�cits in VA in

humans.

ˆ Investigate associations between electrophysiological and behavioural mark-

ers and the application of tDCS. Testing for any associations with these mark-

ers and tES outcomes.

ˆ Investigate the relationship between the predicted E-�eld strength (using al-

gorithms from Objective 1) and outcome measures for VA.

Figure 1.1.:Schematic representation of the thesis aim, challenges, and objectives to advance personalised tES

strategies for cognitive enhancement.
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1.4. Thesis Overview

The following thesis overview describes the layout of this work and how each chapter relates

to the previously listed objectives.

ˆ Chapter 2: This chapter provides a broad perspective on the obstacles and op-

portunities of NIBS research. In doing so, it provides a foundation for addressing

the aims and objectives of this thesis. In this chapter, the four main NIBS modal-

ities and their mechanisms are discussed. Therea€er, the challenges facing NIBS

research are critically examined. This includes an overview of the sources of vari-

ability in NIBS, including head and brain morphology, neuron type and orientation,

exogenous stimuli, endogenous activity and stimulation parameters. Finally, future

research directions are considered, including closed-loop NIBS, inclusive research

practices, approaches to spatial precision, multimodality and addressing the sample

size problem. To conclude, this chapter discusses the implications of this work on

NIBS research.

ˆ Chapter 3: To address objective 1, in this chapter, an MRI-free transcranial electrical

stimulation dose standardisation algorithm is proposed. To achieve this, 10 tES

montages are simulated utilizing MRI scans from 418 participants. Subsequently,

a series of correlational analyses con�rm that age, head circumference, cephalic

index and body mass index are inversely correlated with the simulated peak elec-

tric �eld strength. These measures, along with the participant's gender, are then

used in regression models to estimate participant-speci�c tES dosages without their

respective MRI scans. These models signi�cantly reduce the peak electric �eld

strength variation in all conventional and one of four HD montages. In addition,

these models explain 43% of the peak E-�eld strength variation in conventional

montages and 21% in HD montages on unseen individuals. Further, the use of

linear and non-linear regression models incorporating inter-electrode distance are

explored to personalize tES dosing in novel montages. These models, tested against

unseen montages and individuals, explain 36% and 13% of peak E-�eld strength

variations in conventional and HD montages, respectively. To conclude this chapter,

the impact of this work on tES research and future research directions is discussed.

ˆ Chapter 4: This chapter reviews the literature pertaining to the ful�lment of object-

ives 1 and 2. To achieve this, the literature on VA is �rst discussed. This includes

the theoretical frameworks that attempt to explain its mechanisms, relevant neur-

omarkers and approaches to experimental design and the measurement of VA.
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Subsequently, previous attempts to enhance VA using tES are considered. There-

a€er, this chapter explores approaches to personalize tES and provide 'closed-loop'

stimulation that responds to existing brain activity. Finally, this chapter concludes

with a discussion of the current state and gaps within the literature regarding tES

for VA enhancement.

ˆ Chapter 5: This chapter addresses objective 2 by exploring electrophysiological cor-

relates with VA in a continuous random-dot motion task. In this chapter, frequency

domain features associated with VA performance were analysed. This analysis

con�rms established EEG markers, including frequency bands associated with low

arousal, active attentional suppression and o�-task thoughts found to be signi�c-

antly correlated with reaction times. Time domain (event-related potential) features

were not visible, which is inferred to be potentially due to ongoing motor processes.

ˆ Chapter 6: This chapter addresses objective 2 by investigating the e�ects of tDCS on

VA. Twenty-nine healthy adults participated in a within-participants, sham-controlled

study in which they received sham, 1mA and 2mA of anodal tDCS to the right dor-

solateral prefrontal cortex during a continuous random-dot motion task. Resting-

state EEG, ADHD questionnaire scores, and other participant-speci�c predictors

were collected to examine potential predictors of tDCS e�cacy. Electric �eld sim-

ulations were also performed to compare the montage used with previous work.

Contrary to expectations, no signi�cant e�ects of stimulation on behavioural meas-

ures were observed. The chapter discusses potential methodological limitations and

provides recommendations for future tDCS studies on VA.

ˆ Chapter 7: This chapter addresses objective 1 by evaluating the potential impact and

adoption of the accessible dose standardisation so€ware developed in Chapter 3.

A thorough evaluation of the trends in non-invasive brain stimulation publications

is performed to achieve this. In addition, conditions that tES clinical trials target

are assessed. A€er that, a list of companies and competitors is compiled, and a

series of conversations with businesses is discussed. Finally, intellectual property

challenges are examined. The chapter concludes by assessing the commercial

viability of this work.

ˆ Chapter 8: Finally, Chapter 8 concludes this thesis. The key achievements and the

ful�lment of the research objectives are discussed. Therea€er, future directions in

which this research can be taken and improved upon are considered.
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1.5. Key Contributions

The key contributions of this work are as follows:

a) The implementation of an accessible tES dosing algorithm that uses ac-

cessible morphological and demographic information to estimate participant-

speci�c tES dosing. This contribution is described in Chapter 3.

b) The development and implementation of an experiment on human parti-

cipants applying EEG-tDCS during a VA task with a series of measures

including behavioural, morphological, electrophysiological and demo-

graphic. This contribution is described in Chapter 6.

c) An analysis of the �eld of tES examining commercial, academic and clin-

ical trends. This contribution is described in Chapter 7.

d) The contribution of the paper "Obstacles and Opportunities in Non-Invasive

Brain Stimulation" which provides a broad survey of the literature de�n-

ing key recommendations for the �eld of non-invasive brain stimulation.

This contribution is described in Chapter 2.

e) The contribution of the conference paper "Electrophysiological Correlates

of Response Time in a Vigilant Attention Task", which rea�rms previous

works on electrophysiological associations with VA. This contribution is

described in Chapter 5.

1.6. Works Published During This PhD

1. A journal article was published in Frontiers in Human Neuroscience broadly

discussing non-invasive brain stimulation research. This work is discussed in

Chapter 2.

J. Toth, D. Kurtin, M. Brosnan, M. Arvaneh. Opportunities and Obstacles in

Non-Invasive Brain Stimulation,Frontiers in Human Neuroscience, 2024.

2. At the time of writing, a journal article discussing our approach to predicting

the peak electric �eld induced by tES without participant-speci�c MRI scans

has been submitted for publication. This work is discussed in Chapter 3.
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J.Toth, R. King, B. Ivanov, M. Brosnan, M. Arvaneh. Dose Standardization for

Transcranial Electrical Stimulation: An Accessible Approach, under review for

publication in theJournal of Neural Engineering.

3. A conference paper was presented at the IEE EMBC 2022 conference. This

work investigated electrophysiological correlates of response time in a random-

dot motion task using two electroencephalography channels. This work is

discussed in Chapter 5.

J. Toth, R. Patel, M. Arvaneh. Electrophysiological Correlates of Response Time

in a Vigilant Attention Task. In2022 44th Annual International Conferences

of the IEEE Engineering in Medicine & Biology Society (EMBC) Conference,

Glasgow, UK, July 2022.
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2.1. Introduction

The contents of this chapter have been published in the journal "Frontiers in Human Neuros-

cience" [35].

In order to address the aims and objectives of this thesis, I �rst explored the �eld of non-

invasive brain stimulation (NIBS) more broadly. In this chapter, the predominant NIBS mod-

alities and their mechanisms are discussed. The opportunities within this �eld are explored,

including the sources of variation that impact NIBS e�cacy. In this chapter, areas of op-

portunity in NIBS, such as inclusivity and closed-loop stimulation, are discussed. Finally,

recommendations to guide the future of NIBS research are proposed.

The human brain, comprising approximately 80 billion neurons and a similar number of

glial cells [36], is a highly complex organ. The brain consumes approximately 20% of the

body's metabolic budget while constituting only 2% of its mass [37]. The outsized cardiovas-

cular intake of the brain sustains its many parallel processes, estimated at¹0•18-6•4º � 1014

traversed edges per second [38]. Neuromodulatory interventions aim to deliver targeted

perturbations of these neural processes, identifying the optimal targets and methods poses a

signi�cant challenge. Additionally, neuromodulation must take into account the cerebrospinal

�uid, meninges, skull and scalp in which the brain is ensconced. Yet the ability to modulate

brain activity without surgery, both in the cortex and in deep brain structures, has been

demonstrated through a broad spectrum of approaches [39].

NIBS is a promising approach for improving brain health and quality of life. Moreover, when

appropriately con�gured it presents minimal risks and costs when compared to invasive brain

stimulation [1�4]. Greater patient acceptability facilitates the translation of NIBS to a broader

range of applications. For instance, patients with moderate Parkinson's disease consider

invasive deep-brain stimulation to be a last resort [40]. In a survey of the general public,

ultrasound and magnetic stimulation were preferred over pharmaceuticals and implants as

an intervention for mental health [5].

Applications of NIBS include personalised, intermittent theta-burst transcranial magnetic

stimulation (TMS), which has been approved by the Federal Drug Administration [41] and

boasts a 79% remission rate for patients with treatment-resistant depression [42]. Transcra-

nial electrical stimulation (tES) is being trialled by the National Health Service in the United

Kingdom for the treatment of depression [43]. The treatment of drug addiction has promise

in preliminary trials using low-intensity focused ultrasound stimulation (LIFUS) [44]. NIBS has

also been used for the reduction of chronic pain [45] and the enhancement of attention [33]
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and memory [46] in the ageing brain.

NIBS shows promise as a therapeutic intervention for various neurological and psychiatric

conditions for both its wide-ranging neuromodulatory capabilities and the accessibility of

large-scale manufacturing. The manufacturing of NIBS devices relies largely on the existing

electronics manufacturing industry. As a result, it has the potential to scale quickly. This

could potentially facilitate adoption curves akin to those seen for blood oxygen sensors or

consumer electronics products within the respective patient groups. At this scale and speed,

NIBS could have a substantial translational impact. However, the realisation of NIBS's potential

is contingent upon surmounting several signi�cant barriers. In this chapter, the di�erent

approaches to NIBS and their mechanisms of action describe major challenges facing the

�eld and explore opportunities to overcome them.

2.2. Modalities and Mechanisms of Non-Invasive Brain

Stimulation

The four primary approaches to non-invasive brain stimulation are transcranial electrical

stimulation (tES), transcranial magnetic stimulation (TMS), transcranial photobiomodulation

(tPBM) and transcranial ultrasound stimulation (TUS). Figure 2.1 provides an overview of their

respective characteristics.

Transcranial electrical stimulation (tES) passes a current (typically 1-4mA) through active

and return electrodes [47]. Stimulation is typically delivered via two electrodes, although

more electrodes can enhance stimulation focality [48]. Transcranial direct current stimulation

(tDCS), a type of tES, modulates neuronal excitability without reaching the threshold neces-

sary to trigger neuronal depolarizations [49]. This alteration of membrane potentials has

been shown to occur through several mechanisms, including decreased� -aminobutyric acid

(GABA) concentrations [50] and increased glutamate and glutamine concentrations [51] with

e�ects modulated by sodium channels [52�54].

tES also comes in other forms, such as Transcranial Alternating Current Stimulation (tACS),

which utilises sinusoidal currents thought to entrain brain oscillations [55, 56]. Additionally,

Transcranial Random Noise Stimulation (tRNS) is the random sampling of currents from a bell-

shaped curve [57]. The mechanisms for tRNS are unclear, but they may involve stochastic

resonance [58]. In contrast to tDCS, a€ere�ects of tRNS are not NDMA receptor-dependent

and can be suppressed by benzodiazepines, suggesting an alternative mechanism [59].
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Figure 2.1.:Characteristics of the four non-invasive brain stimulation modalities: transcranial electrical stimu-

lation (tES), transcranial magnetic stimulation (TMS), transcranial photobiomodulation (tPBM), and

transcranial ultrasound stimulation (TUS). This �gure outlines common subtypes, primary mechan-

isms, advantages, and limitations for each modality. Created with BioRender.com.
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Temporal Interference (TI) stimulation employs the convergence of two or more high-

frequency (kHz) currents to create a low-frequency envelope that selectively modulates brain

activity. Importantly, the high-frequency carrier currents, though present, do not impact neur-

onal activity due to the low-pass �ltering e�ect of neuronal membranes [60]. This generates

a focused electric �eld (E-�eld) that oscillates at the di�erence in frequency of these high-

frequency waves [61]. Notably, recent human studies have successfully demonstrated TI for

the targeted modulation of the hippocampus [62].

Transcranial magnetic stimulation (TMS) uses electromagnets to induce currents within the

brain, producing supra-threshold E-�elds on the order of hundreds of V/m [63] compared to

less than 1V/m with tES [14]. Approaches to TMS include single-pulse TMS for the exploration

of brain function and repetitive TMS (rTMS) used to induce e�ects lasting longer than the

stimulation period [64]. TMS can induce long-term potentiation (LTP) through the unblocking

of post-synaptic NDMA receptors blocked by magnesium ions, resulting in an in�ux of calcium

ions in post-synaptic neurons [65]. Additionally, long-term depression (LTD) can be induced

through the slow �ow of calcium ions from lower-frequency stimulation [66]. TMS can also

alter gene expression and enzyme production along with a multitude of other e�ects [66].

Notably, rTMS e�ects are frequency-dependent, with inhibition below 1Hz and facilitation

above 5Hz, although this generalisation is disputed [67].

The application of TMS involves diverse pulse patterns tailored to speci�c purposes. One

notable example is theta-burst TMS, showing promise in treating major depressive disorder.

This method employs short bursts of 50Hz stimulation to mimic the e�ects of LTP and LTD,

thought to induce synaptic plasticity while o�ering shorter, lower-intensity procedures than

traditional rTMS [68]. Low-Intensity Repetitive TMS (LI-rTMS) uses an order of magnitude

weaker magnetic �eld strengths (1-150mT) and remains subthreshold, unlike typical TMS that

can evoke motor potentials [69, 70]. Furthermore, deep brain regions can be stimulated with

deep TMS (dTMS) using a specialised coil known as the Hesed coil [71]. Additionally, repetitive

magnetic temporal interference (rTMI), which utilizes the electrotemporal interference of high-

frequency TMS holds promise for selectively modulating deep-brain targets [72]. Finally,

multi-locus TMS (mTMS) is an approach that uses an array of electronically controlled coils,

allowing for the shi€ing and re-orienting of the induced E-�eld [73].

Transcranial Photobiomodulation (tPBM) commonly employs near-infrared light (600nm-

1100nm) to modulate brain activity [74]. Light that reaches the brain is absorbed by chromo-

phores, particularly Cytochrome c oxidase, increasing mitochondrial activity and Adenosine

triphosphate production. This also modulates reactive oxygen species and the release of

calcium ions, activating transcription factors for long-term cellular e�ects [75]. Resultant bio-
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logical responses include improved oxidative metabolism and increased blood �ow [75]. tPBM

is also thought to have anti-in�ammatory and pro-neurogenic e�ects [76]. However, the ab-

sorption of light by hair limits tPBM applications outside of the forehead region, intranasally

or through the oral cavity [74, 77]. While tPBM traditionally uses a continuous wave, recent

work explores pulsed wave tPBM, allowing for short, high-power pulses [78].

Thus far, conclusive evidence regarding the e�cacy of tPBM for depression and dementia is

yet to emerge [79, 80]. However, there are encouraging results regarding the e�ects of tPBM

on cognitive abilities and brain function during ageing [81]. Aside from modulating neural

activity directly, a picosecond 532nm pulse has been observed as temporarily improving

blood-brain barrier permeability [82], enhancing the delivery and e�cacy of paclitaxel in

mice with glioblastoma [83]. Additionally, advances in photopharmacology o�er the potential

to precisely control pharmaceuticals within the brain using light [84].

Transcranial ultrasound stimulation (TUS) uses high-frequency sound waves for non-invasive

neural modulation. It is employed in various applications, including the increase of blood-

brain barrier permeability via cavitation [85] and tissue ablation through heating [86]. Altern-

atively, low-intensity ultrasound has been demonstrated to modulate brain activity. Examples

include the attenuation of thermal pain sensitivity [87] and sensory-evoked brain oscillations

[88]. Focused ultrasound stimulation (fUS) uses out-of-phase high-frequency waves to stimu-

late deep brain regions with sub-centimetre precision [89]. Low-intensity focused ultrasound

(LIFUS) is the application of ultrasound stimulation at low intensities to modulate neuronal

activity without causing tissue damage. Thermal e�ects are thought to be negligible from

LIFUS as tissue temperatures rise by less than 0.1� C. Non-thermal e�ects from LIFUS include

acoustic cavitation, which involves pressure-induced oscillations of gas-�lled microbubbles

and in�uencing neuron excitability via membrane deformation. Additionally, LIFUS can alter

ion channel permeability and membrane characteristics through mechanical energy, impact-

ing ion �ux and neuronal membrane discharge from mechanosensitive ion channels. These

complex interactions are thought to contribute to the neuromodulatory e�ects of LIFUS [90].

Transcranial pulsed stimulation (TPS) employs short pulses of ultrasound lasting 3� s. These

short pulses mitigate brain heating and preliminary evidence suggests cognitive bene�ts in

Alzheimer's patients [91].
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2.3. Obstacles to Non-Invasive Brain Stimulation Research

The brain can be considered a dynamical, emergent complex system [92]. Put simply, ongo-

ing brain function is a result of the interplay between exogenous stimuli/perturbations and

endogenous processes and goals. The brain presents both stochastic and deterministic char-

acteristics, underpinning the di�culty in developing a mechanistic understanding of brain

function and behaviour. While the causal perturbations of NIBS facilitate the characterisation

of neural mechanisms, the complex, individual nature of brain structure and function makes

the optimisation of NIBS challenging. These sources of variation are illustrated in Figure 2.2.

2.3.1 Inter-Individual Morphological Variability

One source of complexity is the inter-individual variation in head and brain morphology. For

instance, skull thickness [93] and cortical thickness, volume, and surface area are negatively

correlated with age [94]. In adults, ventricles within the brain become larger with age and both

white and grey matter volumes are reduced [95]. These inter-individual and intra-individual

variations are particularly consequential in tES. For example, current �ow modelling has

demonstrated that identical tES parameters result in an over 100% di�erence in the intensity

of the E-�eld generated in the motor cortex [14]. There is also the potential for unintentional

stimulation of o�-target regions, especially when individualised modelling is not performed

[96].

2.3.2 Dose-Response Relationships

The correlation between the applied stimulation dose and the resulting response remains

unclear. In tPBM, a biphasic dose-response curve is suggested [97]. Conversely, a positive

relationship between the dose of TUS applied to the lateral geniculate nucleus and the sub-

sequent suppression of visually evoked potentials has been observed [98]. Regarding tDCS, a

simple linear dose-response relationship may be an oversimpli�cation [99]. Dose-response

relationships across NIBS remain unclear, likely due to a complex interplay of factors, includ-

ing the functional state of the brain during stimulation.
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Figure 2.2.: Illustration of the sources of variation that in�uence the e�cacy of non-invasive brain stimulation.

Variations in head and brain morphology, exogenous stimuli, neuron type and orientation, as well

as activity and stimulation parameters. Created with BioRender.com.

2.3.3 Functional Brain State Dependency

The functional state of the brain during stimulation is an important area of consideration

when optimising NIBS [23]. For instance, responses to tES are associated with pre-existing

concentrations of the neurotransmitters GABA and glutamate [24]. However, the speci�c

nature of the brain-state dependent dose-response relationship in tES remains inadequately

understood [20]. Similarly, tFUS di�erentially a�ects active and resting neurons [100]. The

use of electroencephalography (EEG) for measuring TMS evoked potentials has proven ef-

fective in optimising stimulation orientation in the le€ pre-supplementary motor area [101].

Additionally, it enables real-time adjustment of stimulation protocols to control the e�cacy

of plasticity induction in the motor cortex [102]. As with NIBS more broadly, applying these

state-dependent techniques beyond the motor system is an additional challenge.
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2.3.4 Neuron Type and Orientation

The type and orientation of neurons being stimulated is another complicating factor in elu-

cidating dose-response relationships. For instance, when tFUS is applied, neurons exhibit

varying responses to di�erent pulse frequencies, in�uenced by their distinct action potential

waveforms and genotypes [103]. An important factor of the e�cacy of tES is the orientation

of neurons relative to the E-�eld generated. Additionally, neurons with highly-branched ax-

ons are less sensitive to the relative direction of the E-�eld [104]. Interestingly, stimulation

itself can also change structural components of the brain. For instance, subthreshold rTMS

alters the dendritic spine structure in pyramidal neurons in mice [105], and static magnetic

stimulation through the use of a permanent magnet has been shown to decrease the length

of the axon initial segment in cell cultures [106]. In the development of stimulation con�g-

urations, modelling current �ow allows for a comprehensive understanding of the interplay

between stimulation montage, E-�eld, and neural orientation [20]. Further developments in

multi-scale modelling may elucidate these relationships.

2.3.5 Multi-Locus Stimulation

It is common practice in NIBS to focus on stimulating a single brain region, even though many

targeted behaviours involve a distributed network of activity. For instance, in depressed pop-

ulations, the prefrontal cortex is o€en targeted, but depression symptoms are linked to activity

changes in various brain regions, including the thalamus and hippocampus, among others

[107]. Consequently, achieving optimal stimulation parameters may necessitate simultaneous

stimulation of multiple targets. Although progress has been made in this direction [108, 109],

it remains a relatively unexplored area.

2.3.6 Other Factors

There are a multitude of other factors that may impact the e�cacy of NIBS, from circadian

rhythms [21] to ca�eine [22] and broader genetic predispositions [10]. Brain temperature vari-

ations linked to age, sex, and menstrual cycle [110] may also impact NIBS. As with all experi-

mental studies, excluding common disorders like dyslexia or ADHD limits the generalizability

of �ndings from healthy controls, given that 15-20% of the population is neurodivergent [111].

Further, underdiagnosis in certain groups, such as females with ADHD [112], may result in

the inadvertent inclusion of undiagnosed neurodivergent individuals. Overly broad exclusion
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criteria can introduce population bias; insu�cient accommodations for individuals who wear

head coverings or exhibit sensory processing sensitivity may hinder diverse participation.

Many studies, excluding those focusing on disorders prevalent in older adults, predominantly

involve young participants and are conducted in a limited number of countries [113�115].

2.4. Areas of Opportunity and Future Research Directions

2.4.1 Closed-Loop Non-Invasive Brain Stimulation

The e�ects of NIBS are state-dependent, making adaptive stimulation attuned to brain dy-

namics crucial for maximizing the potential of NIBS [116]. In a closed-loop NIBS system, brain

activity is continuously monitored and compared to a desired state, and stimulation para-

meters are adjusted in real-time to optimise the therapeutic e�ects. To facilitate a greater

understanding of the mechanisms and predictors of NIBS e�cacy, multi-scale models will

be informed by multi-scale imaging from synapse to lobe [117]. Ultimately, state-dependent

neuromodulation could be delivered in more wearable form. EEG captures ongoing brain

states non-invasively and has enabled tACS delivered to match the phase and frequency of

slow-wave oscillations to enhance long-term generalised memory consolidation post-sleep

[25]. Additionally, high-de�nition di�use optical tomography provides high spatial resolution

capture of hemodynamics in the cortex [118] and Optically Pumped Magnetometers - Magne-

toencephalography (OPM-MEG) enables high spatial and temporal resolutions and sensitivity

[119]. Optimising stimulation parameters based on real-time brain state is both necessary and

attainable.

2.4.2 Spatial Precision in Non-Invasive Brain Stimulation

A central challenge in NIBS research is ensuring consistent stimulation of the intended target.

Stimulation parameters are chosen to stimulate a target region, in practice the position and

intensity of stimulation in the brain varies between individuals and sessions. Precise sensor

and stimulator positioning is crucial for accuracy [120, 121]. Achieving such precision involves

structural imaging, simulation, and neuronavigation, a resource-intensive process. More scal-

able approaches are needed, potentially combining participant-speci�c MRI approximated

with generative modelling [122] and utilising smartphone-based 3D head scanning [123]. Ad-

ditionally, techniques such as electrical impedance tomography and pulse-echo ultrasound
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can estimate the electrical and acoustic properties of the head, respectively [124, 125]. Not-

ably, advances in low-�eld MRI may o�er more accessible structural imaging with 64mT

mobile scans approaching the quality of 3T scans [126]. Statistical techniques that account

for inter-individual variability, such as mixed-model analyses or cluster analysis, may also

be used as opposed to the standard population-based approaches [21].

2.4.3 Inclusivity

One source of bias in NIBS research is rooted in the challenges associated with gaining access

to the scalp, especially when dealing with long, thick, and/or curly hair [127]. There is a re-

cognised bias in neuroscience concerning race and sex [128]. Addressing these biases could

involve implementing inclusive training and recruitment procedures. Technological solutions,

such as 3D-printed electrodes designed for various hair types, may also contribute to mitigat-

ing these challenges [129]. Additionally, o�ering additional remuneration for participants with

hair that requires more time for preparation and washing is a consideration. To foster more

representative research samples, further open-sourcing of datasets containing demographic

information is recommended for the bene�t of future researchers.

2.4.4 Multimodal Non-Invasive Brain Stimulation

The e�cacy of NIBS could potentially be enhanced by combining stimulation modalities, as

each approach o�ers unique bene�ts and mechanisms of action. For instance, priming with

tDCS before applying TMS may produce more robust e�ects [130]. Similarly, concerning

closed-loop NIBS, multi-modal approaches for reading brain activity can be more e�ective at

classifying brain states as has been demonstrated by the combination of EEG and functional

Near Infrared Spectroscopy to improve seizure detection accuracy [131]. Multi-modality may

potentially extend to non-invasive optogenetics, with recent work showing the delivery of viral

vectors facilitated by FUS to increase blood-brain barrier permeability, followed by channel

activation using light in mice [132]. As such, it may be pertinent for further advancement of

multi-modal sensing and stimulation.

2.4.5 Statistical Power in Non-Invasive Brain Stimulation Research

Finally, statistical power emerges as a noteworthy concern in NIBS research. The average

sample size in studies involving tDCS and TMS is 22, leading to a situation where NIBS studies
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may miss 50% of true positive results [133]. While practical constraints o€en limit the sample

size of initial studies, enhancing statistical power through adequately powered studies is cru-

cial. In instances where inter-individual variability is not accounted for through brain imaging

and simulation, broader utilisation of 'N-of-1' trials with a single individual with openly avail-

able data might be a pertinent approach for NIBS research as it is with personalised medicine

more broadly [134]. The aggregation of such studies has the potential to o�er valuable in-

sights beyond the conventional population-based approach, as the inter-individual source of

variability is not a concern. This could also allow for greater use of longitudinal study designs

that investigate the long-term e�ects of multi-session stimulation.

2.5. Conclusions

In this chapter, the multifaceted landscape of NIBS has been explored, including the four main

modalities: tES, TMS, tPBM and TUS. Each modality possesses unique attributes, mechanisms

and challenges, contributing di�erently to the �eld of neurostimulation. Yet all must deal

with the inherent complexities and challenges associated with individual morphological and

physiological variations, as well as the dynamic nature of the brain and the subsequent

state-dependent nature of stimulation.

Looking forward, this chapter highlights several avenues for advancing NIBS. The develop-

ment of closed-loop systems that integrate real-time brain state monitoring with stimulation

holds the promise of enhancing e�cacy. Overcoming the challenge of consistently stimulat-

ing the intended brain regions across individuals necessitates innovative approaches, poten-

tially leveraging advances in imaging technologies and computational modelling. Addressing

biases in NIBS research and its applications, including those related to race, sex, and neurodi-

versity, is critical for ensuring the broad applicability and e�ectiveness of these technologies.

Furthermore, exploring the synergistic potential of multi-modal NIBS approaches may im-

prove outcomes. Finally, tackling the issue of underpowered studies through adequately

sized trials, personalisation and appropriate statistical methods. Implementing these recom-

mendations could help propel NIBS towards achieving its full therapeutic potential across

diverse populations.
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3.1. Introduction

The contents of this chapter has been submitted to the "Journal of Neural Engineering"

In this chapter, an accessible approach to dose standardisation in tES is introduced to satisfy

objective 1. As described in Chapter 2 tES is a non-invasive brain stimulation method that

in�uences brain activity primarily by modulating neuronal membrane potentials [135]. This

is achieved by applying a weak electrical current (typically 1-4 mA) through one or more

electrodes placed on the scalp. The potential applications of tES are broad, ranging from

treating depression [136] and long COVID [137] to mild cognitive impairment [138].

However, the e�cacy of tES has been hampered by the variability of its e�ects across

individuals [139]. A potential source of this variability lies in the heterogeneity of the E-�eld

generated within the brain, even with identical stimulation parameters [140]. For instance,

the strength of the E-�eld generated in the motor cortex can vary by up to 100% between

individuals given a �xed stimulation dose [14]. Increasing evidence suggests that E-�eld

strength may be directly linked to behavioural changes (e.g., [141] [142]), highlighting the

importance of addressing this inter-individual variability to improve tES outcomes [20] [143].

Individualised E-�eld simulations, which use participant-speci�c structural MRI scans and

�nite element methods, o�er a promising solution for estimating individualised tES dosing.

This approach has been validated through intracranial recordings [17], cerebral blood �ow

measurements [19], and associations with neurotransmitter changes [144]. However, the re-

quirement for MRI scans and specialised expertise presents a signi�cant barrier to widespread

adoption, undermining the cost-e�ectiveness and accessibility of tES [20].

Inter-individual E-�eld variability can arise due to variations in anatomic factors, includ-

ing bone density [145], CSF thickness [140], and head circumference [146]. E-�elds have also

been found to vary with demographic factors such as sex [12], age [11], and the inter-electrode

distance [147]. This work tests the hypothesis that integrating demographic and anatomical

parameters, such as head circumference and inter-electrode distance, into E-�eld dose op-

timisation models will signi�cantly reduce inter-individual variability in peak E-�eld strength,

providing a scalable alternative to MRI-based approaches. (See [146] for a previous demon-

stration of the feasibility of such an approach using head circumference in a small sample

of 47 participants).

This approach is expected to provide a scalable alternative to MRI-based dosing, enabling

accurate participant-speci�c dose estimation using readily available demographic and mor-

phological data These include, age, gender, head circumference, cephalic index (skull width
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to length ratio), body mass index, and inter-electrode distance. Here, a series of robust mul-

tiple linear regression models were trained on a large E-�eld dataset of 418 adults to estimate

participant-speci�c dosing across 10 commonly used tES montages. The models were trained

using independent variables that are straightforward to obtain in most laboratory and clinical

environments, with a notable exclusion of costly neuroimaging metrics.

More speci�cally, �rst, independent associations between these variables and MRI-obtained

peak E-�eld strengths were tested across the 10 montages using Spearman's rank-order par-

tial correlations. Montage-speci�c robust multiple linear regression models were then trained

for each montage using 5-fold cross-validation to estimate the required dose for unseen par-

ticipants. The estimated peak E-�elds from the proposed MRI-free models were compared to

those obtained using MRI-informed E-�eld simulations, using normalised root-mean-squared

error and adjusted R2.

To demonstrate the scalability of this approach to novel montages, montage-agnostic

dose estimation models are proposed. This was achieved using two types of regression

models: one incorporating inter-electrode distance as a linear term and another including

inter-electrode distance as both linear and quadratic terms. The proposed montage-agnostic

models were evaluated on previously unseen montages and unseen participants.

In summary, this chapter presents a simple, scalable approach toward standardising tES

dosages without participant-speci�c MRI scans. It also introduces a method to generalize

individualised dose estimation to novel, unseen montages.

3.2. Materials and Methods

To develop models that can estimate individualised tES dosages without relying on individual

MRI scans, E-�elds were simulated using MRI scans from a large population. This approach

was designed to test the hypothesis that integrating demographic and anatomical parameters

into dose optimisation models can reduce inter-individual peak E-�eld strength variability.

The relationship between peak E-�eld strengths obtained from these MRI scans and easily

accessible features such as age, gender, and head circumference was investigated. Using

this information, models were developed to estimate individualised tES dosages by predicting

peak E-�eld strengths solely based on these MRI-free, easily accessible features. The details

of this approach are described below.
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