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Brain imaging and electromagnetic investigations play a pivotal role in unraveling the intricacies of the
human brain. The brain, with its billions of neurons firing and communicating ceaselessly, represents one
of the most intricate and fascinating frontiers of science. Understanding how it works, both in health and
disease, is a monumental task that requires innovative approaches, sophisticated tools, and interdisciplinary
collaboration. This quest for knowledge has led to the development of various imaging techniques and
computational methods, ultimately aimed at deciphering the enigma that is the human brain.

The Zeffiro Interface (ZI), version 5.16, emerges as a noteworthy player in this endeavor. It stands at
the intersection of neuroscience, computer science, and engineering, offering a unique platform for electro-
magnetic brain imaging research. This thesis aims to provide an extensive exploration of ZI, with a specific
focus on its applications in transcranial electrical stimulation (tES).

The human brain, a complex network of interconnected neurons, orchestrates our thoughts, emotions,
and actions. Deciphering its functioning is crucial for advancing our understanding or cognition, behavior,
and neurological disorders. To achieve this, scientists and researchers employ various imaging techniques
and computational tools to peer into the intricate world of the brain.

Electroencephalography (EEG), magnetoencephalography (MEG), and electrical impedance tomogra-
phy (EIT) are some of the key imaging techniques used to investigate brain activity and conductivity dis-
tributions. These methods provide valuable insights into how the brain’s electrical and magnetic fields in-
teract and how they can be harnessed for research and clinical applications.

The Zeffiro Interface (ZI), version 5.16, enters this domain as an open-source platform designed to
facilitate electromagnetic brain imaging. It relies on the finite element method (FEM), a powerful compu-
tational technique for modeling electromagnetic fields within the brain and head. This method enables the
accurate representation of three-dimensional tissue parameters, allowing for realistic simulations of brain
activity and conductivity distributions.

The primary objective of this thesis is to provide comprehensive documentation and a user guide for the
Zeffiro interface, particularly emphasizing its applications in brain stimulation through transcranial electri-
cal stimulation (tES). This documentation spans from explaining the fundamental principles underpinning
Z1 to offering practical guidance on leveraging its capabilities.

Keywords: Brain imaging, Electromagnetic investigations, Zeffiro Interface, Finite element method,
Transcranial electrical stimulation, Brain-computer interface.
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Aivokuvaus ja sihkomagneettiset tutkimukset ovat olennainen osa ihmisaivojen monimutkaisten
piirteiden selvittdmistd. Ihmisaivot, joiden miljardit neuronit aktivoituvat ja kommunikoivat lakkaamatta,
ovat yksi tieteen monimutkaisimmista ja kiehtovimmista tutkimuskohteista. Ymmartdminen, kuinka aivot
toimivat, seké terveydessi ettd sairaudessa, on haastava tehtiva, joka vaatii innovatiivisia lahestymistapoja,
kehittyneitd tyokaluja ja monitieteellistd yhteistyotd. Téamaé tietimyksen etsintd on johtanut erilaisten ku-
vantamismenetelmien ja laskennallisten menetelmien kehittimiseen, jotka kaikki tdhtddvét selvittimiin
ihmisaivojen arvoituksen.

Zeffiro Interface (ZI), versio 5.16, nousee merkittdviksi toimijaksi tissd pyrkimyksessé. Se sijoit-
tuu neurotieteen, tietojenkisittelytieteen ja insinddritieteen risteyskohtaan, tarjoten ainutlaatuisen alustan
sahkdmagneettisiin aivotutkimuksiin. Tama tutkielma pyrkii tarjoamaan laajan katsauksen ZI:hin, keskit-
tyen erityisesti sen sovelluksiin transkraniaalisessa sdhkdstimulaatiossa (tES).

Thmisaivot, monimutkainen neuronien verkosto, orkestroivat ajatuksiamme, tunteitamme ja toimin-
taamme. Niiden toiminnan ymmaértdminen on ratkaisevan tarkeés, jotta voimme edistdd kdsitystimme kog-
nitiosta, kdyttdytymisestd sekd neurologisista héiridista. Tatd varten tutkijat ja tutkijaryhmat kayttavat eri-
laisia kuvantamismenetelmié ja laskennallisia tyokaluja, jotta voivat kurkistaa aivojen monimutkaiseen
maailmaan.

Elektroenkefalografia (EEG), magnetoenkefalografia (MEQG) ja sdhkdinen impedanssitomografia
(EIT) ovat keskeisid kuvantamismenetelmii, joita kdytetddn aivotoiminnan tutkimiseen. Nima menetelmaét
tarjoavat arvokasta tietoa siitd, miten aivojen sdhkoiset -ja magneettiset kentdt vuorovaikuttavat ja miten
niitd voidaan hyddyntéa tutkimus- ja kliinisiin sovelluksiin.

Zeffiro Interface (ZI), versio 5.16, astuu télle alueelle avoimen 1dhdekoodin alustana, jonka tarkoi-
tuksena on helpottaa sdéhkomagneettisia aivotutkimuksia. Se nojaa elementtimenetelméan (FEM), tehok-
kaaseen laskennalliseen tekniikkaan, jolla mallinnetaan sihkdmagneettisia kenttid aivoissa ja padssa. Tama
menetelmd mahdollistaa tarkkojen kolmiulotteisten kudosparametrien esittdmisen, miki vuorostaan mah-
dollistaa realistiset simulaatiot aivojen toiminnasta ja johtavuuden jakautumisesta padssa.

Tédmén tutkielman ensisijainen tavoite on tarjota kattava dokumentaatio ja kdyttdopas Zeffiro In-
terface-ohjelmalle, erityisesti korostaen sen sovelluksia aivostimulaatiossa transkraniaalisen séhkostimu-
laation(tES) avulla. Tdima dokumentointi ulottuu perustavanlaatuisten ZI-periaatteiden selittimisesta kay-
tdnnon ohjeisiin sen ominaisuuksien hyddyntdmiseksi.

Avainsanat: aivojen kuvantaminen, sahkdmagneettiset tutkimukset, Zeffiro Interface, elementtimenetelma,
transkraniaalinen sdhkdstimulaatio, aivo-tietokone-liittyma.

Tédmén julkaisun alkuperdisyys on tarkastettu Turnitin OriginalityCheck -ohjelmalla.
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1.

1.1

INTRODUCTION

Background

Brain imaging and investigations play a crucial role in understanding the complexities of the
human brain. Various imaging techniques, such as electroencephalography (EEG), magne-
toencephalography (MEG), and electrical impedance tomography (EIT), provide valuable in-
sights into brain activity and conductivity distributions. To facilitate these studies, the Zeffiro
interface (ZI) version 5.16 has been developed as an open-source platform for electromag-
netic brain imaging based on the finite element method (FEM) (Braess, 2001). The FEM
enables the accurate modeling of electromagnetic fields in the brain and head, allowing for
realistic three-dimensional tissue parameter distributions ( (de Munck, et al., 2007); (Monk,

2003)).

1.2 Objectives and Scope

The primary objective of this thesis is to provide comprehensive documentation and a user
guide for the Zeffiro interface (ZI) version 5.16. The documentation will include detailed
explanations of the interface’s functionalities, capabilities, and underlying mathematical prin-
ciples. Additionally, the user guide will demonstrate how to utilize ZI to simulate brain stim-
ulation through tES. The scope of this thesis will be focused on these specific aspects of ZI

and their practical applications.

1.3 Structure of the Thesis

Chapter 1: Introduction provides an overview of the background, objectives, and scope of the

thesis.

Chapter 2: Methods and Materials comprises several sections focusing on various aspects of

Z1:

e Section 2.1: Zeffiro interface (ZI) introduces the platform’s key features and implemen-

tation using FEM.

e Section 2.2: Functionality and Usage explores the capabilities of ZI, including head

model generation, forward model evaluation, and inverse computations.



e Section 2.3: Introduction to Transcranial Electrical Stimulation introduces tES, its prin-

ciples, and applications

e Section 2.4: Brain Stimulation by transcranial electrical stimulation (tES) using ZI dis-
cusses computational modeling of tES, optimizing stimulation parameters, investigating

tES effects on brain activity, and integrating tES with multi-modal imaging.

Chapter 3: Tutorials presents step-by-step tutorials demonstrating the installation of Zeffiro

and how to utilize ZI for tES simulations.

Chapter 4: Conclusions reflects on the results obtained from our investigations, the insights

gained through the tutorials, and compares our approach with other similar tutorials.

By thoroughly documenting the Zeffiro interface and providing a user guide for simulating
brain stimulation via tES, this thesis aims to enable researchers and practitioners to leverage
the capabilities of ZI for their own investigations in the fields of brain imaging and electro-

magnetic modeling.



2.

2.1

2.1

2.1

METHODS AND MATERIALS

Zeffiro interface (ZI)

The Zeffiro Interface (ZI) version 5.16 is a versatile and open-source platform designed to
facilitate electromagnetic brain imaging and investigations. This section provides an in-depth
introduction to ZI, covering its core features, architecture, and implementation, with a focus

on the aspects relevant to practitioners and future development.

.1 Key Features of Zeffiro Interface (ZI)

Z1 is built to offer a multitude of features tailored for brain imaging research. These features

include:

(1) Finite element method (FEM): ZI leverages the power of FEM for modeling electromag-
netic fields in complex brain and head geometries. This enables the discretization of realistic
three-dimensional tissue parameter distributions with high accuracy and computational effi-

ciency ( (Braess, 2001); (de Munck, et al., 2007); (Monk, 2003))

(2) Multi-modal imaging: ZI provides support for various imaging techniques, including elec-
troencephalography (EEG), magnetoencephalography (MEG), and electrical impedance to-
mography (EIT). The platform allows researchers to explore brain activity and conductivity
distributions by using different modalities ( (H&mail4inen, Hari, [Imoniemi, Knuutila, & Loun-

asmaa, 1993); (Schomer & Lopes da Silva, 2017); (Cheney, Isaacson, & Newell, 1999)).

(3) GPU Acceleration: Recognizing the computational demands of brain imaging simulations,
ZI leverages graphics processing unit (GPU) acceleration in critical processing stages, such
as generating the finite element mesh and computing lead field matrices. This results in sig-
nificantly reduced computation times, making complex simulations feasible (NVIDIA Cor-

poration, 2017).

.2 Architecture and Implementation
71 is designed with modularity and extensibility in mind, providing an easy-to-navigate ar-

chitecture. Its implementation is predominantly in the Matlab environment, which makes it
accessible to a wide range of researchers familiar with Matlab programming. The ZI archi-

tecture can be divided into three main components:

(1) Head model generation: This component focuses on creating multi-compartment head

models, discretizing tissue parameters, and accounting for complex geometries. ZI allows



users to customize tissue conductivities, incorporate anisotropic tissues, and define boundary

layers for more accurate modeling (Zeffiro interface, 2018).

(2) Forward model evaluation: The forward model evaluation component computes lead field
matrices that enable localization of brain activity. ZI supports forward solvers for EEG. MEG,
and EIT, offering researchers the flexibility to analyze different electromagnetic sources (Zef-

firo interface, 2018).

(3) Inverse computations: Inverse solvers in ZI are based on the hierarchical Bayesian model
(HBM) and provide tools to perform inverse computations on measured data. This aids re-
searchers in inverting and analyzing a given set of measurements to reveal brain activity

sources ( (Calvetti & Somersalo, 2007); (O'Hagan, 2010)).

2.1.3 Computational Aspects for Computer Scientists
For computer science practitioners, ZI offers the advantage of well-optimized algorithms for

efficient computations. The platform employs parallel processing techniques, especially with
GPU acceleration, to significantly reduce the computational burden. Additionally, the exten-
sibility of ZI allows researchers to implement custom FEM-based forward models tailored to

specific experimental setups.

Overall, the Zeffiro Interface (ZI) version 5.16 serves as a valuable tool for computer science
researchers in the field of brain imaging. By providing a seamless integration of FEM, GPU
acceleration and a user-friendly Matlab interface, ZI enables sophisticated simulations and
analysis of brain activity using diverse imaging modalities. Its adaptability and computational
efficiency make it a powerful asset for advancing brain stimulation research using techniques
like transcranial electrical stimulation (tES) and promoting innovative studies in the realm of

computer science-based brain investigations.

2.2 Functionality and Usage

The Zeffiro Interface (ZI) version 5.16 offers a comprehensive set of functionalities for brain
imaging research, providing users with powerful tools for efficient and accurate simulations.
This section explores the key functionalities of ZI and discusses its usage in brain imaging

experiments.

2.2.1 Head Model Generation and Customization
Z1 provides researchers with a robust framework for generating multi-compartment head

models and discretizing tissue parameters with high accuracy. With ZI’s modular architec-
ture, users can easily customize tissue conductivities, incorporate anisotropic properties, and

define complex geometries to represent individual anatomical variations. By leveraging the



power of the finite element method (FEM), ZI enables researchers to create realistic three-
dimensional tissue parameter distributions, making it an essential tool for accurate brain im-

aging stimulations (Galaz Prieto, Rezaei, Samavaki, & Pursiainen, 2022).

2.2.2 Forward Model Evaluation and Lead Field Matrix

One of the key strengths of ZI lies in its ability to compute lead field matrices for various
imaging techniques, including electroencephalography (EEG), magnetoencephalography
(MEG), and electrical impedance tomography (EIT). The platform’s optimized algorithms
and GPU acceleration allow for efficient evaluation of the lead field matrix, enabling locali-
zation of brain activity in EEG/MEG and conductivity mapping in EIT. By providing insights
into the distribution of electromagnetic sources, ZI plays a pivotal role in understanding brain

function and connectivity ( (Wagner, et al., 2007); (Zeffiro interface, 2018)).

2.2.3 Inverse Computations and Optimization
ZI’s inverse solvers, based on the hierarchical Bayesian model (HBM), offer researchers a

powerful means of inverting measured data and revealing brain activity sources. With the
flexibility to explore parameter spaces and optimize inversion parameters, researchers can
gain deeper insights into brain activity patterns and functional connectivity. ZI’s well-opti-
mized algorithms and GPU support accelerate the inversion computation process, making it
feasible to handle large datasets and complex inversion scenarios ( (Calvetti & Somersalo,

2007); (O'Hagan, 2010)).

2.2.4 Brain Stimulation Protocols and Optimization
For researchers investigating the effects of brain stimulation, ZI facilitates the design and

simulation of transcranial electrical stimulation (tES) protocols. The platform allows users to
optimize tES parameters, such as electrode placement, current intensity, and stimulation du-
ration, using statistical methods and optimizing algorithms available in the HBM. By inte-
grating brain stimulation simulations with FEM-based forward models, ZI provides a com-
prehensive platform for studying the impact of tES on brain activity and its potential applica-
tions in neuromodulation therapies and brain-computer interfaces ( (Antal, et al., 2017);

(Wagner, et al., 2007)).

2.2.5 Data analysis and Interpretation
Z1 equips researchers with tools for analyzing brain imaging data and interpreting results.

With the ability to explore changes in brain responses, connectivity patterns, and oscillatory

dynamics induced by simulated tES protocols, users can gain valuable insights into the neural



mechanisms underlying brain stimulation effects. ZI’s visualization capabilities aid in com-
prehending complex brain dynamics and foster a deeper understanding of brain function (

(Wagner, et al., 2007); (Zeffiro interface, 2018)).

2.2.6 Advancing Brain Stimulation Research with ZI

The seamless integration of FEM, GPU acceleration, and a user-friendly Matlab interface
makes ZI an indispensable asset for advancing brain stimulation research. By harnessing ZI’s
functionalities, researchers can explore novel brain stimulation protocols, optimize their effi-
cacy, and investigate their impact on brain network dynamics. The platform’s computational
efficiency and adaptability open new avenues for innovative studies in the realm of computer

science-based brain investigations (Zeffiro interface, 2018).

2.3 Introduction to Transcranial Electrical Stimulation (tES)

The field of neuroscience has witnessed remarkable advancements in understanding the intri-
cate workings of the human brain. From cognitive processes to emotional responses, research-
ers have explored the neural landscape with growing curiosity. Within this quest, various
techniques have been developed to not only observe but also modulate brain activity. One
such technique that has gained significant attention is transcranial electrical stimulation (tES).
This section serves as an introduction to tES, shedding light on its principles, applications,

and significance in the realm of brain stimulation and research.

2.3.1 Principles

At its core, tES involves the application of weak electrical currents to the scalp, with the
intention of modulating neuronal activity in specific brain regions. This modulation is
achieved by strategically placing electrodes on the scalp and controlling the intensity and
direction of the electrical current. By doing so, tES can either enhance or inhibit neural activ-
ity, depending on the parameters employed. This non-invasive and relatively safe technique
has opened avenues to explore brain function, connectivity, and potential therapeutic inter-

ventions.

2.3.2 Types of Transcranial Electrical Stimulation
There are two primary forms of tES: Transcranial Direct Current Stimulation (tDCS) and

Transcranial Alternating Current Stimulation (tACS). In tDCS, a constant low-level current
is applied to the scalp, leading to changes in neuronal excitability. tACS, on the other hand,
involves the application of alternating current at specific frequencies, aiming to synchronize
neural oscillations and potentially enhance cognitive functions ( (Nitsche & Paulus, 2000) ;

(Frohlich & McCormick, 2010) )



2.3.3 Applications of tES

The applications of tES span a wide spectrum of neuroscientific endeavors. From cognitive
enhancement and neuromodulation to rehabilitation and therapeutic interventions, tES offers
a versatile toolset. Researchers have explored its potential in addressing various neurological
and psychiatric disorders, including depression, stroke recovery and chronic pain manage-
ment. Additionally, tES has demonstrated promise in enhancing memory, learning, and even

creative thinking ( (Bikson, et al., 2016) ; (Brunoni, et al., 2013)).

The introduction of tES has heralded a new era in brain research and neuromodulation. With
the ability to finely tune brain activity through electrical currents, tES has shown promise in
diverse domains, from cognitive enhancements to therapeutic interventions. This chapter pro-
vided a foundational understanding of tES, its principles, and applications. As we move for-
ward, the subsequent chapters will delve deeper into the practical aspects of tES, showcasing
its implementation through the Zeffiro interface and its potential to reshape the landscape of

neuroscience research.

2.4 Brain stimulation by tES

Transcranial electrical stimulation (tES) is a non-invasive brain stimulation technique that has
gained significant attention in neuroscience research and clinical applications. In this section,
we explore the computational modeling of tES using the Zeffiro Interface (ZI) version 5.16.
We will delve into the optimization of tES parameters, investigate its effects on brain activity,

and explore its integration with multi-modal imaging techniques.

2.4.1 Computational Modeling of tES

Computational modeling plays a crucial role in understanding the underlying mechanisms of
tES and optimizing its efficacy. ZI offers a versatile platform that leverages the finite element
method (FEM) to model electromagnetic fields in complex brain and head geometries. By
incorporating realistic three-dimensional tissue parameter distributions with high accuracy ,
Z1 enables researchers to customize tissue conductivities, account for anisotropic tissues, and
define boundary layers. The Matlab-based implementation of ZI makes it accessible to a wide
range of researchers, providing a user-friendly environment to investigate brain stimulation

scenarios ( (Galaz Prieto, Rezaei, Samavaki, & Pursiainen, 2022); (Zeffiro interface, 2018)).

2.4.2 Optimizing Parameters
To assess the impact of tES on brain activity, ZI supports forward solvers for various imaging

techniques, including EEG, MEG, and EIT. By analyzing the lead field matrices computed
using ZI, researchers can localize brain activity sources and understand the effects of tES on

neural networks. The hierarchical Bayesian model (HBM) for inverse computations allows



researchers to invert and analyze measured data, revealing brain activity sources and aiding

in the optimization of tES parameters ( (Antal, et al., 2017); (Zeffiro interface, 2018)).

2.4.3 Investigating tES Effects on Brain Activity

Using ZI, researchers can simulate tES protocols and explore their effects on brain activity in
different brain regions. The platform allows for the analysis of neuronal responses, connec-
tivity patterns, and oscillatory dynamics induced by tES. By providing valuable insights into
the neural mechanisms underlying the effects of tES, ZI facilitates the exploration of potential
neuromodulation therapies and brain-computer interfaces ( (Wagner, et al., 2007); (Zeffiro

interface, 2018)).

2.4.4 Integration with Multi-Modal Imaging

ZI’s multi-modal imaging capabilities enable researchers to correlate tES effects with other
brain imaging modalities, such as EEG and MEG. By combining tES simulations with
EEG/MEG data, users can investigate the impact of tES on brain network dynamics and func-
tional connectivity. The integration of tES with multi-modal imaging techniques offers a com-
prehensive approach to studying brain stimulation effects ( (Wagner, et al., 2007); (Zeftiro
interface, 2018)).

In this section, we have explored the computational aspects of brain stimulation using tES
with the Zeffiro Interface (ZI) version 5.16. By utilizing ZI’s powerful capabilities in compu-
tational modeling, optimization, and integration with multi-modal imaging, researchers can
advance their understanding of brain stimulation effects and potentially open new avenues

for translational applications in neuroscience research and clinical practice.



3. TUTORIALS

This chapter presents practical tutorials on utilizing ZI for brain stimulation via tES. The tu-
torials are designed to provide step-by-step instruction, enabling users to effectively leverage

the capabilities of ZI for their own research and investigations.

3.1 Installation of Zeffiro Interface (ZI)

Before you can start using ZI, you need to install it on your computer. ZI is developed for the
MATLAB environment and requires certain toolboxes and external repositories to function

correctly. Follow the steps below to install ZI and its dependencies:
Step 1: MATLAB Installation

Ensure you have MATLAB installed on your computer. ZI requires MATLAB version 12019a
or later to work correctly. If you do not have MATLAB, you can obtain it from the Math-

Works website (www.mathworks.com).

Step 2: Required Toolboxes

Make sure you have the following MATLAB toolboxes installed:
e Signal Processing Toolbox

e Optimization Toolbox

e Parallel Computing Toolbox

e Statistics and Machine Learning Toolbox

Step 3: GIT Installation

Install Git on your computer if you do not have it already. Git is necessary to clone the Zeffiro
Interface repository from GitHub. You can download Git from the official website at

https://git-scm.com/.
Step 4: GPU (optional)

To accelerate certain ZI routines, you can use a Graphics Processing Unit (GPU) if available.
Although this step is optional, using a GPU can significantly speed up the computation pro-

CESS.

Step 5: Download Zeffiro Interface


http://www.mathworks.com/
https://git-scm.com/
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Download the Zeffiro Interface from the official GitHub repository at
https://github.com/sampsapursiainen/zeffiro_interface. You can either use the “Download
ZIP” option or clone the repository using Git: git clone --depth=1

https://github.com/sampsapursiainen/zeffiro interface.git
Step 6: Install External Repositories

Z1 relies on external repositories like SDPT3, SeDuMi, and others. These repositories will be
fetched automatically when you clone the Zeffiro Interface repository. Navigate to the ZI
folder in MATLAB and run the setup script to install the required external repositories: run

([‘zeffiro interface’ filesep ‘zeffiro setup.m’]);
Step 7: Verify Installation

To verify that ZI is correctly installed, open MATLAB and navigate to the ZI folder. Run the

following command to start the Zeffiro Interface: zeffiro interface();

If the interface launches without any errors, congratulations! You have successfully installed

the Zeffiro interface.

In the next section, we will dive into the tutorial that demonstrates how to utilize the Zeffiro
Interface for brain stimulation via tES. Follow along with the tutorial to get firsthand experi-

ence and unleash the full potential of ZI in your research endeavors.

3.2 Tutorial 1: Brain Stimulation by tES

In this tutorial, we will delve into the world of transcranial electrical stimulation using the
Zeftiro interface. Designed for researchers in neuromodulation and brain-computer interface
studies, this firsthand tutorial covers essential aspects to empower you in leveraging the ca-

pabilities of ZI for brain imaging research.

3.2.1 The power of tES and electrode optimization

Transcranial electrical stimulation is a innovative technique that allows precise brain stimu-
lation by strategically placing electrodes and controlling current intensity. This optimization
process plays a pivotal role in its efficacy and safety for patients with various neurological

disorders. The benefits of electrode optimization are remarkable:

e Enhanced efficacy: Utilizing a high-resolution three-dimensional model of the brain en-
ables accurate multicompartment head models. This optimization leads to more effective

stimulation, ultimately improving treatment outcomes.


https://github.com/sampsapursiainen/zeffiro_interface
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e Targeted stimulation: By focusing the stimulation solely on the target brain region, the
risk of unintentional stimulation of other areas is minimized. This ensures that the therapy

addresses the specific neural network of interest.

e Personalized treatment plans: ZI’s optimization algorithms empower the creation of cus-
tomizable treatment plans based on a patient’s diagnosis and symptoms. Everyone re-

ceives tailored stimulation that caters to their unique needs.

e Non-invasive and safe: As a non-invasive procedure, tES avoids the need for surgery or

anesthesia, making it generally safe and well-tolerated by patients.

3.2.2 Key terminology and concepts

To effectively utilize tES and ZI, it is essential to grasp the following key terminology and

concepts:

e Focused current: This refers to the electrical current specifically targeted at a particular

brain region for stimulation.

e Nuisance current: Conversely, nuisance current describes electrical currents not aimed at
the desired target region, potentially stimulating unintended brain areas, resulting in un-

wanted side effects.

e Optimization process: The process of maximizing focused current in the target region
while minimizing nuisance current in non-target areas. This optimization ensures effec-

tive stimulation and minimizes potential side effects.

o Intensity: Intensity represents the strength of the electrical current delivered to the brain

during tES. It can be adjusted based on treatment goals and individual patient factors.

e Focality: Focality indicates the precision with which the electrical current targets a spe-
cific brain region. Higher focality means more precise stimulation, leading to improved
treatment outcomes and fewer side effects. Balancing intensity and focality is crucial for

optimal tES outcomes.

e Reconstruction: The process of creating a detailed three-dimensional model of the brain
using raw data from MRI or CT scans. This reconstructed model serves as a basis for

further analysis and simulations.

¢ Finite element simulation: A powerful numerical method that breaks down complex prob-
lems into smaller, manageable elements. For tES, finite element simulations help model
the distribution of electric field in the brain, considering factors like electrode placement

and tissue properties.
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e Lead field matrix: A mathematical representation of the relationship between electrical
currents delivered by electrodes and the resulting electric field in the brain. The lead field
matrix plays a crucial role in the optimization process to determine the ideal electrode

configuration for desired stimulation effects.

With a clear understanding of these fundamental concepts, you are now well-prepared to pro-
ceed with the tES simulations using the Zeffiro interface. Let us embark on the step-by-step

guide to exploring the exciting world of transcranial electrical stimulation.

3.2.3 Tools

The user interface of ZI consists of five different windows. Here we will briefly go through

all the different tools and how to use them.

e Menu tool (Figure /):

4] ZEFFIRO Iterface: Menu tool - 8 x
Project Export Import Edit Inverse tools. Forward tools Muti4ools Settings Vindow Help

ZEFFIR®@

[FEM

Copyright ©2018- Sampsa Pursiainen
and Zeffiro Interface development team

Figure 1 Zeffiro interface: Menu tool

The Menu tool appears on the top and serves as the main window of the application,

providing access to diverse options for controlling the interface. Users can save and load
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projects, import and export data, and access other tools from this menu. To close the in-

terface, simply close this window.

e Segmentation tool (Figure 2):

F M
4 ZEFFIRQ Interface: Segmentation tool = O ot
Zomgartmans Praject 18g 1}; ['; I ' I ‘ I E{

ID |Name On |Visible |Merge | Invertnormal | Activity @ Conductivity
Srogest et an Profila TURSOmnan L St pogdann Toggle sontroly

Apa folder: COMATLAR 2efira_bachelor
Courrgni path: CMATLAR pefing_ bachglor
Project fim: defawt_project mat

Project folder: data

Project se (ME) D

MNumbe of windows: 4

Figure 2 Zeffiro interface: Segmentation tool

The segmentation tool appears on the left side of the interface and displays different head

compartments. Users can toggle these compartments on and off, view and adjust their
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conductivity parameters, and control their visibility. Clicking the toggle controls button

reveals the electrode controls.

e Mesh Visualization tool (Figure 3):

il -
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| Framss | Mo | | AxEd pOE-up
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[ ] cone faic [ ] ctivping piane 2:

| | sresmines [ ] Aces mex Sunmesh | o |

| Contour |pe s | | Contdur BTRY | 010209

Recorgtraticn ¢ Cagtriout-on mode Fotanon spaed (d

| am v | S * | o | | o |
ViguBlizason ty Fraeng slart. Siog, 5. Oistance | Explode

| Da v | | 0| | o | 1 8 1
Cutting plang m Ongntation [dagr Trarsparency res

| Cut v | ] ] o | | o |
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Fimge Elamen] condiien numb Legarthamis Saribution
Logarithmic: histogram
Piot spatial cegrees of freedom

4 F|-l [

| Fled graph

k. |
Figure 3 Zeffiro interface: Mesh visualization tool

The Mesh Visualization tool focuses on configuring the three-dimensional mesh represen-

tation of the head model generated during segmentation. It allows users to manipulate
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visualization parameters, such as clipping planes, orientation, and locations, to examine

the model from different perspectives.

Figure tool (Figure 4):

F M
‘& ZEFFIRO Interface: Figure tool 1 — O >
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Figure 4 Zeffiro interface: Figure tool

The Figure tool is designed for visualizing the three-dimensional head model with various

interactive controls. It provides sliders and options to adjust the properties of the visuali-
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zation in real-time. Users can visually inspect the brain reconstruction and examine spe-

cific regions of interest. This tool allows for interactive exploration of the head model’s

properties.
Mesh tool (Figure 5):
F — |
4| ZEFFIRD Interface: Mesh too — O
Craais Peasorocass
EEM mash FEM aagh Name Descr
- EEG lend fald Elesiroer
Basamphe fakd Sanample surfaoes
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Source rinrpolabon Spply fransiom MEG igad figid, gra-dicmasers Magnaim
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| Safing | bdasn snoatheng L
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e 3 ™
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- P ™ T i 2
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Figure 5 Zeffiro interface: Mesh tool

The Mesh tool participates in generating and working with the finite element mesh. It is
responsible for creating a realistic multi-compartment FE mesh of the human brain based
on available triangular surface grids (e.g., .STL, .DAT, or .ASC file formats). IT enables

the customization of tissue conductivities, incorporation of anisotropic properties, and def-

inition of complex geometries.

These tools collectively provide users with a powerful and versatile platform to conduct for-

ward and inverse simulations in complex geometries for brain imaging and research. They

allow for the visualization and manipulation of the head model and the exploration of the

brain activity through finite element method-based simulations.

3.2.4 Transcranial electrical stimulation using ZI
This section includes a step-by-step guide to using the Zeffiro interface for simulating tran-

scranial electrical stimulation. For this tutorial, the example project “ary_sphere project” will

be used, but instructions will be provided for importing human brain geometry.

Step 1: Launch the interface
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First, you need to launch the Zeffiro interface. Open the Zeffiro interface repository in
MATLAB, type in the command: zeffiro_interface, and wait for the interface to start. The
interface should open multiple tool windows and should look something like Figure 6. An
introduction to these tools can be found above. For more detailed instructions see the Zeffiro
wiki pages.

+

Progect Export Import Edit Inverse tools Forward tools Multi-tools Settings Window Help

st ZEFFIR

Visible Merge Invertnormal | Activity Conductivity

+| ZEFFIRO Interface: Figure toed 1

File Edit View Insert Tools Desktop Window Help

NS de ALNLODLL 0B RE

|ZEFFIR®

R EEEE R R

Figure 6 Zeffiro interface: Launch view

Step 2: Loading the human brain geometry

1. Use the “Project”-tab of the Menu tool to create a new project or load an existing one
(Figure 7).

4 ZEFFIRO Interface: Menu tool = u] X

Project Export Import Edit Inverse tools Forward tools Multi-tools Settings Window Help

EFFIR®

|[FEM

New project from profile
New empty project
Open project

Open figure

Save

Save as
Save figures as

Print figure to file as...

Exit

Copyright ©2018- Sampsa Pursiainen
and Zeffiro Interface development team

Figure 7 Menu tool: Project tab

2. Use the “Import”-tab of the Menu tool to load your realistic multilayer human brain ge-

ometry (Figure §).



4\ ZEFFIRO Interface: Menu tool
Project Export Import Edit Inverse tools Forward tools Multi-tools Settings Window Help

18

Import data to a new project

Import data to project
Import new segmentation from folder (legacy)
Import segmentation update from folder (legacy)
Import measurement data

Import noise data

Import reconstruction

Import current pattern

Import resection points
Import electrodes. '

[——

Proest normatan: Profie St poston oo}

‘App folder: CMATLAB zeffia_bachelar
Current pat: C:IMATLAZ zeffre_bachsior

Froject fle: 37y_sohere_projestmat

Project foder: lUsers/pursiainDocumenis/MATLABIzef_froizeffro_logger_didatarexample_projects!
Project size (MB): 208

Numbr of windows: 4

Figure 8 Menu tool: Import tab

Step 3: Define sensor models
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1. After loading the brain geometry, access the electrode controls by clicking on the “Toggle

Controls” button in the segmentation tool (Figure 9, outlined in red).

-

4. ZEFFIRO Interface: Segmentation tool — O X
Compariments: Froject tag: I:l ZEFF]_R o
ID |On Name Visible | Surface nodes | Surface triangles |Merge |Im
| e e V1 ° 2 A
2 |7| Scalp |7| 4250 8510 |7|
3 |7| Shoull |7| 608 TZ204 |7|
4 |7| Grey mattar |7| 3225 5442 |7|
»
Praject information: Profile: [muhi:n"npar... b s | [ Set position ] [[ Toggle controls
App folder: CMATLAB zeffiro_bachelor
Current path: C:UMATLAB \zeffiro_bachelor
Project file: ary_sphere_project mat
Project folder: /Users/pursiain/Documents/MATLABzef_firo/zeffiro_logger_3/datalexample_projecis/
Project size (MEB): 181
Mumber of windows: 4
-
»

Figure 9 Segmentation tool: toggle controls

2. Choose the sensor sets you want to be visible by checking the corresponding boxes in the

“Sensor sets” section of the Segmentation tool (Figure /0, outlined in red).



20

- O X
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button). The typical CPU run fime will be a few minutes in a PC or a laptop. After creating the
lead field a single vector of simulated Electroencephalography (EEG) data. included in this 26 |28 ,7‘
project can be inverted by the methods of the “Inverse tools"menu. - -
o7 |27 vl

Figure 10 Segmentation tool: sensor visibility

Step 4: Create multi-compartment FE mesh

1.

-

4 ZEFFIRO Interface: Mesh tool

O X

Use the mesh tool to modify the parameters of the mesh you want to create (Figure /7).
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Figure 11 Mesh tool: create FEM mesh
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2. Once you are done modifying the parameters click the “Create FEM mesh” button in the

Mesh tool (Figure /1, outlined in red).

3. After the FEM mesh has been created, you can click the “Visualize volume” button in the

mesh visualization tool to see what it looks like (Figure /2, outlined in red).

-
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Figure 12 Mesh visualization tool: visualize volume

Generating the volumetric mesh might require additional refining of the model. This is crucial
to enhance the resolution of the smaller brain regions and in turn ensure more accurate simu-
lations. To enhance the precision of the mesh, open the settings tab found at the top of the
menu tool and select “forward and inverse processing options” (Figure 13) to open the en-
hancement tool. Here you can adjust the additional refinements for each layer of the mesh

(Figure 14).
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Figure 13 Menu tool: mesh refinement
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In the Forward and inverse processing options you can increase the model’s accuracy at the

boundaries between various compartments while preserving their internal nodes.
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After you have selected the refinement options navigate back to the Mesh tool. Here, activate

the “Refinement” check box (Figure 15, outlined in red) and click the “Create FEM mesh”

button again.
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Figure 15 Mesh tool: mesh refinement

Now it is time to save the project to protect the progress. This allows us to freely explore
different parameters without worrying about losing our data due to potential software glitches.
Saving the project is done from the menu tool as mentioned above. Select the “Project” tab

from the menu tool and save the project (Figure 16).

4 ZEFFIRO Interface: Menu tool
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Figure 16 Menu tool: saving the project
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Step 5: Using the tES-tool

The next step is to generate a lead field matrix by running a script form the mesh tool. Simply

select the “tES lead field”-script in the tool and click the “Run script”-button (Figure 17).
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Figure 17 Mesh tool: generate lead field matrix

After the lead field has been generated you need to generate a source dipole. This can be done
by going to the menu tool and selecting the “Find synthetic source legacy”’-option from the

“Forward tools”-tab (Figure 18).

[4 ZEFFIRO Interface: Menu tool
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Figure 18 Menu tool: Find synthetic source legacy
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From the window that opens, click the “Plot source(s)”’-button and the source dipole should
show up. Now to optimize the currents, open the “ES Workbench” from the “Inverse tools”-

tab of the Menu tool (Figure 19).

(4 ZEFFIRO Interface: Menu tool
Project Export Import Edit Inverse tools Forward tools Multi-tools Settings Window Help
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Figure 19 Menu tool: ES Workbench

In the window that opens, select Matlab as your solver and select the method you want to use.
In this case we are choosing the “backpropagation”-method. Last, change the search method
to grid-search and select the “Find currents”-button. After this you can click the “Update &
Visualize”-button to see the result of the optimization. To visualize the current pattern, you
can select Current pattern under the “Visualization and plotting”-section in the ES Workbench
and click the “Plot data”-button. You can see what the ES Workbench looks like as well as
the settings used in this tutorial in Figure 20. Figure 21 shows what the mesh looks like with

the optimization and current patterns.
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Figure 20 ES Workbench
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Figure 21 Results of optimization and current patterns

3.2.5 In summary

In this tutorial section, we embarked on a journey through the practical aspects of utilizing

the Zeffiro interface (ZI) for brain stimulation via tES. Let us take a moment to recap the key

points covered.

We began by outlining the installation process of ZI, ensuring that you have the necessary
MATLAB version and toolboxes installed. Git installation and the optional use of a graphics

processing unit were also addressed, offering insights into enhancing the computational pro-

CCSS.

We ventured into the realm of tES, uncovering its potential in precise brain stimulation
through electrode optimization. The advantages of this technique, including enhanced effi-

cacy, targeted stimulation, personalized treatment plans, and non-invasiveness, were empha-

sized.
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Key terminology and concepts crucial for comprehending tES and ZI were introduced. Fo-
cused and nuisance currents, the optimization process, intensity, focality, reconstruction, fi-
nite element simulation, and the lead filed matrix all contribute to a solid foundation for ef-

fective brain stimulation research.

We explored the user interface tools provided by ZI, including the Menu, Segmentation, Mesh
Visualization, Figure, and Mesh tools. These tools empower researchers to visualize, manip-

ulate, and simulate complex brain models for tES studies.

The tutorial reached its pinnacle with a comprehensive step-by-step guide on simulating tran-
scranial electrical stimulation using the Zeffiro interface. From launching the interface to
loading human brain geometry, defining sensor models, and creating a multi-compartment

finite element mesh, every critical stage of the process was illuminated.

Lastly the importance of refining the model through additional mesh enhancements was high-
lighted, ensuring accuracy at compartment boundaries while preserving internal nodes. Sav-

ing the project was emphasized as a crucial step to safeguard progress and experimentation.

With these insights, you are now equipped to delve into the world of tES and harness the
capabilities of ZI for your own research and investigations. By mastering the tools and tech-
niques demonstrated in this tutorial, you have the potential to contribute to the advancements

of neuromodulation studies and unlock new dimensions in brain stimulation research.

Keep in mind that the Zeffiro interface is constantly changing and updating, so remember to

check the wiki pages for the most up-to-date information.


https://github.com/sampsapursiainen/zeffiro_interface/wiki
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4. CONCLUSIONS

In the journey of unraveling the intricacies of brain imaging and electromagnetic modeling,
this thesis has delved into the core functionalities and applications of the Zeffiro interface
(Z1) version 5.16. As we draw this voyage to a close, this chapter stands as a reflection on the
valuable insights we have gained from our investigations, the practical knowledge we have
gained through the tutorials, and the discerning comparison of our approach with other similar

tutorials in the field.

4.1 Insights from Investigations

Our foray into the realm of brain imaging and electromagnetic modeling using the Zeffiro
interface has illuminated the power of computational tools in unlocking the mysteries of the
human brain. The comprehensive documentation and user guide we have provided for ZI
underscore its significance as a versatile platform for researchers and practitioners alike. The
finite element method’s precision in modeling electromagnetic fields within intricate brain
structures has unveiled new perspectives on brain activity and conductivity distributions. By
leveraging the capabilities of ZI, we have taken strides towards deeper comprehension of the

brain function, connectivity, and the effect of transcranial electrical stimulation (tES).

4.2 Empowered through Tutorials

Our commitment to sharing knowledge has materialized in the form of practical tutorials that
empower researchers to navigate the Zeffiro interface confidently. With a step-by-step guide
to installing ZI and its dependencies, launching the interface, and conducting brain stimula-
tion simulations, we have aimed to bridge the gap between theoretical understanding and
firsthand implementation. These tutorials serve as a beacon, guiding researchers towards har-
nessing the full potential of ZI for their unique investigations. The tutorials have empowered
us with a newfound ability to simulate brain stimulation, optimize parameters, and explore

the intricate dynamics of the brain under various scenarios.

4.3 Comparing Approaches

While our journey through this thesis has unveiled the capabilities of the Zeffiro interface in
the context of brain imaging and electromagnetic modeling, it is pertinent to acknowledge the
broader landscape of similar tutorials in the field. Comparing our approach with these tutori-

als sheds light on the uniqueness and contributions of our work.
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One such notable comparison can be drawn with the Brainstorm tutorial for EEG in epilepsy
research. The Brainstorm tutorial, renowned for its comprehensive exploration of EEG data
analysis, stands as a significant reference point in brain imaging research. In comparison, our
tutorials with the Zeffiro interface bring a different dimension, emphasizing the modeling of
electromagnetic fields and the simulation o transcranial electrical stimulation (tES). While
both tutorials cater to the broader neuroscience community, our tutorials are tailored to re-
searchers who seek to venture into brain stimulation investigations using advanced computa-

tional tools.

4.4 Future Directions

As we bid adieu to this phase of exploration, the path forward for brain imaging and electro-
magnetic modeling is illuminated by the possibilities that lie ahead. The Zeffiro interface (Z1).
with its current capabilities and the potential for further development, offers avenues for col-
laborative research, integration of advanced imaging techniques, real-time brain stimulation,
and the incorporation of innovative optimization algorithms. By embracing these future di-
rections, we can anticipate the continued growth of ZI as a transformative tool in the realm

of brain research.

4.5 Final Reflections

In concluding this expedition, we find ourselves at the crossroads of innovation and discov-
ery. The Zeffiro interface (ZI) version 5.16 has revealed its potential as an indispensable asset
for researchers and practitioners in the domain of brain imaging and electromagnetic model-
ing. As we navigate the uncharted territories of brain function and dysfunction, ZI stands as
a beacon, guiding us towards understanding the intricate dance of neural activity and connec-
tivity. This journey has only just begun, and the promises of ZI continue to unfold with each

step we take.

In the chapters that preceded, we have established the foundations, explored the depths, and
illuminated the potentials of the Zeffiro interface. Through insights, empowerment, compar-
ison, and anticipation, we have not only contributed to the discourse of brain imaging but also
opened doors to further investigations and discoveries. With unwavering enthusiasm, we look
ahead to the horizons of neuroscience that ZI, hand in hand with researchers, will illuminate

in the days to come.
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