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Abstract

Electric manipulation of neuronal activity gathered interest in neuroscientific research and
showed therapeutic effects throughout past centuries. The non-invasive application of weak
currents with a few milliamperes to the head, called transcranial electric stimulation (tES),
captured manifold applications in neuroscience and clinical research in the last decades.
The conventionally cumbersome and rather unspecific administration of the stimulation
current with respect to its distribution for targeting and the electrode interface desire fur-
ther innovation and verification.

The present thesis addresses current flow modeling for targeted stimulation, electrode de-
velopments for current administration and measurement approaches verifying stimulation
configurations.

Simulated transorbital stimulation gave rise to current density distributions in the retina
demonstrating distinct hot spots depending on the electrode montage. Similarly, simu-
lations of multi-electrode configurations on the head addressed location and orientation
specific targets in the cortex. These simulations indicate the feasibility of specific stimula-
tion configurations for targets in the retina and the cortex.

For stimulation application, new concepts for stimulation application based on textile elec-
trodes with integrated electrolyte reservoir and additive manufactured dry electrodes em-
bodied in a textile cap have been introduced. These newly developed electrodes demon-
strated functionality by replicating previously described effects of current stimulation and
increased stimulation precision, reproducibility and lowered the preparation effort.

A homogeneous volume conductor and a realistically shaped three-compartment head phan-
tom have been physically implemented for technical verification experiments. Metrologi-
cal experiments in these phantoms demonstrated feasibility of multi-electrode stimulation
configurations, especially the approach of temporal interference, and wverified the stable
performance of new electrode concepts.

Concluding, the present thesis contributes innovations in the field of tES with a new ap-
proach for targeting cortical areas by multi-electrode stimulation, new compliant electrode
concepts and physical phantoms for metrological verification.
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Zusammenfassung

Die Verwendung von Elektrizitéit zur Beeinflussung neuronaler Aktivitit weckte das Inter-
esse neurowissenschaftlicher Forschung und zeigt bereits seit einigen Jahrhunderten ther-
apeutische Wirkungen. In den letzten Jahrzehnten fand die nicht-invasive Anwendung
schwacher Stréme von wenigen Milliampere am Kopf, bezeichnet als transkranielle Elek-
trostimulation (tES), in den Neurowissenschaften und der klinischen Forschung vielfdltige
Anwendungen. Die konventionell aufwendige implementierte Elektrodenschnittstelle und
eher unspezifische Verteilung der Stimulationsstrime bendtigen jedoch weitere Innovatio-
nen und Verifikationen.

Die vorliegende Arbeit befasst sich mit der Modellierung des Stromflusses fiir die gezielte
Elektrostimulation, mit der Entwicklung von Elektrodenkonzepten fiir die Stromeinpri-
gung, sowie mit mess-technischen Ansfitzen zur Verifikation von Stimulationskonfiguratio-
nen.

Simulationen transorbitaler Stromstimulationen zeigten Stromdichteverteilungen in der
MNetzhaut, die in Abhéngigkeit von der Elektrodenmontage deutlich unterschiedliche lokale
Maxima aufwiesen. In dhnlicher Weise wurden orts- und orientierungsspezifische Ziele im
Kortex mit Simulationen von Konfigurationen mehrerer Elektroden auf dem Kopf adressiert.
Diese Simulationen zeigten die Realisierbarkeit zielgenauer Stimulationskonfigurationen fiir
die Hetina und Zielgebiete im Kortex.

Fiir die Stimulationsanwendung wurden neue Konzepte auf Basis von textilen Elektroden
mit integriertem Elektrolytreservoir und gedruckten Trockenelektroden eingefiihrt, die in
flexiblen Hauben eingearbeitet sind. Diese neu entwickelten Elektroden zeigten ihre Funk-
tionalitit in Studien, die zuvor beschriebenen Effekte der Stromstimulation reproduzierten,
wobei sie die Prézision und Reproduzierbarkeit der Stimulation erhéhten und den Vorbere-
itungsaufwand verringerten.

Fiir technische Verifikationsexperimente wurden ein homogener Volumenleiter und ein re-
alistisch geformtes dreischichtiges Kopfphantom physikalisch realisiert. Messtechnische Ex-
perimente an diesen Phantomen zeigten die Machbarkeit von Stimulationskonfigurationen
mit mehreren Elektroden, inshesondere den Ansatz der zeitlichen Interferenz, und wveri-
fizierten die Stabilitit der neuen Elektrodenkonzepte.

Zusammenfassend tridgt die vorliegende Arbeit zu Innovationen auf dem Gebiet der tES
bei, indem ein nener Multi-Elektroden-Ansatz fiir die Adressierung kortikaler Ziele, neuen

angepassten Elektrodenkonzepte und physikalische Phantome fiir die metrologische Veri-
fikation beschrieben werden.






Con

Preface

tents

Abstract

Zusammenfassung

Contents

Nomenclature

1 Introduction

1.1
1.2

Transcranial electric stimulation . . . . . . . . . . . . . . ... ... ..

TES from an engineering perspective . . . . . . . . . . .. . 0o
1.2.1 Current flow modeling . . . . . . . ... ... . ... 0.,
1.2.2 Stimulation electrodes and their applications . . . . ... ... ...
1.2.3 Verification of stimulation concepts . . . . . . . ... ... ... ...

2 Modeling of stimulation schemes

21

22

Transorbital electric stimulation . . . . . . . .. .. . ... .. ... ...
21.1 Imtroduction . . . . . . . . . . @ i e e e e e e
2.1.2 Material and Methods . . . . .. .. .. ... ... ... ... ...
213 BResults . . . . . . . e e e e
214 Discussion . . . . . . . . ... L e e e e e e e e
Reciprocity in targeting transcranial electric stimulation . . . . . .. .. ..
221 Imtroduction . . ... . . . . . @ i e e e
222 Material and Methods . . . . . ... .. ... ... .. . ...,

2.2.3 Results

224 Discussion . . . . o o vt e e e e e e e e e e e e e e e e e e e e

3 Application systems for transcranial electric stimulation

3.1

Textile stimulation cap . . . . . . . . . . L . L e e e e
3.1.1 Imtroduction . . . . . . . . i i e e e e e e e e e e
3.1.2 Material and Methods . . . . . .. ... . .. .. . . 0

3.1.3 Results

iii

viii

[0 B L U

oo =1 =1 =]

12

27
35
49

533
53
53

vii



3.1.4 Discussion . . . .

3.2 Dry stimulation electrodes

321 Imtroductionm . . .. . . . . . . . e e e
3.22 Material and Methods . . . . . .. ... ... ... ...
323 Results . . .. . . . . .. . .. e e e
324 Discussion . . . . . . . . . . i i e e e e e

4 Verification of transcranial electric stimulation concepts

4.1 Temporal interference TES

4.1.1 Imtroduction . . .. . . . . . . . . e e
4.1.2 Material and Methods . . . . . . ... ... ... 0 0.
413 Results . . . . . . . . . e e e e e e e e e e
414 Discussion . . . . . . . . . i e e e e e e e e e
4.2 TES applied to a head phantom . . . . . .. ... . ... ... .......
421 Introductiom . . . .. . . . .. . . ... e
4.2.2 Material and Methods . . . . . . ... ... ... 0oL,
423 Results . . . . . . . . . e e e e e e e e e e
424 Discussion . . . . . . . .. L e e e e e e e e e e

5 Significance and prospect

Bibliography

Appendix
Curriculum vitae
List of publications

Declaration of authorship

Erklirung

viii

119

121



Nomenclature

ABS (... Acrylonitrile Butadiene Styrene
Ag/ApCl ....... Silver / Silver Chloride

AM ...l Amplitude Modulation
AM-ES ........ Amplitude Modulated tES
CAD ........... Computer Aided Design

CDI ............ Current Density Imaging

COS ............ Cosine of angle between vectors
CSF ............ Cerebro Spinal Fluid

CT ............. Computer Tomography

DLP ............ Digital Light Processing

EEG ............ Electroencephalography

EIT ............ Electrical Impedance Tomography
EMD _.......... Earth Movers Distance

ERG ............ Electroretinography

FDM ........... Fused Deposition Modeling
FFT ............ Fast Fourier Transform

FWHM ......... Full Width Half Maximum
HD-tES ......... High Definition tES

IAF ............ Individual Alpha (@) Frequency
IMD ............ Intermodulation Distortion
IOR ............ Interquartile Range

MAG ........... Magnitude Ratio

MAG. ......... Relative Magnitude Difference
MRI ............ Magnetic Resonance Imaging
NaCl ........... Sodium Chloride

NCT ............ Neural Current Imaging

NIRS ........... Near-Infrared Spectroscopy
OCP ............ Open Circuit Potential

PLA ... .. ... ... Polylactic Acid

EDM ........... Relative Distance Measure
RPC ............ Reproducibility Coefficient

SB ...l Sphenoid Bone
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SNR ............ Signal-to-Noise Ratio

tACS (...l Transcranial Alternating Current Stimulation
tDCS ... ... Transcranial Direct Current Stimulation

tES ...l Transcranial Electrical Stimulation

T ol Temporal Interference

TIES .......... Temporal Interference tES

tRNS .. ......... Transcranial Random Noise Stimulation
ULF-MRI ....... Ultra-Low-Field MRI



1 Introduction

1.1 Transcranial electric stimulation

The human brain is one of the most complex systems known. It represents a network in
the order of 10'? neurons, with each establishing 10° — 10 connections to other neurons
via 10'5 synapses exchanging 10'® neuro-transmitters per second (Faugeras et al., 1999).
This network enables the human’s brain capabilities.

Investigations and manipulations of the human brain have been approached since ancient
times, starting with the description of euphoric effects of poppy plants in Sumerian records
(around 4000 B.C.) and the introduction of acupuncture by Shennong (around 2700 B.C.).
Since the study by Jean-Babtiste Le Roy (1726-1779) on treating blindness by electroshock
(Le Roy, 1755) and the investigation of bioelectromagnetism in 1790 by Luigi Alisio Galvani
(1737-1798) (Galvani, 1791), research in electrophysiology gained high impact from the 198
century onwards. Galvanic currents were used to relate structure and function in the brain
(Rolando, 1809) in studies by Luigi Rolando (1773-1831). Therapeutic applications of elec-
tric currents evolved until their establishment in the mid of the 19*® century leading to the
valuation by Guillaume-Benjamin-Amand Duchenne (1806-1875) that 'no sincere neurolo-
gist could practice without using electrotherapy’ (Duchenne (de Boulogne), 1855; Harms,
1955). With Hans Berger (1873-1941) discovering the human electroencephalography in
1924 (Berger, 1929), the field of neurophysiology achieved a breakthrough for diagnosis.
In the field of stimulation, animal models were often utilized to investigate effects of elec-
trical stimulation in the 20" century. In this line Creutzfeldt et al. (1962) stimulated the
exposed cortex of a cat reporting neuron excitation and inhibition for surface positive and
negative currents. Further Bliss and Lemo (1973) revealed long-lasting potentiation as re-
sult of increased efficiency of synaptic transmission satisfying criteria for synaptic memory
mechanisms proposed by Hebb (1949). In this time, electric stimulation in humans was
used to investigate neurophysiological systems and in clinical applications. The visual sys-
tem was investigated via electric stimulation of the eye, which evoked electrically induced
phosphenes (Brindley, 1955). The electroconvulsive therapy was clinically applied in the
treatment of schizophrenia and depression (Cerletti, 1954).

With the beginning of the 21 century, Michael Nitsche and Walter Paulus pioneered
the non-invasive application of weak direct currents to modulate neuronal activity in the
brain. In their first publication Nitsche and Paulus (2000) demonstrated motor excitation
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by anodal and inhibtion by cathodal stimulation with intensities up to 1 mA applied via a
pair of electrodes with areas of 35 cm?.

The field of transcranial electrical stimulation (tES) applying weak currents (few mA)
to the head has evolved regarding applied current waveforms and intensities, electrode
configurations and fields of application.

With respect to the current waveforms, mainly four types (Moreno-Duarte et al., 2014)
have been applied for tES: transcranial direct current stimulation (tDCS), transcranial
pulsed current stimulation (tPCS), transcranial alternating current stimulation (tACS),
and transcranial random noise stimulation (tRNS).

A tDCS scenario is fully described by the current intensity (mA) delivered for the stim-
ulation duration (minutes) via an electrode configuration with their size and placement
description. Optionally, fade-in and fade-out intervals can be specified at the beginning
and the end of the stimulation to prevent transient onset or offset stimulation. The elec-
trode positions determine the addressed cortical areas. Anodal current Howing inward to
the local cortex, is anticipated to depolarize the soma of pyramidal neurons and hyper-
polarize their apical dendrites, whereat cathodal current Howing outward the local cortex
is expected to provoke the opposite (Moreno-Duarte et al., 2014). These changes in the
membrane potential alter the level of neuronal excitability.

In tACS, sinusoidal waves introduce their frequency and potential amplitude offset as addi-
tional parameters compared to tDCS. Rather than modulating neuronal excitability, tACS
affects the neuronal transmembrane potential to enforce neural firing with the stimulation
frequency. For the course of action in tACS, two explanatory tracts are followed (Tavakoli
and Yun, 2017). On the one hand tACS is thought to act via entrainment of the exogenous
stimulation frequency on the neuronal firing (Krause et al.,, 2019). On the other hand
tACS is thought to establish plasticity changes affecting neuronal spike timing (Vossen
et al., 2015).

The stimulation with pulse sequences can be considered as hybrid of tDCS and tACS with
on- and off-times as adjustable parameters in case of monophasic stimulation or bipha-
sic rectangular pulses with potentially varying duty cycles. Pulsed current stimulation
increased the degree of freedom in waveform design compared to tACS used in dosage
optimization (Moreno-Duarte et al., 2014) or to elicit transient stimulation effects, e.g.
phosphenes in transorbital stimulation (Freitag et al., 2019).

Similarly to tACS, random noise stimulation (tRNS) facilitates alternating currents but
with randomly distributed frequencies and amplitudes. Normally distributed frequencies
in the range from 0.1 Hz to 640 Hz are used in tRNS, whereat low- (0.1 Hz-100 Hz) and
high- (101 Hz—640 Hz) frequency ranges are distinguished (Reed and Cohen Kadosh, 2018).
Applications of tRNS showed high efficacy in modulation of motor cortex excitability, likely
moderated via voltage-gated sodium channels (Chaieb et al., 2015).
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The initial tDCS montages incorporated exact two current terminals, an anode and
a cathode (Nitsche and Paulus, 2000). At these terminals, the stimulation current was
administered via patch rubber electrodes placed in saline soaked sponges and fixated via
rubber bands. The stimulation montages with electrodes of several square centimeters in
area resulted in rather diffuse current distributions in the brain. Attempts to focalize the
stimulation current in the brain resulted in the introduction of smaller electrodes combined
in more diverse configurations with respect to number of electrodes and their positioning
(Datta et al., 2009a).

With these degrees of freedom originating from the applicable waveforms and stimulation
configuration, tES entered multiple fields of application. In neuroscience research, tES
contributes to the understanding of physiological mechanisms (Fregni et al., 2005b; Antal
et al., 2004b) and has therapeutic applications to neurological and psychiatric disorders
such as stroke (Fregni et al., 2005a; Baker et al., 2010), epilepsy (Fregni et al., 2006; San-
Juan et al., 2015), depression (Palm et al., 2012; Padberg et al., 2017) and chronic pain
(Antal et al., 2017h; Pinto et al., 2018).

Despite manifold applications of tES in neuroscience and clinical research, several as-
pects regarding stimulation dose, application and verification desire further developments
(Woods et al., 2016; Antal et al., 2017a).

The present thesis aims to shed light onto current flow modeling to guide stimulation
protocols addressing specific targets, advances in administration of current stimulation via
novel electrodes, and verification of stimulation configurations in physical volume conductor

setups, from an engineering perspective.

1.2 TES from an engineering perspective

1.2.1 Current flow modeling

Initial tES montages incorporated a, so called, active electrode above the addressed cortical
target region and a distant return electrode (Nitsche and Paulus, 2000). This approach was
based on the simplified assumption, the active electrode would mainly affect the underlying
cortical region in a rather homogeneous manner.
Further, applications of tES mostly use fixed regimes to all participants within a respective
study (Karabanov et al., 2016). This disrespects individual differences, such as anatomical
features (Moliadze et al., 2018) and thus potentially contributes to the inter-individual
variability in tES effects (Li et al., 2015).

Simulating the current flow in realistic volume conductor models can clarify miscon-
ceptions on the current distribution in tES studies (Bikson et al., 2010) and account for
individual anatomical structures (Datta et al., 2012).
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Modeling the head as volume conductor for simulations of bio-electromagnetic field distribu-
tions in the regime of quasi-stationary approximation of Maxwell’s equations (Plonsey and
Heppner, 1967) builds on a long tradition in the fields of sensitivity analysis and source lo-
calization to electroencephalography (EEG) and magnetoencephalography (MEG) (Hunold
et al., 2016, 2014). Spherical head models provided the starting point for analytic solutions
(Sarvas, 1987). Increasing degrees of detail and complexity to multi-compartment head
models (Vorwerk et al., 2014; Puonti et al., 2020) incorporating anisotropic conductivity
parameterizations (Giillmar et al., 2010) demanded numerical boundary (Stenroos et al.,
2007) and finite (Buchner et al., 1997) element solvers.

Early approaches of current How modeling for tES also relied on spherical head mod-
els (Miranda et al., 2006; Bikson et al., 2008) and advanced to highly realistic volume
multi-compartment models incorporating anisotropic white mater conductivity (Ramper-
sad et al., 2014; Wagner et al., 2014). The software toolboxes SimNIBS (Windhoff et al.,
2013; Thielscher et al., 2015) and ROAST (Huang et al., 2019) have been introduced to
provide integrated solutions for head modeling, current flow simulation and outcome analy-
sis. Further pipelines, relying on more user interactions or custom code, include COMETS2
(Lee et al., 2017), SCIRun (Dannhauer et al., 2012) and SimBio (Wagner et al., 2014).
Current flow modeling for tES supports safety analysis of current density distributions
(Bikson et al., 2016) and tissue temperature due to impressed electric energy (Datta et al.,
2009b). Computational analysis assist dosage considerations (Peterchev et al., 2012; Evans
et al., 2020), especially for vulnerable populations e.g. patients with implants (Datta et al.,
2010) or children (Kessler et al., 2013). Further, new electrode configurations and layouts
have been investigated based on computational models (Datta et al., 2009a; Martin et al.,
2017). More precisely, current flow modeling provides the basis for tES optimization to
focus the stimulation to target brain regions (Dmochowski et al., 2011; Wagner et al., 2016;
Guler et al., 2016) and to investigate tES effects on particular subsystems, e.g. the visual
system (Laakso and Hirata, 2013).

This thesis contributes to the field of current flow modeling in chapter 2 with a simulation
study focusing on non-invasive electrical stimulation of the retina in section 2.1 and a
targeting approach based on Helmholtz reciprocity in section 2.2.

1.2.2 Stimulation electrodes and their applications

Conventional setups for tES application involve carbon doped rubber electrodes, either in-
serted in saline soaked sponge pockets (Nitsche and Paulus, 2000) or coated with adhesive
electrolyte paste (Moliadze et al., 2010) fixated by rubber bands. Advances in the fixa-
tion of this type of electrodes include head gears (Seibt et al., 2015) and caps (Mansour
et al., 2020). The head gear supported electrode positioning to target the left dorsolateral
pre-frontal cortex with decreased inter-individual variability in e.g. depression treatment
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(Seibt et al., 2015). The electrolyte layer between the stimulation electrode and the scalp
mitigates effects from electro-chemical processes carried out at the interface between the
stimulation electrode as electron conductor and the scalp as ion conductor. More pre-
cisely, the electrolyte layer provides ions lowering the overpotential to prevent irreversible
Faradaic reactions in the scalp (Merrill et al., 2005). Even though, chemical processes
at rubber electrodes are poorly described, in conjunction with multiple electrolyte gels,
conductive rubber was characterized as applicable in tES (Minhas et al., 2010).

In the same study, silver/silver chloride (Ag/AgCl) ring and disc electrodes with diame-

ters of around 10 mm were characterized with respect to their electrode potential, pH-value
and temperature changes and introduced for use in targeted high definition tES (HD-tES)
(Minhas et al., 2010). Applicable in multi-electrode configurations for targeted tES, such
small electrodes are incorporated in cap systems integrating electrolyte reservoirs (Nikolin
et al., 2015; Sprugnoli et al., 2019).
Other electrode concepts focus on geometric adaptations for current spread reduction and
apply concentric configurations with a disc electrode in the center surrounded by four re-
turn electrodes (Datta et al., 2009a; Edwards et al., 2013) or a concentric ring as return
electrode (Bortoletto et al., 2016; Martin et al., 2017).

Comparable to the development of pasteless EEG electrodes (Pedrosa et al., 2018), in
tES, the utilization of stimulation electrodes with pre-configured electrolytes was introduced
for applications below the hair line (Khadka et al., 2018).

This thesis contributes to the field of application systems for tES in chapter 3 introduc-
ing a flexible cap with integrated textile stimulation electrodes 3.1 and a concept study
introducing real dry electrodes for tES 3.2.

1.2.3 Verification of stimulation concepts

Stimulation configurations calculated via current flow modeling to achieve a distinct stim-
ulation desire verification with respect to the predicted current distribution in the head as
volume conductor. Similarly, stimulation systems require performance evaluations prior to
initial applications in humans. These purposes aspire metrological approaches allowing the
inclusion of real-world environmental influences.

Physical head phantoms implementing the ground truth for source and volume conduc-
tor configurations have been realized based on synthetic structures and human skulls for
measurement modalities, i.e. magnetocardiography (Tenner et al., 1999; Wetterling et al.,
2009) and MEG/EEG (Leahy et al., 1998; Baillet et al., 2001). Such phantoms also incor-
porated structures, modeling anisotropic conductivity (Liehr and Haueisen, 2008).

For tES verification, synthetic hydrogel phantoms with incorporated stimulation electrodes
were introduced (Jung et al., 2013; Kim et al., 2015). Verification measurements of the elec-
tric field distributions for realistic tES setups were performed in human cadaver (Véroslakos
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et al., 2018; Liu et al., 2018) and in surgical patients during stereotactic EEG interventions
(Opitz et al., 2016; Huang et al., 2017). These measurement highlighted the merely ohmic
conduction character and the shunting of current within the scalp and the reduction of cur-
rent How by the skull layer resulting in field strength around 0.5 V/m for 1 mA stimulation
intensity (Opitz et al., 2016; Huang et al., 2017; Voroslakos et al., 2018). This intensity is
within the range calculated in modeling studies (Datta et al., 2009a; Miranda et al., 2013)
and reflects a lower bound for stimulation effects shown in vitro (Radman et al., 2007).
Where results from measurements in the human cadaver were limited by the degrading
electric conductivity in postmortem tissue (Voroslakos et al., 2018), measurements in hu-
man patients were limited by temporal dynamics of the utilized setups as voltage drops in
the order of 10 % — 20 % were found in the range from 1 Hz — 20 Hz (Opitz et al., 2016;
Huang et al., 2017).

This thesis contributes to the field of verification approaches for tES in chapter 4 demon-
strating the performance of temporal interference tES in a large scale homogeneous volume
conductor in section 4.1 and the realization of a three compartment physical head phantom
for testing tES stimulation and application concepts in section 4.2.



2 Modeling of stimulation schemes

2.1 Transorbital electric stimulation

2.1.1 Introduction

Transorbital electric current stimulation targeting the retina involves electrodes placed in
the vicinity of the eye (possibly involving a distant return electrode) to administer current
intensities of a few hundred pA. Such stimulation reduced the defect depth or enlarged
the visual fields in patients with optic neuropathy as reported in clinical single case obser-
vations (Fedorov et al., 2011; Gall et al., 2011, 2010). Further, prospective, double blind,
randomized, placebo-controlled clinical trials assessing the efficacy of transorbital electric
current stimulation also suggest that visual field perception can be improved in patients
with optic nerve damage (Sabel et al., 2011) and glaucoma (Gall et al., 2016).

In basic research, transorbital electric current stimulation was applied to investigate neu-
rovascular coupling in the retina (Freitag et al., 2019) and the characteristics of phosphenes
(light perceptions without light entering the eye) depending on the stimulation montage
(Sabel et al., 2020a).

In most applications of transorbital electric current stimulation, the induced current in
the eye, or more precisely, the retina, is inaccessible. However, having insights on the
current distribution in the retina could help to interpret experimental observations and to
design stimulation schemes for specific pathologies. Current flow modeling by means of
simulating the current density distribution in volume conductor models can provide such
information on the current pattern for the modeled stimulation configurations.

One example for using current flow modeling in relation to experimental ohservations is a
study on phosphene characteristics (Sabel et al., 2020a), in which the spatial distribution
of phosphene perception was correlate to amplitude hot spots in the current density dis-
tribution. Since early applications of transcutaneous alternating current stimulation of the
visual system (Antal et al., 2003), the origin of such phosphenes has been questioned.

Origins in the cortex and the retina or interactions of both areas have been proposed
(Paulus, 2010). On the one hand, a modeling study indicated current density amplitudes
in the eyes resulting from visual cortex stimulation as likely high enough to elicit retinal
phosphenes (Laakso and Hirata, 2013). On the other hand, a study comparing stimulation
montages in left-right and anterior-posterior direction, indicating higher current densities in
the eye to be associated with decreased phosphene generation for montages with anterior-
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posterior current alignment. For both montages phosphene perceptions was positively
coupled to current densities in the occipital lobe (Indahlastari et al., 2018).

In the above mentioned studies, standard stimulation electrode montages were used for

all participants, irrespective of the location and size of the individual anatomical damage
or functional lesion.
Current How modeling is a prerequisite for determining electrode configurations leading to
targeted stimulation. Targeted subject-specific multi-electrode stimulation is already ap-
plied in transcranial electric brain stimulation (Antal et al., 2017a; Bikson et al., 2016) but
less considered in electric stimulation of the eye. However, it is conceivable that transcorneal
electric stimulation of the retina targeting the area of the visual impairment can poten-
tially increase the specificity of the stimulation and improve the outcome. Anatomical
inter-subject variability is less pronounced in the eye compared to the brain. Therefore,
specific stimulation montages to target retinal regions might be more universally valid
across subjects compared to target montages for the brain.

Here, the current density distributions for electrode montages used in transorbital stimula-
tion studies are investigated by means of simulating the transorbital direct current stimula-
tion. Qualitative and quantitative descriptions of the vectorial current density are provided
with respect to their amplitude and orientation. Further, the amplitude and orientation
differences originating from different stimulation montages are analyzed in comparison to

a reference montage.

Parts of this chapter have been previously presented as part of a review (Sabel et al.,
2020b) and in abstract form (Hunold et al., 2015, 2018a).

2.1.2 Material and Methods

A structural T1-weighted magnetic resonance imaging (MRI) dataset from a 22 years
old male volunteer was segmented using the FreeSurfer (FS) software (http://surfer.
nmr.mgh.harvard.edu) (Fischl, 2012). Binary masks for white and gray matter, cere-
brospinal fluid, skull and scalp were extracted from the FS outcome using a segmen-
tation approach (Perdue and Diamond, 2014) facilitating the Matlab (The Mathworks
Inc., Natick, USA) toolbox iso2mesh (Fang and Boas, 2009). The eye compartments (vit-
reous and aqueous humor, lens, retina, sclera, cornea and base of the optic nerve) as
well as muscles and fat surrounding the eve were segmented semiautomatically using own
Matlab scripts applying iso2mesh functions. The freely available SimBio-Verid software
(http://vgrid.simbio.de/) meshed the combined binary masks to hexahedral elements
(Berti, 2004) keeping the voxel geometry from the MRI data with an isotropic resolution
of 1 mm. The resulting finite element method (FEM) model comprised 4.3 million hexa-
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hedral elements with 4.4 million nodes. Conductivity values as indicated in Table 2.1 were
assigned to the tissue compartments .

Table 2.1: Tissue conductivity values in 5/m according to respective literature

references.
Tissue Conductivity in 5/m Reference
White matter 0.14 (Ramon et al., 2004)
Gray matter 0.33 (Ramon et al., 2004)
Cerebrospinal fluid 1.79 (Baumann et al., 1997)
Skull 0.01 (Tang et al., 2008)
Scalp 0.435 (Burger and Milaan, 1943)
Vitreous humour 1.55 (Lindenblatt and Silny, 2001)
Lens 0.32 (Lindenblatt and Silny, 2001)
Aqueous humour 1.8 (Gabriel et al., 1996)
Retina 0.7 [Gabnal 1996)
Sclera 0.56 (Lindenblatt and Silny, 2001)
Cornea 0.5 (Lindenblatt and Silny, 2001)
Optic nerv 0.03 (Gabriel et al., 1996)
Muscle 0.35 (Gabnel 1996)
Fat 0.04 (Gabriel et al., 1996)

The volume conductor model of the head was extended with stimulation electrodes as 4 mm
thick compartments (cf. Figure 2.1). The electrodes were modeled as one compartment
reflecting the Ten20 (D.O. Weaver and Company, Aurora, CO, USA) conductive paste.
Therefore, its conductivity was set to 8 5/m (Saturnino et al., 2015). Electrodes with
3 cm x 3 cm side length were positioned at 02, Cz, Fp2, F8 and F7 according the in-
ternational 10-20 system (Jasper, 1958; Klem et al., 1999), right infracrbital, above the
temples, and above the sphenoid bones (5B) at the level of the lateral palpebral liga-
ments. Further a ring electrode with inner and outer diameters of 40 mm and 56 mm
surrounding the right eye and a 10 cm x 10 cm electrode over Oz were modeled. The
simulations were performed considering two electrodes at a time using the SimBio soft-
ware (https://www.mrt.uni-jena.de/simbio/index.php/Main_Page), applying the ad-
joint approach (Wagner et al., 2014). The scalar electric potential at each node of the
mesh was obtained solving the Laplace equation with in-homogeneous Neumann boundary
conditions at electrode nodes summarizing to a current intensity of 1 mA and homogeneous
MNeumann boundary conditions at the scalp nodes not shared with an electrode compart-
ment. The electric field was obtained as gradient of the scalar electric potential in each
finite element. The current density was calculated as electric field scaled by the tissues’
conductivity value.
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Figure 2.1: Simulation models according to montages described in Table 2.2.
Colors code conductivity compartments (a).
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The stimulation intensity in the retina of the right eyve was evaluated qualitatively by
visualizing the current density as vectors with orientation and amplitude.

For quantitative analysis, the total current density J;, in the retina was considered
according to equation 2.1 with i integrating over the n = 917 elements of the retina.

n

Jrat = || (2.1)
i=1

Comparisons of test montages to a distinct reference montage were analyzed in order to

evaluate differences in the current density distributions originating from different stimu-

lation montages. The montage comprising the ring electrode and the electrode at Oz led

to full field phosphene perception as described in Freitag et al. (2019) and thus motivated

its use as reference montage. The test montages reflect montages applied in Sabel et al.

(2020a). Montages as described in Table 2.2 were chosen for this comparison.

Figure 2.1 presents the model with an incision in the eye region in the reference montage

(a) and all test montages (b-j).

Table 2.2: Simulated montages of transorbital electric stimulation targeting the
retina.

Role Anode Cathode
Reference Ring electrode Oz
Test Ring electrode Cz
Ring electrode Right temple
Right SB Left SB
Fs F7
Fs Cz
Fp2 Cz
Fp2 02
Fp2 Oz
Fp2 Right infraorbital

The current density distributions of the test montages were compared to the current density
distribution from the reference montage based on intensity and directionality measures.
The magnitude ratio (MAG), according to equation 2.2, evaluated variations in the current

density amplitudes generated by the different test montages with respect to the reference
montage.

MAG = ees (2.2)
'Ire_fl

11
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Deviations in directionality were evaluated by the cosine of angles between current density
vectors (COS) from simulations of reference and test montages in each element of the right
retina, according to equation 2.3.

. j:'ej" : j;eat

== (2.3)
|'Ir8,f "'Itfﬂf|
Further, the earth movers distance (EMD) was calculated according to equation 2.4.
3 3 dyfy
EMD="21"—____ (2.4)
2. 2 Iy
'i=1j=1

with ¢ and j integrating over the n elements of the retina in the reference (i) and test (j)
montage models, d symbolizing the distance between j:.g 7 and Jiest and f being the flow
which is minimized to determine the EMD, as conceivable from Rubner et al. (2000). The
EMD represents a distance between the three dimensional current density distributions in
the retina from reference and test montages and thus incorporates both amplitude and

orientation features.

2.1.3 Results

The simulations of transorbital electric stimulation using the models introduced in subsec-
tion 2.1.2 resulted in current density distributions in the volume conductor models. Figure
2.2 illustrates an example of the current density vector distribution with color-coded ampli-
tudes. The image shows the current density vectors superimposed to the volume conductor
model for the region of interest at and around the eye in the reference model.

The total current density Jin integrated over all elements in the retina varied from
147.1 A/m? (Fp2 vs. Right infraorbital) to 35.6 A /m® (F8 vs. Cz). Total and mean current
current density maximized for the montage Fp2 vs. Right infraorbital (J,, = 147.1 A/m?
Jmean = 0.16 A;’mz} followed by the montages involving the ring electrode surrounding the
eve (Jior &~ 105.5 A/m?, Jiean =~ 0.115 A/m?) with large electrode areas near the right
eye. In contrast, montages involving the electrode F8 or the electrode at the right 5B with
their return electrodes rather distant to the right eye, resulted in lowest current density
values in the right retina (Jy,: 35.56 A/m? - 57.59 A/m?, J,, .0 0.04 A/m? - 0.06 A/m?).
Intermediate current density intensities with Jiot = 86 A/m? (Jmean = 0.08 A/m?) were
generated by montages incorporating the electrode at Fp2 close to the right eye and rather
distant return electrodes at Cz, Oz or 02. Table 2.3 provides an overview of quantitative

measures with the mean current density amplitude Jineqn. its standard deviation Js4, the

12
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Current density in A/m?

i /{ﬁ:;‘ “S‘\ . /
(c) Coronal slice.

Figure 2.2: Current density vector distributions with color-coded amplitudes in
the region of interest of the right eye and its vicinity simulated in the reference
model (Table 2.2) superimposed on model sections. Tissue compartments are
color-coded as introduced in Figure 2.1a. White lines indicate cut-planes in the
three interrelated sub-figures (a) to (c).
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Table 2.3: Quantitative measures of current density amplitudes derived from the
retina of the different models.

Model Jrat Jmean Jatd Jmin  Jmar
in A/m?
Ring electrode vs. Oz 105.14 0.11 0.03 0.06 035
Ring electrode vs. Cz 10575  0.12 0.03 0.06 036
Ring electrode vs. Right temple 105.52 0.11 0.03 0.05 0.32
Right 5B vs. Left SB 57.56 0.06 0.04 0.03 0.28
F8 vs. F7 42.08 0.05 0.02 0.02 0.14
F8 vs. Cz 35.56 0.04 0.02 002 011
Fp2 vs. Cz 81.62 0.09 0.03 0.04 0.23
Fp2 vs. O2 85.44 0.10 0.03 0.04 0.25
Fp2 vs. Oz 85.14 0.10 0.03 0.04 0.25
Fp2 vs. Right infraorbital 14713 0.16 0.10 0.06 0.60

minimal value Jy;, and maximal value Jy,. of the current density amplitude occurring in
the right retina of the simulation models introduced in Table 2.2.
For visualization purposes, the model elements of the retina were projected on a 2D plane
in polar coordinates. The amplitude distributions of the current densities for the differ-
ent montages are depicted in Figure 2.3. The montages incorporating the ring electrode
generated current density distributions peaking in the superior section with intermediate
eccentricity and providing current density values in the order of 0.1 A}'mz in the central
section. The return electrodes demonstrated minor influences on the current density distri-
butions in these montages as conceivable from Figure 2.3a-c. Similarly, the electrode Fp2
dominated the appearance of the current density distributions depicted in Figure 2.3g-i
with a hot spot in the superior right periphery irrespective of the return electrode at Cs,
02 or Oz. In contrast the Right infraorbital electrode introduced a even more dominant hot
spot, both with respect to intensity and extend, in the inferior section from intermediate
to maximal eccentricity in combination with the electrode Fp2 (cf. Figure 2.3j). The mon-
tages incorporating electrodes lateral to the eyes, i.e. F7, F8 and 5B electrodes, generated
current density distribution with lower amplitudes compared to the other montages (cf.
Figure 2.3d-f). With the electrode F8, relative hot spots in the right eye occurred lateral
and nasal with slightly larger extent and intensity in the lateral location. In contrast, the
electrode at the right SB clearly induced a current density hot spot in the right lateral
periphery of the right retina.

The orientation of the current density vectors along the anatomical axes, in anterior-
posterior, medial-lateral and inferior-superior directions, is depicted in Figure 2.4. The
montages incorporating the ring electrode generated current density distributions predom-

14
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inantly orientated along the anterior-posterior axis 2.4a-c. The return electrodes demon-
strated minor influences on the current density orientation in these montages. Montages
with lateral electrode positions, on the SBs or F8 and F7, generated current density dis-
tribution with major medial-lateral orientation (cf. Figure 2.4d-f). The electrode Fp2
dominated the direction of the current density vectors along the anterior-posterior axis in
central and superior areas as depicted in Figure 2.4g-i, and with inferior-superior orienta-
tion in the frontal inferior part. In all these montages, the return electrodes demonstrated
minor influences on the current density orientations. In contrast the Right infraorbital
electrode introduced a change in orientation to predominantly inferior-superior direction
in combination with the electrode Fp2 (cf. Figure 2.4j).

The magnitude ratio (MAG) of the current density amplitudes in the retina reflected
amplitude differences between each test model and the reference model.
As conceivable from the current density amplitude evaluations above, montages incorporat-
ing the ring electrode and the electrode Fp2 generated current density amplitudes similar
to the reference montage, reflected in mean MAG values around 1 (0.08 - 1.57). However,
the deviating morphologies of hot spots in the current density distributions from montages
with electrode Fp2 resulted in M AG min = 0.43 and M AG a0y == 3.4, considerably deviat-
ing from 1. Especially, the Fp2 vs. Right infraorbital montage with the dominant inferior
hot spot generated highest deviations from the MAG = 1 in the extreme values with
MAGmin = 0.39 and M AG e = 7.39. The current densities from montages with lateral
electrodes generated less intense current density distributions resulting in average MAG val-
ues below 1 with MAG .., = 0.4 for F8 montages and even lower with M AG,,.., == 0.1
for 5B electrodes. Due to the disjoint positions of hot spots in the reference montage and
the test montages with lateral electrodes, the average M AG 4, was around 1.1. Table 2.4
provides an overview of the MAG guantities, i.e. the mean magnitude ratio M AG mean. its
standard deviation M AG 44, the minimal value M AG i, and the maximal value M AG a2
for the test models introduced in Table 2.2
The MAG value distribution on the right retina for the test montages are depicted in Figure
2.5. The montages incorporating the ring electrode generated homogeneous MAG distribu-
tions with values around 1 (cf. Figure 2.5a,b) reflecting the similarities in current density
distributions in Figure 2.3a-c. The MAG distributions from montages with electrode Fp2
and cephalic return electrodes (cf. Figure 2.5f-h) indicated relatively small deviations from
1 in the periphery towards smaller values (dark blue rim) and in areas with intermediate
eccentricity towards larger values (light blue areas). The MAG distribution from mon-
tage Fp2 vs. Right infraorbital electrode (cf. Figure 2.51) indicated very low MAG values
in the very dark blue area reflecting the dominant inferior hot spot in Figure 2.3j). The
MAG distributions from montages with lateral electrodes (cf. Figure 2.5¢-e) indicated most
prominent deviations from 1 with larger MAG values in the central region and in a superior
area with intermediate eccentricity. These reflected the current density hot spots from the
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Table 2.4: Quantitative measures of the magnitude ratio (MAG) derived from
the retina of the different test models with respect to the reference model.

Model MAGhean MAGga MAGnim MAGhar
Ring electrode vs. Cz 1.00 0.02 0.92 1.08
Ring electrode vs. Right temple 1.02 0.09 0.81 1.37
Right SB vs. Left SB 0.07 0.31 0.17 231
F& vs. FT 0.42 0.18 0.12 1.22
F& vs. Cz 0.35 0.13 0.16 0.96
Fp2 vs. Cz 0.80 0.22 0.45 1.83
Fp2 vs. 02 0.87 0.27 0.43 2.10
Fp2 vs. Oz 0.87 0.27 0.43 2.10
Fp2 vs. Right infraorbital 1.57 1.19 0.39 7.39

reference montage in the areas of low current density amplitudes from these test montages.

The cosine of angles (COS) between current density vectors in the retina from each test
model with respect to the reference model evaluated the orientation differences. Table 2.5
provides an overview of the COS quantitative, i.e. the mean C'0Snean, its standard de-
viation C'0Sg4, the minimal value COS,,;; and the maximal value COS8,, for the test
models introduced in Table 2.2. The qualitative distributions depict changes in current
density orientation as shown in Figure 2.6.

Similar to the current density amplitude distributions, the current density orientation was
marginally affected by the return electrode in montages incorporating the ring electrode.
This resulted in homogeneous COS distributions with values around 1 as depicted in Fig-
ure 2.6a.b. Montages with electrode Fp2 and cephalic return electrodes introduced inte-
rior peripheral orientation changes (cf. Figure 2.6f-h) up to approximately 120 degrees
with COSnin = —0.5. However, major central and superior parts of the current den-
sity orientation indicated orientation deviations smaller than 45 degrees, resulting in a
C'0Smean == 0.7. In contrast, the montage Fp2 vs. Right infracrbital electrode introduced
orientation changes of 75 degrees and above for most parts of the retina, resulting in a
CO8 ean 7= 0. Only a superior peripheral rim indicated relatively small orientation of
around 30 degrees changes with C'0 5., = 0.88. The current density orientation distribu-
tions from montages with lateral electrodes revealed complex pattern in Figure 2.6c-e and
a wide range between C'OSnn = —0.7 and C0 Spae == 0.9. The lateral electrodes close to
the right eye (F8, Right SB) resulted moderate orientation changes up to approximately
60 degrees with orange or yellow colored COS values in a right lateral rim of the retina. A
left superior lateral area with intermediate eccentricity, most prominent in the montages

with Cz, indicated small to moderate orientation changes, with C'0 S5, = 0.9. An inferior
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code the MAG as introduced above the sub figures.
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Table 2.5: Quantitative measures of the cosine of angles (COS) between current
density vectors from the retina of the different test models with respect to the
reference model.

Model COSpean COS4q COSLin COSar
Ring electrode vs. Cz 1.00 0.001 0.99 1.00
Ring electrode vs. Right temple 0.98 0.017 0.84 1.00
Right 5B vs. Left SB 0.12 0.353 -0.75 0.91
F8 vs. FT7 0.22 0.347 -0.75 0.92
F8 vs. Cz 0.35 0.368 -0.7T1 0.95
Fp2 vs. Cz 0.71 0.302 -0.47 0.95
Fp2 vs. 02 0.68 0.305 -0.49 0.97
Fp2 vs. Oz 0.68 0.306 -0.48 0.97
Fp2 vs. Right infraorbital -0.06 0.347 -0.84 0.88

nasal and a right central region consistently demonstrated strongest orientation changes
for these montages of around 120 degrees and above, with C0 S, == —0.7.

The earth movers distance (EMD) quantified the dissimilarity, considering amplitude
and orientation features, between the current density distributions in the retina from test
models and the reference model. Across all test model — reference model comparisons, the
average EMD was 0.0789 A /m” with a standard deviation of 0.0513 A /m®. The minimal
EMD was 0.006 A/m? and the maximal EMD was 0.186 A /m?, which occurred for the
test models Ring electrode vs. Cz and Fp2 vs. Right infraorbital. Table 2.6 provides an
overview of the EMDs for all test models.

Table 2.6: Earth movers distance (EMD) derived from the current density in the
retina between the different test models and the reference model.

Model EMD

in A/m?
Ring electrode vs. Cz 0.006
Ring electrode vs. Right temple 0.025
Right 5B vs. Left SB 0.081
F8& vs. FT 0.088
F8 vs. Cz 0.109
Fp2 vs. Cz 0.062
Fp2 vs. 02 0.076
Fp2 vs. Oz 0.077
Fp2 vs. Right infraorbital 0.186
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models introduced in Figure 2.1 projected on a plane in polar coordinates. Colors
code the COS as introduced above the sub figures.
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2.1.4 Discussion

The models representing transorbital electric stimulation montages involved electrodes in
the eye vicinity and at standard positions derived from the 10-20 system. A ring electrode
surrounding the eve and patch electrodes at Fp2, F8 and over the right sphenoidal bone
centered at the hight of the lateral palpebral ligament served as stimulation electrodes. The
stimulation montage comprising the ring electrode and a large return electrode over the
occiput, as used in (Freitag et al., 2019), served as reference montage for model compar-
isons. The various test montages were derived from experimental phosphene investigations,
among other pilot studies utilized in (Sabel et al., 2020a).

The resulting current density amplitude in the retina varied by a factor of 4 to 5 for the
quantitative measures of the totally impressed current density, the mean and the maximal
current density.

The maximal value in these quantitative measures of the current density occurred for
the montage Fp2 vs. Right infraorbital, which incorporated two electrodes close to the eye,
followed by the montages incorporating the ring electrode. However, the ring electrode
ensured a more homogeneous activation of the retina on this high intensity level with a slight
focus in central regions. In contrast the Fp2 vs. Right infraorbital montage demonstrated
a more peripheral activation of the retina.

The minimal values in amplitude measures of the current density were consistently pro-
vided by the montage F8 vs. Cgz involving the most distant stimulation electrode with
respect to the right eye and a cephalic return electrode. The amplitude distributions for
montages incorporation F8 as stimulating electrode were rather homogeneous on a low
intensity level without strong hot spots.

The most focal stimulation of a lateral spot in the right periphery of the right retina was
provided by the montage right SB vs. left SB. Montages incorporating Fp2 as stimulating
electrode led to dominant right upper peripheral activation of the retina, except for the
montage with the infraorbital return electrode, where the periphery was almost completely
activated and the hot spot occurred in the inferior hemisphere.

Interpreting the MAG distributions for the test montages incorporating the stimulation
electrodes at F8 and at the infraorbital position, it seemed conceivable that the distance
of the stimulation electrode strongly influence the stimulation intensity in central regions
of the retina. Further, alterations in the positioning of a single stimulation electrode close
to the eye rather strongly influences the hot spot location as derivable from the montage
right 5B vs. left SB.

The COS quantities measured the orientation deviation from the test montages with
respect to the reference model. Stimulating the retina as half-spherical structure, the

orientation of the current density might represent an essential parameter when targeting
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specific regions. The ring electrode ensured a rather homogeneous orientation of the im-
pressed current in anterior-posterior direction, even when the return electrode was changed
in extent and location. Only a small spot in the right periphery demonstrated a orienta-
tion shift of up to 30 degrees with the return electrode at the right temple. Similarly, the
montages incorporating the electrode at Fp2 and a distant return electrode (Cz, Oz, 02)
provided rather homogeneous direction profiles in a similar direction as in the reference
montage. Just the inferior frontal part of the retina indicated an orientation change up to
90 degrees for those montages with respect to the reference current density. In contrast, the
montage of Fp2 vs. the right inferiororbital electrode changed the predominant orientation
to inferior-superior direction, which resulted in changes up to 180 degrees in the inferior
frontal part, in central regions around 90 degrees and kept the reference orientation in
the superior frontal periphery. The montages incorporating laterally positioned electrodes
changed the orientation in medial-lateral direction predominantly affecting right central
and left peripheral regions with rather similar variations from the reference distribution.

In contrast to MAG and COS as distinct quantitative measures for amplitude and ori-
entation comparison, the EMD represented an overall measure accounting for amplitude
and orientation aspects. The EMD indicated largest dissimilarity from the reference model
for montage Fp2 vs. right infraorbital, since this model impressed stronger currents with
rather different overall orientation compared to the reference. The montages of the ring
electrode and Cz or the right temple electrode showed the smallest EMD values. However,
the small orientation changes due to the return electrode at the right temple introduced a
factor of around 4 between the EMD values of these two montages.

The transorbital stimulation with stimulation electrodes close to the eye as presented
here, provided current density distributions with maximal amplitudes in the retina from
011 A fmz -0.6A fmz for a stimulating current intensity of 1 mA. Maximal current density
amplitudes in the range of 0.008 A/m® — 0.04 A/m? have been estimated to be sufficient
to evoke retinal phosphenes and therefore stimulate the retina (Laakso and Hirata, 2013).
Thus each montage incorporated in the present study qualified for phosphene provocation
in the retina. The current density in the retina simulated with the montages incorporating
a stimulation electrode close to the eye appeared around a factor of 10 stronger compared
to simulation studies investigating phosphenes evoked by transcranial electric stimulation,
which considered electrodes distant to the eye (Indahlastari et al., 2018; Laakso and Hirata,
2013). This might enable a dynamic range of stimulation intensities below 1 mA, enabling
partial retinal stimulation at montage specific hot spots. When incorporating a frontal
stimulation electrode at Fpz in tES montages, the mean current density amplitude in the
eye were around 0.2 A/m? (Indahlastari et al., 2018) and thus in the range of the results
presented here. Therefore, such tES montages likely induce retinal phosphenes.
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The current density amplitudes of maximal 0.6 A/m? simulated here (equivalent to
(06 A/m*)/(0.7 §/m) = 0.9 V/m) for the retina, were in well agreement with the estimated
dosage for two electrode stimulation delivered to the brain in the range from 0.2 V/m -
1.6 V/m (Datta et al., 2009a; Parazzini et al., 2011). The intensities calculated here were
an order of magnitude smaller than the current intensities of 6.3 A/m? at which brain
injury could occur as derived from animal studies (Antal et al., 2017a).

Simulating the current density distribution in volume conductor models is essential to
design electrode montages targeting specific areas. Especially when aiming at sub-regions
of the retina to address individual failure symptoms and functional lesions, electrode mon-
tages stimulating the target with desired orientation and amplitude, are desired. The here
presented simulations demonstrate the possibility to target specific regions of the retina, by
the use of various electrode configurations for transorbital electric stimulation. Due to the
relative consistent anatomy of the eye across subjects, individual volume conductor models
as for the brain might not be necessary. However, in case of anatomical abnormalities in
the eye, e.g. retinal detachment, or its vicinity, the volume conductor model would need
to reflect the patient specific anatomy.

The above mentioned studies used eye models with significant simplifications. Depend-
ing on the desired degree of detail, very simple approaches, such as modeling the eve as
one compartment (Haueisen et al.,, 1995) might be sufficient. In studies investigating the
current distribution in the eye impressed by electrical stimulation, the eyve models were
embedded in realistic finite element models of the head, in which up to 15 different tissue
types were considered. These included nine major eye compartments (cornea, sclera, lens,
vitreous humor, aqueous humor, retina, optic nerve, muscles, fat tissue) and six major
head compartments (white matter, gray matter, cerebrospinal fluid, skull compacta, skull
spongiosa, skin), where the white matter compartment might incorporate anisotropic con-
ductivity (Giillmar et al., 2010). Subsets of these compartments were used in the modeling
studies of retinal electrical stimulation (Indahlastari et al., 2018; Hunold et al., 2018a, 2015;
Gall et al., 2016; Laakso and Hirata, 2013).

The degree of detail in the eye model used in the present study introduced deviations
from anatomy, especially in sub-millimeter structure. Such, the retina was modeled as
one-element-layer over estimating its thickness by a factor of around three (Myers et al.,
2015). The approximation of thin structures in the eye by model layers incorporating only
one element in thickness also introduced a charge leakage issue, when the layer is bend
(Sonntag et al., 2013). However, since the conductivity gradients across eye tissues were
less pronounced as compared to the conductivity differences between CSF and skull, the
leakage artifacts were less severe.

Given the availability of MRI data with sub-millimeter spatial resolution and applicable
processing tools, the level of detail in the model should be improved in future studies. A
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higher resolution in the FEM models will allow more realistic modeling of the eye anatomy,
e.g. the retina, and grant the inclusion of more tissue types, e.g. the choroid. With those
extensions, conductivity values for eve tissue types are desired and should be investigated

in future experimental studies.

The present study incorporated different montages for transorbital electric stimulation to
address current density distributions in the retina. The results provide a proof of concept
for the stimulation of retinal regions with different current intensities and orientations.
Extending this approach with variations of subject’s viewing direction can increase the de-
grees of freedom yielding pathology specific stimulation. Further, the concept of targeting
regions of interest by specific stimulation configurations can be transferred to transcranial
electric stimulation.
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2.2 Reciprocity in targeting transcranial electric stimulation

2.2.1 Introduction

Conventional stimulation setups of tES typically involve two rubber electrodes (anode,
cathode) of several square centimeters, as introduced by Nitsche and Paulus (2000). The
rubber electrodes are inserted in sponge pockets soaked with saline solution to establish
a safe low impedance of the electrode—=skin interface (Antal et al., 2017a). The electrodes
are attached to the human head by rubber bands, which surround the head and hold the
electrodes in place at pre-defined positions. This complicated and time-consuming proce-
dure demands specifically trained personnel and is error-prone to electrode misplacement
and variations in the effective electrode area. These drawbacks might contribute to a lack
of reproducibility in longitudinal studies stimulating a specific participant, group studies
involving different participants and comparability of stimulations across multiple sites in-
volving different operators (Padberg et al., 2017). Further, fastening patch electrodes by
rubber bands limits the number of electrodes in use, as well as the positions that can be
addressed (Klein et al., 2013).

New applications of tES request reproducible dosage (Peterchev et al., 2012) which fun-
damentally relies on electrode positioning and placement especially in longitudinal studies,
and across multiple subjects, as well as multiple centers. Further, stimulation schemes
which target specific brain areas with predefined intensity and orientation at the target,
and preserve non-target areas from external electric field desire individualized tES setups
and stimulation current distributions across available electrodes. In this line, multi-channel
tES can address distinct cortical targets (Dmochowski et al., 2011; Sadleir et al., 2012},
and nodes in neuronal networks (Jefferys et al., 2003). However, the optimization of stimu-
lation currents among the electrodes to address a distinct target in the brain is an ill-posed
problem (cf. duality to source localization). Constrained solutions can be found in opti-
mization for intensity, directionality or focality (Dmochowski et al., 2011; Wagner et al.,
2016; Sadleir et al., 2012), but need to be compromised among these criteria. So far intro-
duced multi-channel stimulation setups involve small electrodes with diameters up to 2 cm
(Minhas et al., 2010) and electrode patches with an area of approximately 22 cm? (Sadleir
et al., 2012). Previously introduced stimulation caps are based on electrode arrays (Park
et al., 2011), and arrangements of small electrodes in an electroencephalography cap (Dmo-
chowski et al., 2011). These approaches facilitate predefined layouts of small electrodes,
but might introduce restrictions with respect to current density on the scalp and thus
might raise safety concerns. Further, such setups limit individual fits since pre-assembled
semi-rigid or rigid caps are used.

In order to overcome the limitations in the application of tES adherent to the conven-
tional approach and to fulfill the needs in advanced tES application, the goal is to introduce
an individualized cap based solution. A flexible cap with integrated large textile electrodes
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based on light-weight and flexible fabric of silver-coated fibers was introduced (Fiedler
et al., 2015a; Wunder et al., 2018). Enhancing this bipolar cap to a multi-channel stimula-
tion cap raises the question how to distribute the stimulation current across electrodes to
target a distinct area in the brain. Such a distribution of stimulation currents at multiple
electrodes should ensure a physiologically effective electric field at the target brain region
but not at other places in the brain. Model free approaches based on EEG setups (Cancelli
et al., 2016) and Helmholtz reciprocity (Helmholtz, 1853; Fernandez-Corazza et al., 2016;
Dmochowski et al., 2017) have been proposed for setups involving more than hundred small
electrodes.

Here Helmholtz reciprocity (Helmholtz, 1853) is applied to compute the distribution of
stimulation currents for tES on a multi-channel stimulation cap incorporating textile elec-

trodes of several square centimeters.

Parts of this chapter have been previously presented in talks at DGKN and BMT con-
ferences in 2018.

2.2.2 Material and Methods

The volume conductor model described in section 2.1.2 was utilized for this targeting study
as well. Table 2.1 provides a summary of the represented tissue compartments and the
assigned conductivity values.
To define targets in the cortical compartment, the Destrieux atlas (Destrieux et al., 2010)
was considered, which parcels the gray matter surface in gyri and sulci. The FreeSurfer (FS)
software (http://surfer.nmr.mgh.harvard.edu) (Fischl, 2012) output incorporated the
labeling of the gray matter surface for 74 parcels per hemisphere according to the Destrienx
atlas. The gray matter surface nodes of each parcel were used to calculate their medoid
as representative position for the parcel. To ensure the target position to be within the
gray matter compartment of the FEM model, the medoid positions were projected on the
Euclidean closest element center of a gray matter element. In each target position, four
dipoles were defined: three along the main anatomical axes (anterior-posterior, medial-
lateral, inferior-superior) and one in direction of the mean surface normal of the gray matter
surface parcel. Figure 2.7 illustrates the Destrieux atlas parcels and a sample representation
of the target definition.
Thus, the target definition for 74 atlas labels times two hemispheres times four directions
resulted in 592 dipole targets in 148 positions throughout the entire gray matter.

In preparation of the Helmholtz reciprocity approach, forward simulations of the scalar
electric potential were performed for each of the 592 target dipoles with a dipole strength
of 100 nAm. The partial integration direct approach (Schimpf et al., 2002) as implemented
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Figure 2.7: Target definition based on Destrieux atlas parcels of the gray matter
surface (left hemisphere) with four dipoles in the medoid position of each label
(right hemisphere). Colors code Destrieux labels (left hemisphere) and dipole
directions (right hemisphere): anterior — dark blue, lateral — light blue, superior
— yellow, parcel’s mean surface normal — green.

in the SimBio software was used for the forward solution. Therein, an algebraic multigrid
preconditioned conjugate gradient (AMG-CG) iterative solver method (Lew et al., 2009)
provides an efficient solution of the Laplace equation for the scalar electrical potential
arising from the quasi-stationary approximation of Maxwell's equations.

Here, the volume conductor model of the head was extended with 19 stimulation elec-
trodes at positions according to an adapted layout of the international 10-20 system
(Jasper, 1958; Klem et al., 1999). Electrodes were modeled as patches with dimensions
of 4 cm x 4 cm and 4 mm thickness as depicted in Figure 2.8. This electrode configuration
reflected a layout for a flexible textile stimulation cap with integrated electrodes of silver-
coated polyamide threads. Such textile stimulation electrodes incorporate a textile pocket
for saline soaked sponges as electrolyte reservoir. Thus, the electrodes were modeled as one
compartment reflecting the sponges soaked with 0.9 % sodium chloride solution. Therefore,
their conductivity value was set to 1.4 5/m (Datta et al., 2011). Euclidean centers of each
stimulation electrode were calculated and used to derive a triangulated mesh representa-
tion of the stimulation cap. The base functions of the SPHARA spatial Fourier analysis
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Figure 2.8: Volume conductor model with cutlet to visualize brain compartments
(a) and the stimulating electrode layout (b).

(Graichen et al., 2015) were calculated based on the triangular mesh. Figure 2.9 shows the
first four base function (sC') of the SPHARA spatial Fourier analysis for the stimulation

cap.

(a) sCi. (b) sCs.

(c) sCs. (d) sCi.

Figure 2.9: Topographies of the first four base function (sC') of the SPHARA
spatial Fourier analysis for the stimulation cap.
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The scalar electric potential from the forward simulations were evaluated at the foot nodes
of the stimulation electrodes. The foot nodes of the stimulation electrodes mutually be-
long to the scalp and electrode compartments. The simulated scalar electric potential was
integrated over the foot nodes belonging to one of the 19 stimulation electrodes, which
resulted in one electric potential value per stimulation electrode. Evaluating the potential
distributions across the stimulation electrodes which resulting from the forward simulations
revealed predominantly dipolar, and predominantly monopolar potential distributions, the
latter oceurred from spatial subsampling due to the limited coverage of the head. The de-
gree of dipolarity was computed according to equation 2.5 as radius r; of a circle spanned
over the second sCy2 and third sCj 3 spatial components of the SPHARA decomposition
of the scalar electric potential distributions simulated from the 592 dipoles d:

rg= \/505,22 + 505,32. (2.5)

Ideal dipolar pattern would provide a radius of 1. For predominantly dipolar potential
distributions a deviation of 20 % from the ideal radius, was permitted. All configurations
with a rg < 0.8 were categorized as predominantly monopolar.

In case of a predominantly dipolar electric potential distribution, the electric potential
at each electrode i was sign-dependently normalized according to equations 2.6 and 2.7:

Up = ;;; (2.6)
7
Uin
Up = Ig 'Ui,,n,l EET}

Where p indicates electrodes with positive and n indicates electrodes with negative electric
potential value u. Implementing two stimulation configurations, first a single electrode was
assigned as current source for a narrow configuration. The source electrode srey, was the
electrode with the maximal absolute normalized electric potential according to equation
2.5

sregn = max( [up] | [Jua|]) (2.8)
Second, all electrodes of one sign subset were assigned to the current source for a wide

configuration. The source electrodes sreg, incorporated all electrodes belonging to the
subset with minimal integrated electric potential over the sign subset as stated in equation

2.9:
STCAy = mm( > uip | ) (2.9)

> i
n
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Consequently, srey originated from either of the subsets u, or u,,. The current sink for each
source srscg was generated by the set of electrodes snkg with the largest absolute electric
potential values best approximating srcy according to equations 2.10 and 2.11:

min( |3 sort (b | ]| = forea ) (2.10)

snkg =Y sort( [up] | [|un]] ) (2.11)

This ensured srcy and snky to originate from different subsets uy, or u, for both, narrow

and wide configurations.

In case of a predominantly monopolar electric potential distribution, a reference electric
potential u,.; was determined as maximal absolute integrated electric potential over one

) (2.12)

The electric potential at each electrode i was normalized with respect to u,.s as indicated
in equation 2.13:

sign subset as stated in equation 2.12:

Z Uin

m

Upef = m‘“( Z Uip |

r

Uy

0; = (2.13)

B Upe f
The electrode with the maximal absolute normalized electric potential served as source
electrode sro,, according to equation 2.14:

srem = max( [ |o]]) (2.14)

The remaining electrodes according to equation 2.15 were used to determine the current
sink es configuration:
es=[|o]] \ sren (2.15)

Implementing again a narrow and a wide configuration, first srec,, was approximated with
the k largest elements in cs (cf. equation 2.16) for a narrow configuration of the current
sink as snk;y, defined in equation 2.17:

min( [Z 507t gese  [c3] )] — |srem| ) (2.16)

k

stikmn = [sm'tgeac( [cs])] L (2.17)
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Second, approximating sre, with the [ smallest elements in cs (cf. equation 2.18) resulted

in a wide configuration as snky, according to equation 2.19:
mm( [Z sm'tm( [es] )] — |sreml ) (2.18)
I

stk = [sortau( [es] )]1“1 (2.19)

In summary, the above introduced approach provided signed ratios, which represented the
activation of stimulation electrodes based on forward simulations of single current dipoles
in target areas. Ultimately each current source or sink of a narrow or wide configuration
was sign-preserving normalized to a sum of 1 with a precision of 2 decimals, such that these
normalized values at each electrode could be directly transferred into stimulation current
values with switched sign.

Figures 2.10 and 2.11 provide visual summaries of this procedure, called SPHA Recip, which
describe the spatial harmonic analysis based reciprocity approach.

The maz intensity approach, described by Dmochowski et al. (2011), was used to compare
the SPHARecip approach presented here to an often applied technique for tES optimiza-
tion to a target. The stimulation electrode at Iz served as common return electrode in
18 bipolar tES simulations with each one of the remaining electrodes active. A mixing
matrix with 18 columns from the bipolar simulations in the FEM model was generated for
optimization towards maz intensity in each of the 592 targets.

Ower all, three targeting simulations were performed for each of the 592 targets, two (narrow
and wide) using SPHARecip and one maz intensity optimization.

The mar intensity approach provided a reference solution for the target stimulation.
The electric field distributions of the narrow and wide configurations as test solutions
were qualitatively compared to this reference based on distributions of the amplitude, its
correlation coefficient C'C' (cf. equation 2.20) and its relative error RE (cf. equation 2.21):

. Eref_Eref . Eteat_Ftest

CC = — — (2.20)
|Eref - Erefl |Eteat - Etest|
E.;—E
RE = [Eres = Evest| (2.21)

|Ee]
with FE denoting the electric field, ref and test labeling the reference and test solutions and
FE marking the mean of E (Stenroos et al., 2014).
Quantitatively, the reference and test solutions were compared based on figures of merit,
evaluating their distributions based on statistical comparisons. The figures of merit in-
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Figure 2.10: SPHARecip approach for a target in the left precentral gyrus in
direction of the mean surface normal of the gray matter surface in the parcel.
Electric potential, originating from the target dipole, at the transparent scalp
surface (a). Stimulation electrodes projected in a 2D plane in polar coordinates
(b — e): Simulated scalar electric potential (b), Integrated electric potential per

electrode (c), Stimulation current intensities for narrow (d) and wide (e) configu-
rations.



2 MODELING OF STIMULATION SCHEMES

20

110

£
19 -
=
-10
20
(a) Electric potential on model surface for target dipole (green arrow) simulation.
40
s8 | = F
o\ L & |
" - 2 .-
1 = I 1 =
= o

I\J - A0
-1
s/ | B |
T " -4
(b) Electric potential at electrodes. (c) Integrated electric potential at electrodes.
/’f{/_\h\ 1 /’f{/_\h\ 1
/@ N\ /@ N\

- -
\‘ w /e \ /Yo
T - N . - N

(d) Stimmlation currents at electrodes for  (€) Stimulation currents at electrodes for wide
narrow configuration. configuration.

Figure 2.11: SPHARecip approach for a target in the left precentral gyrus in
anterior direction. Electric potential, originating from the target dipole, at the
transparent scalp surface (a). Stimulation electrodes projected in a 2D plane
in polar coordinates (b — e): Simulated scalar electric potential (b), Integrated
electric potential per electrode (c), Stimulation current intensities for narrow (d)
and wide (e) configurations.
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corporated the following measures: the electric field amplitude at the target position as
measure of intensity, the cosine COS of the angle between the target dipole moment and
the electric field vector in the target position as measure of directionality, the fraction of
gray matter volume in % containing more than 50 % of the maximal electric field in gray
matter E (cf. Full Width Half Maximum FWH M) as measure of focality, and the number
of activated electrodes, as the amount of stimulation electrodes subjected to a stimulation
current. Further, hot spots were evaluated as gray matter elements with an electric field
amplitude higher than 90 % of E. Hot spot clusters with 10 mm mutual distance were con-
sidered separately. For each hot spot, its center distance to the target position (Deeni—tar).
its mean intensity (Emean), the COS of the angle between the target dipole moment and
the mean of the electric field vectors within the hot spot, and the fraction of electric field
amplitude integrated within the 10 mm vicinity of the hot spot center compared to the
electric field amplitude in the entire gray matter (Efyq.) were evaluated.

The named figures of merit were investigated using descriptive statistics. The distribu-
tions from the three configurations, reference (ref), narrow, and wide, were compared based
on the Wilcoxon rank sum test (equivalent to Mann-Whitney U-test) on a significance level
of 5 %, and their confidence intervals. The 95 % confidence intervals of the sample’s mean
values were calculated based on 100,000 bootstrap samples.

2.2.3 Results

Evaluating the electric field distributions for specific targets, the Figures 2.12 and 2.13 show
the comparison of reference and test solutions for the samples introduced in section 2.2.2
(cf. Figures 2.10 and 2.11). Both targets are located in the left precentral gyrus with an
Euclidean distance of 22.16 mm to the closest vertex in the scalp surface.

For the target with direction of the mean surface normal of the gray matter surface in the
parcel, the ref configuration incorporated the electrodes F3 as anode and C3 as cathode.
Table 2.7 summarizes the quantitative comparison of the three stimulation configurations.
The test configurations provided more specific stimulation to the target as the C'0S values
were higher than for the reference configuration and the Eisrget values were comparable
across all configurations. However, the reference configuration appeared overall more in-
tense (E) and more focal (FW HM).

Also the hot spots, distant to the target, appeared less pronounced for the test configura-
tions compared to the reference configuration. Table 2.8 summarizes the quantities derived
for the hot spots with amplitudes higher than 90 % of E for each of the three stimulation

configurations.
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Figure 2.12: Qualitative comparison of electric field distributions for the target
in left precentral gyrus with direction of the mean surface normal of the gray
matter surface in the parcel (see Figure 2.10). Electric field distributions on gray
matter surface from mar intensity as reference (a) and SPHARecip narrow (b)
and wide (c) configurations with a 25 mm mesh sphere surrounding the target
position. Correlation coefficient calculated from the reference vs. narrow (d) and
wide (e) as test configurations. Relative error calculated from the reference vs.
narrow (e) and wide (g) as test configurations. Views from top (cf. Figure 2.7)
and from left.
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Figure 2.13: Qualitative comparison of electric field distributions for the target
in left precentral gyrus with orientation in anterior direction (see Figure 2.11).
Electric field distributions on gray matter surface from mar intensity as reference
(a) and SPHARecip narrow (b) and wide (c) configurations with a 25 mm mesh
sphere surrounding the target position. Correlation coefficient calculated from
the reference vs. narrow (d) and wide (e) as test configurations. Relative error
calculated from the reference vs. narrow (f) and wide (g) as test configurations.
Views from top (cf. Figure 2.7) and from left.
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Table 2.7: Figures of merit for the target in the left precentral gyrus with direction
of the mean surface normal of the gray matter surface in the parcel.

Figure of Merit mf narrow wide

E in V/m 0.00 030 050
Etarget in V/m 009 008 0.11
CcoS 054 091 097

FWHM in% 001 0.28 0.04

Table 2.8: Hot spot quantities for the target in the left precentral gyrus with
direction of the mean surface normal of the gray matter surface in the parcel.

Figure of Merit ref narrow uride

# hot spots 1 2 1

Dient —tar in mm  26.51 21.90 21.38 26.05
Emean in V/m 0.89 0.28 027 0.50
CoSs 0.84 036 039 0.94
Efroe in % 3.52 2.08 2.08 1.02

For the target in anterior direction, the reference configuration also incorporated the elec-
trodes F3 as anode and C3 as cathode. Table 2.9 summarizes the quantitative comparison
of the three stimulation configurations. Again, the test configurations provided more spe-
cific stimulation to the target as they better met the targeted orientation and the Eigpget
values reached higher values compared to the reference configuration. Especially the narrow
configuration reached a Eyo,g with 0.2 V/m more than twice the Eyg g of the reference
configuration.

Table 2.9: Figures of merit for the target in the left precentral gyrus with orien-
tation in anterior direction.

Figure of Merit mf narrow wide

E in V/m 0.00 0.80 035
Etgrget n V/m 009 020 0.3
CcoS 0.80 094 095

FWHM in% 0.01 0.04 0.14

The hot spots, distant to the target, again appeared less pronounced for the test config-
urations compared to the reference configuration. Table 2.10 summarizes the quantities
derived for the hot spots with amplitudes higher than 90 % of E for each of the three
stimulation configurations. Here especially the wide configuration demonstrated only a



2.2 RECIPROCITY IN TARGETING TRANSCRANIAL ELECTRIC STIMULATION

week hot spot compared to the ref configuration with approximately one third in mean
amplitude.

Table 2.10: Hot spot quantities for the target in the left precentral gyrus with
orientation in anterior direction.

Figure of Merit ref narrow wide
# hot spots 1 1 1

Doprttar in mm  26.51 26.45 25.37
Emean in V/m 0.89 0.76 0.31
Cos -0.05 0.21 0.57
Efrac in % 3.52 0.95 0.51

The distribution and statistical measures of the figures of merit introduced in section 2.2.2
across the three stimulation configurations provided a global outcome comparison. Fig-
ures 2.14 to 2.24 present the distributions of figures of merit for the maz intensity as
reference (ref) configuration and the test narrow and wide configurations. Mean values,
their confidence intervals, the interquartile range and the data distribution are depicted.
Pairwise statistically significant differences between stimulation configuration outcomes are
indicated as well.

The electric field intensity at the target position varied statistically significant across

the three stimulation configurations as indicated in Figure 2.14. The wide configurations
provided the highest mean intensity with 0.104 V/m, followed by the narrow configura-
tion with 0.095 V/m (91.4 %) and the ref configuration with 0.046 V/m (43.7 %). The
confidence intervals of the mean electric field from the wide and narrow configurations did
not overlap as the lower bound of the confidence interval for the wide configurations was
0.101 V/m and the upper bound of the confidence interval for the narrow configurations
was 0.099 V/m.
A topographic representation of the electric field intensity at the target position is depicted
in Figure 2.15. Even though the wide configurations provided the highest intensities, on av-
erage, Figure 2.15b clearly indicates high electric field intensities above 0.2 V/m at targets
in frontal, central, and superior temporal regions with anterior-posterior or medial-lateral
orientation for narrow configurations.

Figure 2.16 presents the directionality measure, at which again the wide configurations
provided the highest mean value with 0.804 for the C'OS of the angle between the target
dipole and the electric field vector at the target position. The C'OS for the ref configu-
rations demonstrated the most narrow distribution with only positive values and a mean
of 0.725. The lowest mean value of 0.566 was provided by the narrow configuration. The
three distributions mutually differed significantly from each other.

From the topographic representation of the directionality measure in Figure 2.17, it is con-
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Figure 2.14: Distributions of electric field intensity at target position. Statistical
characteristics are depicted by the mean value (diamond), confidence intervals
of the mean (horizontal lines), the interquartile range (vertical lines), and the
distribution of the data (colored areas). Significant differences are indicated by *.

ceivable, that a single negative extreme value of -0.5 for the C'0S in the planum polare of
the superior temporal gyrus with medial-lateral orientation caused the tail of the distribu-
tion for the wide configurations (cf. Figure 2.17c). In contrast, the directionality measure
was negative for 55 targets for narrow configurations. The most extreme values occurred
on the right hemisphere in the parahippocampal gyrus with inferior-superior orientation
and the inferior frontal sulcus in surface normal direction with values of -0.37 and -0.27
(not depicted in Figure 2.17), a value of -0.27 also occurred in the area of the subcentral
gyrus and sulcus for a target orientation parallel to the surface normal of this area on the
left hemisphere (cf. Figure 2.17h).

For the electric field FWHM gray matter volume fraction, the ref configuration demon-
strated the most narrow distribution with the smallest mean value of 0.435 % as presented
in Figure 2.18. In comparison, the narrow and wide configurations provided rather broad
distributions with mean values of 0.775 % and 1.113 %. Again the confidence intervals of
the mean values from the three stimulation configurations did not overlap.

Figure 2.19 presents topographic maps of the electric field FWHM gray matter volume
fraction. The tail of the FW HM distribution above 5 % for the wide configurations was
caused by three extreme values. Figure 2.19¢ indicates one of these extreme values of 5.2 %
in the inferior temporal sulcus for the target in anterior direction. The other two extreme
values of 6.7 % and 5.7 % occurred on the right hemisphere in the lingual gyrus and the
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Figure 2.15: Electric field intensity at target positions for the Destrieux atlas
parcels on the inflated surface of the left hemisphere. Top rows: view of the
exterior side. Bottom rows: view of the interior side.
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Figure 2.16: C'OS distributions of the angle between the target dipole and the
electric field vector at target position. Statistical characteristics are depicted as
introduced in Figure 2.14.

posterior-ventral part of the cingulate gyrus, both for targets with inferior-superior orien-
tation.

Exact two electrodes were active by definition, in the stimulation montages of the ref
configurations. Therefore these configurations did not generate a distribution of activated
electrodes as indicated by a single diamond in Figure 2.20. For the test configurations the
number of active electrodes was not predefined. However, for the narrow and wide con-
figurations also the number of two active electrodes was the lower bound. On average 3.2
electrodes (16.8 % of available electrodes) were activated in the narrow configurations. By
design, the wide configurations should distribute the stimulation current on many electrode
which resulted in an average of 10.4 activated electrodes (54.7 % of available electrodes).

Figure 2.21 presents the distributions of the number of hot spots. Owerall, the wide
configurations provided the most hot spots with a total number of 1576. On average,
wide configurations generated 2.7 hot spots, the confidence interval of this mean value was
[2.5; 2.9]. According to the Wilcoxon rank sum test, this distribution varied significantly
form the distributions generated from narrow and ref configurations with on average 2.3
and 2.0 hot spots. Even though their confidence intervals of [2.1; 2.5] and [1.9; 2.1] also
did not overlap, the statistical test indicated no significance difference. The total numbers
of hot spots were 1362 and 1162 for narrow and ref configurations.

The number of hot spots is topographically mapped on the inflated surface of the left hemi-
sphere in Figure 2.22. The tails of the distributions for narrow and wide configurations
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Figure 2.17: C'0S distribution of the angle between the target dipole and the
electric field vector at target positions for the Destrieux atlas parcels on the inflated
surface of the left hemisphere. Top rows: view of the exterior side. Bottom rows:
view of the interior side.
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Figure 2.18: Distributions of fractions of gray matter volume in % containing
electric field intensities > 50 % of E' in gray matter. Statistical characteristics are
depicted as introduced in Figure 2.14.

were caused by T and 5 configurations generating more than 10 hot spots. The narrow
configuration targeting the area of the medial occipito-temporal and lingual sulci of the
right hemisphere (not depicted in Figure 2.22) in lateral direction provided the highest
number of hot spots of 16. The maximal number of hot spots of 15 in the wide configura-
tions occurred in the area of the inferior temporal sulcus of the left hemisphere (depicted
in Figure 2.22¢) for the target with anterior-posterior orientation.

Hot spots generated from narrow configurations located closest to the target with a
mean distance of 43.0 mm. The mean distances for the wide and ref configurations were
43.8 mm and 45.2 mm. According to the Wilcoxon rank sum test, the distributions did
not differ significantly, which was supported by their overlapping confidence intervals of
[41.9; 44.0] - mm, [42.7; 44.9] - mm, and [44.0; 46.6] - mm for wide, narrow and ref config-
urations as visible in Figure 2.23.

The mean electric field intensities in the hot spots were 0.31 V/m, 0.29 V/m, and 0.26 V/m
for the narrow, wide, and ref configurations. In Figure 2.24, the ref configurations demon-
strated a distinct bi-modal distribution with mean hot spot intensities of 0.840 V/m for
136 hot spots and 0.184 V/m for 1026 hot spots. The Wilcoxon rank sum test indicated
significant differences between all distributions, which was supported by the mutually dis-
tinct confidence intervals for the mean electric field intensity in the hot spots with ranges
of [0.306; 0.318] - V/m, [0.281; 0.292] - V/m, and [0.249; 0.273] - V/m for the narrow, wide,
and ref configurations.
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Figure 2.19: Fractions of gray matter volume in % containing electric field inten-
sities > 50 % of E in gray matter for the Destrieux atlas parcels on the inflated
surface of the left hemisphere. Top rows: view of the exterior side. Bottom rows:
view of the interior side.
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Figure 2.20: Number of activated electrodes in the stimulation configurations.
Statistical characteristics are depicted as introduced in Figure 2.14.
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Figure 2.21: Number of hot spots occurring in gray matter. The total numbers
are 1162, 1362, and 1576 for ref, narrow, and wide configurations, respectively.
Statistical characteristics are depicted as introduced in Figure 2.14.
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Figure 2.22: Number of hot spots occurring in simulated target stimulations to
the Destrieux atlas parcels on the inflated surface of the left hemisphere. Top
rows: view of the exterior side. Bottom rows: view of the interior side.
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Figure 2.23: Distributions of distances between hot spots with electric field in-
tensities > 90 % of E in gray matter and the target positions. N is 1162, 1362,
and 1576 for ref, narrow, and wide configurations. Statistical characteristics are
depicted as introduced in Figure 2.14.
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Figure 2.24: Distributions of the mean electric field intensity in hot spots oc-
curring in gray matter. N is 1162, 1362, and 1576 for ref, narrow, and wide
configurations. Statistical characteristics are depicted as introduced in Figure
2.14.
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2.2.4 Discussion

The proposed approach, SPHARecip, utilized Helmholtz reciprocity to distribute stim-
ulation currents across a predefined layout of electrodes, with an area of 16 cm? each,
integrated in a textile stimulation cap. Scalar electric potential distributions on the stimu-
lation electrodes, which originated from forward simulations of single target dipoles, were
transferred into stimulation current distributions. Two stimulation configurations, namely
narrow and wide, accounted for the main intensity features and the main topography of
the electric potential distribution, respectively. A reference configuration based on a maz
intensity optimization served as comparison for the two SPHARecip configurations.

The electric field evaluation in the target positions demonstrated the high ability of
the SPHA Recip configurations to specifically target the stimulation in the applied setting.
With respect to the stimulation intensity in the target, both SPHARecip configurations
significantly outperformed the reference configuration reaching on average only 44 % of
the mean intensity of 0.1 V/m provided by the wide configurations. Also considering di-
rectionality, the wide configurations provided on average the highest measures, whereat a
single extremely deviating electric field directions from the target in lateral direction in
the planum polare of the superior temporal gyrus (cf. Figure 2.17) broadened the COS
distribution in Figure 2.16. In contrast the ref configurations provided the most narrow
distribution for this measure with a mean value of 90 % compared to the averaged COS of
the wide configurations. Further, the ref configurations generated the most focal electric
field distribution in gray matter (cf. Figure 2.18), which was due to the consequent incor-
poration of exact two stimulation electrodes (cf. Figure 2.20). However, this concentration
of electric field intensity was not necessarily directly linked to the target, for 136 among
the 592 evaluated targets the ref configurations generated rather high electric field inten-
sities in remote gray matter, which is reflected in the two examples presented in Figures
2.12 and 2.13 as well as in the bi-modal distribution in Figure 2.24. However, overall ref
configurations generated the smallest amount of hot spots (cf. Figure 2.21).

Electric field intensities in the order of 0.1 V/m in the target have been shown in other
modeling studies (Miranda et al., 2013; Saturnino et al., 2015) and also with other electrode
configurations (Martin et al., 2017; Huang et al., 2018). Further, electric field intensities in
this range were also reported from measurements with intracranial electrodes in epilepsy
patients (Opitz et al., 2016). With respect to the orientation of the electric field, the
SPHARecip configurations based on Helmholtz reciprocity demonstrated electrode adapta-
tions (number and positions of electrodes involved) to address the specific target orientation
(cf. samples introduced in Figures 2.12 and 2.13). Similarly, a previously introduced ap-
proach based on Helmholtz reciprocity indicated different numbers of stimulation electrodes
to address targets with different orientations (Fernandez-Corazza et al., 2016). In contrast,
the maz intensity optimization (Dmochowski et al., 2011) resulted in the same stimula-
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tion layout for different target orientations in the precentral gyrus as presented in section
2.2.3. Intensity maximization and least square methods focus more on focality (Fernandez-
Corazza et al., 2020), thus the approach based on Helmholtz reciprocity resulted in more
broad electric field distributions on average.

A possible application for the SPHARecip approach lies in the stimulation of patient
specific areas based on measured electroencephalographic data. For example, if a primary
sensory area is to be stimulated, the evoked potential distribution might serve as a basis for
the computation of the current distribution at the stimulation electrodes. The algorithm
implementing Helmholtz reciprocity introduced in section 2.2.2 was specifically designed
for a textile stimulation cap with a predefined electrode montage, which incorporated 19
electrodes with 4 cm x 4 cm side length. Further, the presented approach could be used to
design individualized caps comprising electrode configurations indicated by measurements
or source simulations. For example a patient specific textile cap can be produced employing
the individual head geometry and the individual electrode configuration, as indicated by
the solution from the here introduced targeting approach.

The proposed multi-channel stimulation cap was based on 19 electrodes positioned ac-

cording to an adaptation from the international 10-20 system (Jasper, 1958; Klem et al.,
1999). Applying this convention, the coverage of the scalp surface was limited. This led
to configurations were the electrodes failed to capture essential portions of the electric po-
tential distributions from the forward solution (cf. Figure 2.10). In such cases one pole
of the potential distribution was not captured and predominantly monopolar distributions
occurred at the electrodes (Dmochowski et al., 2017). For retrieving the stimulation cur-
rent distribution, the Helmholtz reciprocity procedure was adapted as indicated in section
2.2.2. All targets with inferior-superior orientation generated predominantly monopolar
distributions of the electric potential at the electrodes. Only few of these targets, such as
in the lingual gyrus and the parahippocampal gyrus, led to extreme values in the distribu-
tions of the figures of merit, e.g. the focality and directionality measures. However, targets
generating predominantly dipolar electric potential distributions, e.g. in the inferior tem-
poral sulcus with anterior-posterior orientation and in the planum polare of the superior
temporal gyrus with medial-lateral orientation, also contributed to extreme values in the
distributions of the focality and directionality measures.
The finite elements model of the volume conductor used for the computations incorporated
the main five tissue compartments of the head, namely white and gray matter, CSF, skull
and scalp. A higher number of compartments would account for more details of the volume
conductor and also include anisotropic structures (Haueisen et al. 2002; Giillmar et al.
2010; Opitz et al. 2015). A shortcoming in the utilized model lies in the skull modeling,
since it was approximated with only one bulk skull compartment. Considering the layered
structure of the skull with hard and soft bone will lead to slightly different current density
distributions in the brain (Wagner et al. 2014; Opitz et al. 2015).
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The total stimulation current was 1 mA for each stimulation configuration to keep results
across all stimulation configurations comparable. This current amplitude is widely used
and thus, our results can be readily used for gnidance or comparison in experimental stud-
ies. Different current amplitudes at the electrodes while keeping the intensity ratios across
electrodes constant will yield scaled current distributions in the brain.

The proposed method represents a simple approach for the estimation of currents at
stimulation electrodes in a textile cap based on Helmholtz reciprocity. The results provide
evidence for the feasibility of the method to address different target positions and orien-
tations in the brain. This method can be applied to measured potential distributions and
expanded to derive patient-specific electrode montages.






3 Application systems for transcranial
electric stimulation

3.1 Textile stimulation cap

3.1.1 Introduction

Electric stimulation of biological tissue necessarily involves at least two electrodes, a current
source and a current sink. Initial applications of weak currents in the range of 1-2 mA
to the human head facilitated exactly one anode above the motor cortex and one cathode
at a contralateral prefrontal position (Nitsche and Paulus, 2000), whereat the geometry
was identical for both electrodes. In further studies, different electrode geometries such as
concentric (Martin et al., 2017) and distributed (Datta et al., 2009a) configurations have
been applied. Such electrode and stimulation configurations as described in section 2.2
involve multiple electrodes that are not trivial to position and fixate.

In the conventional systems, rectangular rubber electrodes of several square centimeters
in area are placed in saline soaked sponges and hold in place by rubber bands or spread
with conductive gel to contact the skin. These two complicated procedures demand pro-
fessionally trained personnel, which hampers more extensive applications in non-medical
environment. Moreover the manual and unstable electrode placement limits reproduction
in multi-session or multi-participant studies. Further, the rectangular shape limits the
electrode’s ahbility to follow the curved skin surface leading to partial displacement due to
bending and protruding.

To overcome those limitations, a compliant solution for secure and reproducible electrode
positioning with sufficient ease of use in various application scenarios was desired. Elec-
troencephalography systems with recording electrodes integrated in textile caps served as
model for such a solution. Such caps ensure standardized and secure electrode positioning
to various heads and provide flexibility in adaptation to specific requirements.

Here a novel flexible and compliant cap system with integrated textile stimulation elec-
trodes is proposed.

Parts of these developments have been previously presented in abstract form (Fiedler et al.,
2015a) and in a journal publications (Wunder et al., 2018; Hunold et al., 2020c).
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3.1.2 Material and Methods

The basic material of the cap was a highly flexible thread of cotton and elastane. The
thread was industrially processed in flat knitting to manufacture fabric caps allowing for
customized cap adaptation (research collaboration partner warmX GmbH, Apolda, Ger-
many). A second knitting magazine, holding conductive silver-coated poly-amide threads,
implemented reproducible tES electrodes with respect to their size and position in the caps.

Pockets of the flexible fabric on top of the electrodes held sponges, sockets and studs
of snap fasteners. The later contacted the conductive thread, which fed into the pocket’s
outer side, to provide an electric contact for medical grade press stud cables. The sponges,
accessible for a syringe via the snap socket, provided an electrolyte reservoir when soaked
with saline solution, to realize the electron—ion interface for the electric contact from the
textile electrode to the skin.

In order to ensure stability with respect to the effective electrode configurations, a bar-
rier needed to prevent diffusion of saline solution throughout the flexible textile. Therefore,
medical grade low viscosity silicone (Silpuran 2400, Wacker Chemie AG, Munich, Germany)
was coated into the flexible fabric surrounding the electrode with the electrolyte reservoir
pocket.

The flat knitted fabric was mechanically characterized by means of uni-axial tensile tests
with a tensile-compression testing machine (Z005, ZwickRoell GmbH & Co. KG, Ulm, Ger-
many). In accordance with the norm DIN EN ISO 13934-1, the tensile tests with a pre-load
of 0.5 N were carried out with corrugated Vulkollan (Covestro AG, Leverkusen, Germany)
specimen grips, holding samples of 50 mm x 200 mm taken along and orthogonal to the
knitting direction. Tensile tests were force limited to 20 N, which was estimated to be
the maximally applied force when placing the cap on participants head. Force-elongation
curves were recorded up to the maximal force and in return to the starting position for
each three samples taken along and orthogonal to the knitting direction.

The electrical contact of the textile stimulation electrode and the integrity of the silicone
frame as diffusion barrier were examined by means of impedance measurements in one
participant. After an initial settling time of 10 min, 96 impedance samples were recorded
using an impedance analyzer (Agilent / HP 4192A LF Impedance Analyzer, HP Inc., Palo
Alto, USA) with a 2,000 kf2 cutoff. For impedance measurements, a sinusoidal signal with
a frequency of 10 Hz was applied in a two-point setup. A sintered silver /silver-chloride
(Ag/AgCl) ring electrode, as conventionally applied in EEG measurements, was attached
via Ten-20 conductive EEG paste (Weaver and Company, Aurora, USA) to the skin of
the forehead, which established the reference terminal. The terminals for electrical contact
testings incorporated five positions in the stimulation cap: the contact terminal of the stim-
ulation electrode at Oz and four positions in the textile, surrounding the silicone frame,
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roughly at the positions POz, PO5, PO6 and Iz, according to the 10-10 system (Jasper,
1958; Klem et al., 1999). A series of five measurements sequentially revisited the five test
terminal in the stimulation cap and lasted for 30 min, which reflected a typical application
time of tES.

Performance and integrity of the textile cap with integrated stimulation electrodes and
silicone diffusion barrier were tested considering the cap’s life cycle including laundering.
In one participant, impedance testings have been repeated with a stimulation cap after
50 and 100 machine launderings using Spee liquid (Henkel AG & Co. KGaA, Diisseldorf,
Germany) in the delicate setting (W1, Miele & Cie. KG, Giitersloh, Germany).

The usability of the flexible cap with integrated textile stimulation electrodes (System C)
was evaluated in comparison to the conventional application of rubber electrodes placed in
saline soaked sponges fixated by rubber bands (System R).

The study incorporated twenty participants (age: 24.0 a £ 1.6 a; 7 female), who gave
written informed consent and two operators (age 23 a, one female) without considerable
prior experience in tES studies. Participants came for three sessions with randomized time
slots in the morning, in the afternoon and in the evening with at least one day break between
sessions. In each session, participants received the stimulation cap and the conventional
system in randomized order. Each of the two operators performed 30 sessions with 10
participants. Figure 3.1 depicts the two application systems on a head model.

Participants received sham stimulation (sinus, 50 pA peak to peak, 85 Hz) from two
channels of a DC-STIMULATOR MC (neuroConn GmbH, [lmenaun, Germany) for 30 min
(Padberg et al., 2017). The stimulator recorded the applied current and the adjusted volt-
age with a sampling rate of 8 ksps. A finite impulse response band-pass filter between
80 Hz and 90 Hz was applied to these recorded sinusoidal signals for pre-processing. The
filter was designed using a Hamming window. The impedance was calculated, after an ini-
tial settling time of 10 min, using the effective current and voltage values. These effective
values were calculated in sliding signal windows of 10 sinus cycles with 50 % overlap. Fi-
nally, the mean impedance was calculated for each channel. The two stimulation channels
contacted 4 cm x 4 cm electrodes positioned at Fpl and F3 for one channel and Fp2 and
F4 for the other channel (Jasper, 1958; Klem et al., 1999). After the first stimulation, the
application system was changed and the participant received a second sham stimulation.
The time to administer the electrodes was recorded for each application system. Electrode
positions were recorded based on their four corners immediately after application and at
the end of the stimulation (after 30 min), with a Polaris Spectra system (Northern Digital
Inc., Waterloo, Canada). Euclidean distances between position recordings within a ses-
sion indicated electrode position stability (sD). The initial digitizations from the second
and third session were aligned to the initial digitizations from the first session using an
iterative closest point search (Per Bergstrém, Matlab, The Mathworks Inc., Natick, USA)
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{a) System C. {(b) System H.

Figure 3.1: Electrode configurations of the flexible cap with integrated textile

stimulation electrodes (a) and the conventional application of rubber electrodes
placed in saline soaked sponges fixated by rubber bands (a) on a head model. The
inset in (a) depicts the inside of the cap with the textile stimulation electrodes

exposed.

and assessed with respect to the Euclidean inter-recording distance per electrode corner for
reproducibility evaluation (rD).

At the beginning and throughout the stimulation sessions (after 10 min, 20 min, and
30 min), participants reported their status by filling a questionnaire (Appendix).

The functionality of the flexible cap with integrated textile stimulation electrodes was
tested in a tDCS stimulation of the visual system. Stimulation effects were objectively
evaluated in visual evoked potentials (VEPs) recorded with dry EEG electrodes (Fiedler
et al., 2015b) integrated in the a bifunctional cap for simultaneous EEG and tES (Wunder
et al., 2018).

Ten participants (age: 24.8 a £ 2.5 a; 2 female) volunteered to receive visual stim-
uli and being electrically stimulated by tDCS. The visual checkerboard reversal stimuli
were generated with eevoke (version 2.2, Advanced Neuro Technology B.V., Enschede, The
Netherlands) and presented on a LCD display (MYRICA V30-1, Fujitsu Siemens Comput-
ers GmbH, Augsburg, Germany) with 300 repetitions, according to the ISCEV recommen-
dations (50 cm distance from eyes to screen, display size 65 cm x 39 cm, field of view of
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66.0 degrees x 42.6 degrees, checks of 3.7 cm x 2.8 cm, pattern duration 435 ms (repeti-
tion frequency 1.1 Hz), Michelson contrast of pattern 98 %, mean luminance 173.5 odfmzj
published by Odom et al. (2010).

Visually evoked potentials were recorded with dry EEG electrodes on seven channels
(POz, PO1, PO2, PO5, PO6, PO9, PO10) according to the international 10-10 system
(Jasper, 1958; Klem et al., 1999). Conventional sintered Ag/AgCl ring electrodes positioned
at Fz and AFz served as reference and ground electrodes, which contacted the skin with
Ten-20 conductive EEG paste (Weaver and Company, Aurora, USA). A NEUROPRAX
MR system (neuroConn GmbH, Ilmenau, Germany) with a DC-coupled EEG amplifier
recorded the EEG with a sampling rate of 4000 sps on a dynamic range of + 184 mV with
a 24 bit resolution.

The tDCS was applied using a DC-STIMULATOR PLUS (neuroConn GmbH, Ilmenau,
Germany) with textile stimulation electrodes at Oz as cathode and Cz as anode (Jasper,
1958; Klem et al., 1999), measuring 4.5 cm x 3.5 cm and 4.5 cm x 4.0 cm at a head with
58 cm circumference. Saline-soaked sponges placed in a textile pocket on the outside of
the electrodes ensured low electrode—skin impedance, recommended to be less than 5 ki
to prevent saturation of the EEG amplifier during tDCS, which was achieved in 5 out of
10 participants. The tDCS stimulation was applied for 10 min with 1 mA intensity and
additional fade-in/-out intervals of 5 s with linear intensity change from/to 0 mA.

For the experiment, reference and ground electrodes, and the bifunctional cap were
positioned on participants’ head and participants settled in a headrest in front of the
display. Six VEP recordings were performed: one at baseline before tDCS (VEP1), two
during tDCS at 1 min (VEP2) and 5 min (VEP3) in the stimulation and three after tDCS
at 1 min (VEP4), 15 min (VEP3) and 30 min (VEPS6) post stimulation. After VEP1, the
saline-soaked sponge pads for tDCS were inserted into the designated pockets of the cap,
and the stimulation was initiated. The sponge pads were removed before conducting the
VEP recordings VEP4-VEP6. All sessions were performed by the same operator (5.W.)
(Wunder et al., 2018).

VEP data processing was performed in Matlab by referencing all active channels to Fz
and applying an offset-correction. A comb filter at 50 Hz and harmonics (Butterworth, or-
der: 80) and a bandpass filter from 1 Hz to 100 Hz (Butterworth, order: 10) were applied,
according to the ISCEV recommendations (Odom et al., 2010). Manual artifact rejection
resulted in 225 evaluable trials for each VEP recording and each participant. The trials
were baseline corrected using the mean of each trial before the stimulus (-100 ms — 0 ms).
The grand average of the VEPs was calculated per channel and session for all participants.
Amplitudes (peak maximum) of the N75 and P100 components were calculated and statis-
tically evaluated. The stimulation effect on the N75 component was previously described
by Antal et al. (2004a), which replication served as reference to demonstrate the function-
ality of the bifuctional cap and the P100 component presented further prominent changes
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based on a initial visual inspection.

The distributions of data samples from various measures were evaluated using descrip-
tive statistics. The differences between sample distributions, were pairwise tested using the
Wilcoxon rank sum test (equivalent to Mann-Whitney U-test) on a significance level of 5 %.
Further, the 95 % confidence intervals of the samples’ mean values were calculated based on
100,000 bootstrap samples. Bland-Altman-Plots directly compared two conditions based
on the difference of the analyzed outcome measures (Bland and Altman, 1986). The median
of the difference deviating from zero represented a bias towards one of the conditions and
95 % of the differences were expected to deviate less than the reproducibility coefficient
(RPC) given by

RPC = 1.45-IQR(d), (3.1)

with the interquartile range IQQR of the difference d from the median.

3.1.3 Resulis

The cap, which resulted from the above outlined production, optimally suited heads with
a circumference of > 58 cm. It was equipped with a Velcro strip underneath the chin to
ensure stability on the head and sufficient contact pressure.

The flexible textile cap material (knitted threads of cotton, elastane and polyamide) showed
an elongation (mean + std) of 234.78 % + 1.40 % along and 320.81 % + 1.44 % orthog-
onal to the knitting direction at an applied force of 20 N with a hysteresis as shown in
Figure 3.2. The coated silicone provided a elongation at break of 600 %, which ensured
sufficient mechanical security margin.

A new cap with a stimulation electrode at Oz without the silicone frame served as ref-
erence (ref) in impedance measurements for evaluating the basic performance of the textile
stimulation electrodes and the silicone frame as diffusion barrier. The electrode of this
ref cap provided a mean impedance of 44.3 k{2 £ 2.5 k{2 (mean + std) with a confidence
interval for the mean value of [44.0; 44.5] - kf), as shown in Figure 3.3.

Impedance measurements at positions in the textile surrounding the electrode (approxi-
mately POz, PO5, PO6, Iz) comprised two aspects. First, the 384 samples from position
POz were consistently above the cutoff impedance at 2,000 kf). Second, the remaining
1152 samples from the other positions in electrode vicinity had a mean impedance of
504 k2 £ 22.5 k() (confidence intervals [58.1; 60.8] - k) as presented in Figure 3.4.

Introducing the silicone frame as diffusion barrier surrounding the stimulation electrode
changed the impedance values measured at the four positions in the electrode vicinity to
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Figure 3.2: Averaged force-elongation curves of both tested directions with re-
spect to the knitting direction. Shaded areas indicate standard deviations across
the three tested samples per direction. Colors code test directions along and
orthogonal to the knitting direction.

466.1 k2 + 434.0 kQ averaged from 89 samples (confidence intervals [381.1; 560.5] - k),
the remaining 1447 impedance values were above the cutoff impedance. The stimulation
electrode showed a mean impedance of 40.2 kY + 3.1 kf) with a confidence interval for the
mean value of [40.0; 40.5] - k().

After 50 machine launderings, the impedance measured at positions in the electrode
vicinity was 517.0 k2 £+ 340.3 kf} averaged from 340 out of 1536 samples (confidence
intervals [482.1; 554.5] - k1), the remaining impedance samples were above the cutoff.
At this stage, the stimulation electrode provided a mean impedance of 38.5 k) £+ 5.6 k1
(confidence interval [38.0; 39.0] - k).

The total of 100 machine launderings resulted in a number of evaluable impedance
samples of 280, which provided a mean impedance of 383.2 k2 £+ 309.6 k{2 (confidence
intervals [349.4; 422.2] - k). The impedance of the stimulation electrode averaged to
26.7 k) & 11.7 k2 (confidence interval [25.7; 27.8] - k().

The impedance distributions measured from the stimulation electrode at the different
stages during the cap’s life cycle (new cap w/o silicone frame; cap with silicone frame,
after 50 and 100 machine launderings) indicated mutually significant differences by non-
overlapping confidence intervals of the mean impedance values (cf. Figure 3.3). Considering
the impedance value distributions measured at positions in the electrode vicinity, the sta-
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Figure 3.3: Distributions of impedance values measured at the textile stimulation
electrode (at position Oz). Labels indicate a new cap without diffusion barrier
(ref), this cap with a silicone frame surrounding the electrode as diffusion barrier
(pre), this cap after 50 and 100 machine launderings. Statistical characteristics
are depicted by the mean (diamond), confidence intervals of the mean (horizontal
lines), the interquartile range (vertical lines) and the distribution of the data of
n = 384 samples (colored areas).

tistical test also indicated mutually significant differences between impedance distributions,
except for the comparison of the distributions measured pre and after 100 machine laun-
derings, where no significant difference was indicated. However, the confidence interval
of the mean value from the pre distribution incorporated the confidence boundaries from
both the impedance distributions measured after 50 and 100 machine launderings. The
confidence intervals from the distributions measured after 50 and 100 machine launderings
did not mutually overlap.

In addition to the technical reliability, the usability of the newly developed cap was eval-
nated in a realistic application scenario. A flexible cap, which incorporated four textile
electrodes (System C'), was evaluated in direct comparison to the conventional application
of four rubber electrodes in saline soaked sponges fixated by rubber bands (System R).
The participants rated their perceptions of itching, sweating and pressure feeling at dif-
ferent positions throughout the stimulation periods of 30 min as summarized in Figure
3.5. The load on the participants increased over time independent of the application sys-
tem, such that the number of responses deviating from "no' increased consistently over
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Figure 3.4: Distributions of impedance values measured in the textile surround-
ing the silicone frame (approximately positions POz, PO5, PO6, Iz). The n above
the distributions indicate the number of samples contributing to the analysis, the
N, indicate the number of samples above the cutoff impedance at 2,000 kf}; in to-
tal 1536 samples were measured at each position. Further labels are in accordance
with Figure 3.3.

time. With respect to itching and sweating, the differences of the application systems were
marginally as only 5.6 % (n = 10) and 1.1 % (n = 2) of the responses indicated "modest"
or 'strong' sensations, when System K was applied. In contrast, participants indicated
pressure sensation more than twice as often for System R than for System C. A fraction
of 17.9 % (n = 129 out of 720) of the responses indicated 'modest’ or "strong' pressure
sensations at various positions. The responses per location revealed a predominance of the
chin strap in System C, which caused 73.3 % (n = 63 out of 86) of the pressure sensations.
For System H, the most vulnerable positions were the straps and temples, which caused
34.1 % (n = 71 out of 208) and 26.0 % (n = 54 out of 208) of the pressure sensations.

Accordingly to the detailed assessment, the majority of 54 responses evaluated System
(' as "very comfortable' or "comfortable" and only 18 responses indicated these ratings for
System K. On the contrary 24 responses indicated System R to be "uncomfortable' or "very
uncomfortable" as depicted in Figure 3.6.

The operators rated their effort in application and the material Hexibility of the two
stimulation systems as depicted in Figure 3.7. The application of System C was described
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Figure 3.5: Histograms of participant’s responses on the evaluation of itching
(a), sweating (b) and pressure (c, d) sensations. Sample sizes per column are
n = 60 in (a, b), n = 240 (60 times four locations) in (c) and n = 240 - #('no’)
from (c) columns in (d). The tES application systems are labeled with C for the
flexible cap with textile electrodes and K for the rubber electrodes in saline soaked
sponges fixated by rubber bands. Gray labels indicate not applicable categories.
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Figure 3.6: Histograms of participant’s responses on the overall comfort evalua-
tion at the end of each session for System C and System K. The number of samples
is n = 60 responses from 20 participants with each three sessions.

as "very easy' or "easy' in 86.7 % (n = 52 out of 60) of the responses, accompanied by a
rating of the material as "very flexible' or "flexible' in 98.3 % (n = 59 out of 60) of the
applications. In two (3.3 %) out of the total 60 applications of System C operators found
it "difficult” to fit the cap to participant’s head. In contrast the material of System R was
evaluated as "flexible' in only 43.3 % (n = 26 out of 60) of the applications. The adjustment
of System R to participant’s head was described as "difficult’ in 13.3 % (n = 8) and "very
difficult' in 8.3 % (n = 5) out of the 60 applications.

Quantitatively, the applications of System C and System K were compared based on chan-
nel impedance values and electrode positions.

The impedance values of System C averaged to 10.0 kf + 4.4 kQ (mean =+ std), with a
confidence interval of the mean value of [8.8; 11.4] - k€. In contrast System R demonstrated
considerably lower impedance values with a mean and standard deviation of 5.3 k€ £ 3.1 ki
and a confidence interval of the mean of [4.8; 5.9] - k(). Figure 3.8a depicts the distributions
of n = 120 impedance samples from two stimulation channels measured at 20 volunteers
in three sessions, each. Further, the Bland-Altman-Plot in Figure 3.8b comparing the two
application systems showed a median difference of 3.1 kf? indicating a bias towards System
H. The RPC (cf. equation 3.1) of 8.4 k{? span a range around the median incorporating
only 89.2 % of the samples.
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Figure 3.8: Impedance values derived from System €' and System R. (a) Distri-
butions as introduced in Figure 3.4. (b) Band-Altman-Plot with markers indicat-
ing samples derived from applications of the two operators (colors) and the two
stimulation channels (type). Solid and dashed lines indicate levels of the median
difference and the reproduction interval calculated as 1.45 times the interquar-
tile range (IQR). Subscripts C and R refer to the application systems System '
and System R. Sample sizes are n = 120 impedance values from two stimulation
channels measured at 20 participants in three sessions each.
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Figure 3.9: Stability distances (sD) calculated as Euclidean distance between
electrode corner digitizations directly after application and at the end of the stim-
ulation (after 30 min). Labels and color-codes correspond to Figure 3.8. Sample
size is n = 960 Euclidean distances from four corners of four stimulation electrodes
measured at 20 participants in three sessions.

The electrode positions were monitored at the four corners of each electrode directly after
application and at the end of the stimulation after 30 min, providing a measure of electrode
position stability throughout a stimulation. These stability distances (sD) between the
electrode corner digitizations for System (' averaged to 2.1 mm £ 1.4 mm (mean + std),
with a confidence interval of the mean value of [2.0; 2.2] - mm. Similarly, System R
demonstrated comparable values with a mean and standard deviation of 2.4 mm 4+ 1.6 mm
and a confidence interval of the mean of [2.3; 2.6] - mm. Figure 3.9a depicts the distributions
of n = 960 sD samples from four corners of four electrodes measured on 20 volunteers in
three sessions. Further, the Bland-Altman-Plot in Figure 3.9b shows a median difference
of -0.2 mm indicating no meaningful difference. The RPC (cf. equation 3.1) of 3.2 mm
span a range around the median incorporating only 90.2 % of the samples.

The distances between initial electrode corner digitizations aligned from the three applica-
tion sessions per system provided a measure of electrode position reproducibility (rD). The
distances of reproduced electrode positions for System € averaged to 3.0 mm £ 1.5 mm
(mean + std), with a confidence interval of the mean value of [2.9; 3.1] - mm. In contrast
System R demonstrated considerably higher distances between reproduced applications
with a mean and standard deviation of 9.8 mm + 4.7 mm and a confidence interval of the
mean of [9.5; 10.2] - mm. Figure 3.10a depicts the distributions of n = 640 rD samples from
four corners of four electrodes measured on 20 volunteers in two repeated applications (ses-
sion 1 — session 2, session 1 — session 3). Further, the Bland-Altman-Plot in Figure 3.10b
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Figure 3.10: Reproduction distances (rD) calculated as Euclidean distance be-
tween the initial electrode corner digitizations of each application aligned across
sessions. Labels and color-codes correspond to Figure 3.8. Sample size is n = 640
Euclidean distances from four corners of four stimulation electrodes measured at
20 participants for two placement repetitions (session 1 — session 2, session 1 —
session 3).

shows a median difference of -6.2 mm indicating a bias towards System C. The RPC (cf.
equation 3.1) of 9.4 mm span a range around the median incorporating 94.8 % of the sam-
ples.

The new Hexible cap showed reliable technical performance, improved usability and appli-
cation reproducibility. The actual functionality of the new cap was tested in a combined
tDCS5-EEG study aiming to replicate an amplitude decreasing after effect of cathodal tDCS
on the N75 component in VEP. The grand average traces of all participants presented in
Figure 3.11 indicate that cathodal tDCS over the visual cortex modulated the amplitude of
the early VEP components, namely N75 and P100. This effect verifying a reliable tES and
EEG functionality of the novel cap. The N75 amplitude was reduced after tDCS (cf. Figure
3.11a), which is in line with previously reported tDCS effects on VEPs (Antal et al., 2004a).
The performance of the bifunctional cap in simultaneous tES-EEG experiments was inves-
tigated in the VEP sessions during tDCS. Here the P100 amplitude was decreased (cf.
Figure 3.11b). The Bland-Altman-Plot in Figure 3.12a comparing the N75 amplitudes in
channels PO1, PO2 and POz from VEP1 and VEP4 showed a median difference of -0.5 pV.
This negative difference demonstrates the decrease of the N75 amplitude in VEP4; equal or
higher amplitudes in VEP4 compared to VEP1 would result a difference of zero or with a
positive value. In VEP1 the median of the N75 amplitude was -3.0 pV, thus the difference
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Figure 3.11: Grand average traces across all participants of the VEPs in channel
PO2 before vs. after (a) and before vs. during (b) tDCS. Adapted from Wunder
et al. (2018).

of -0.5 pV was equivalent to a decrease in amplitude of 16.7 %.

Investigating possible acute effects of the cathodal tDCS stimulation on the VEP, the P100
component in VEP2 demonstrated most prominent changes. A Bland-Altman-Plot com-
pares the P100 amplitudes from VEP1 and VEP2 in Figure 3.12b and shows a median
difference of 1.8 uV. This positive difference demonstrates a decrease of the P100 ampli-
tude in VEP2; equal or higher amplitudes in VEP2 compared to VEP1 would result a
difference of zero or with a negative value. In VEP1 the median of the P100 amplitude was
6.5 pV, thus the difference of 1.8 pV was equivalent to a decrease in amplitude of 27.7 %.
Further details on the study outcome were presented in the publication by Wunder et al.
(2018).

3.1.4 Discussion

The newly introduced application system for tES consists of a flexible cap with integrated
electrodes. The multi-compartment electrodes comprised a contact area of silver-coated
threads, a pocket behind the fabric holding saline-soaked sponges and a diffusion barrier
of silicone surrounding the electrode.

A simultaneous application with dry EEG electrodes (Fiedler et al., 2015b) verified the cap’s

functionality by replicating a previously described after-effect of cathodal tDCS on VEPs
(Antal et al., 2004a). The flexible cap with integrated textile stimulation electrodes and
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Figure 3.12: Bland- Altmann-Plots for after (a) and acute (b) stimulation effects.
Colored markers indicate samples derived from EEG channels PO1, PO2 and POz.
Solid and dashed lines indicate levels of the median difference and the reproduction
interval calculated as 1.45 times the interquartile range (IQR).

dry EEG electrodes further enabled to observe novel acute stimulation effects on the EEG
during the course of tES, and therefore introduced a new tool applicable in neuroscience
and electrophysiology (Wunder et al., 2018).

Fastening conventional electrode systems by rubber bands limits the number of electrodes
in use as well as the positions that can be addressed (Klein et al., 2013). The flexible cap
allows the integration of multiple electrodes as indicated in Figure 3.1. Thus, multi-channel
tES applications are possible by using the flexible cap with multiple integrated electrodes.
Multi-channel tES applications are essential for addressing target areas (Dmochowski et al.,
2011) or administering currents from multiple sources (Grossman et al., 2017). The pro-
duction of the textile cap allows full personalization, which also supports stimulation of
individual targets.

In applications of the conventional system, it is challenging to achieve stable and repro-
ducible electrode configurations (DaSilva et al., 2011). Evaluations of electrode positions
revealed an increase in electrode configuration stability and reproducibility, when facili-
tating the flexible cap. In particular, the electrode location and orientation is critical for
precise tES, as shown in a simulation study (Opitz et al., 2015). Positioning the textile
stimulation electrodes integrated in a flexible cap essentially lowered the position uncer-
tainty from approximately 10 mm (achieved on average with the conventional system) down
to 3 mm on average, for the flexible cap.

The flexibility of the fabric allowed an optimal fit to individual head shapes with an
elongation of about 320 %. This, together with the diffusion barrier of silicone ensured the
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desired effective electrode area. With textile stimulation electrodes, the entire predefined
electrode area contributed to the stimulation without partial displacements due to bending
or protruding or incomplete contact through the hair layer, as experienced in many con-
ventional tES applications (Fertonani et al., 2015).

Further, the textile electrodes were easily loaded with the saline-soaked sponges in the
pockets of the cap and were conveniently contacted by snap fastener cables via directly
accessible snap fastener studs at the pockets’ outside.

These aspects improved the usability for study participants and potentially patients, and
allow the use of the cap without trained medical personnel. Further improvements of
user experience in terms of itching, sweating and pressure sensations as well as the overall
comfort were drawn from a direct comparison of the new flexible cap to the conventional
system, which incorporated rubber electrodes in saline soaked sponges fixated by rubber
bands. The rating of itching and sweating sensations indicated a marginal load on the
participants in applications of both systems. The most relevant difference between the
systems were in comfort and pressure grading. A fraction of 14 % of the responses revealed
"modest" or "strong" pressure sensations in applications of the conventional System R, only
one out of 240 responses indicated a "modest” pressure sensation when the cap (System C)
was applied. The participants reported that the locations for the pressure sensation were
mostly associated with the rubber straps in System K. Due to the specifics of the applied
montage, one rubber strap crossed the forehead and the temples, which have the lowest
pressure threshold on the head (Cuadrado et al., 2010). In System C, the discomfort was
mainly caused by the chinstrap that tightens the cap on the persons’ heads. The summa-
rizing comfort rating favored the cap. According to the participants’ responses, System C
was overall more comfortable for tES application. Further, the ratings for System ' were
stable which can help to keep the focus on potential experiments and reduce variations in
the test conditions (Antal et al., 2017a).

Similarly, the operators appreciated the cap material’s flexibility, which allowed an elec-
trode placement easier than with the conventional system. Thus System C introduced
advantages, which can help to reduce training time and to ease the use of tES for different
operators. In the present study, the time for fitting the electrodes onto participant’s head
showed a difference of mean values of approximately 3 min in favor of System €, which
translates to a decrease of the temporal effort almost by a factor of two. This also decreased
the time burden for participants and it is important in clinical environment.

The flexible cap with integrated textile stimulation electrodes required no skin prepa-
ration or extra electrolyte gel, reducing the risk of skin irritations and hair loss. This
advanced the new cap applications system over other caps (van Schouwenburg et al., 2017)
using gel-based Ag/ApCl electrode configurations for tES.

Further the textile stimulation electrodes could be designed according to individual needs,
which would eliminate restrictions on areas and shapes of electrodes to predefined elec-
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trodes. This also reduces the risk of exceeding the current density limit (Iyer et al., 2005)
for too small electrode areas.

Considering the application safety, the electrodes provided sufficiently low impedance
values for the electrode—skin interface, on average in the range from 26 k{2 to 44 k{}. These
impedance values were below the safety threshold of 50 kf? implemented in commercially
available tES stimulators (neuroConn). The textile electrodes, in combination with the
saline soaked sponges, required a settling time of approximately 10 min, which was com-
parable to other electrodes used to measure bio-electric potentials (Tallgren et al., 2005).
Impedance tests outside of the electrode area provided results above the considered cutoff
impedance at 2,000 k(2 in 85 % of the measurements. Remaining impedance samples aver-
aged in the range from 380 k2 to 520 kf}. This minimal conductivity encountered outside
of the electrodes in the flexible textile was unlikely to increase the effective electrode area,
since the hair layer still prevents direct skin contact. Impacting loads on the cap during its
life cycle including up to 100 machine launderings revealed no destructive impact on the

impedance performance.

The stimulation signal in the comparison study of the new flexible cap and the conventional
system was used to evaluate the electric contact, only. No treatment or intervention was
intended. Therefore, a sinusoidal sham stimulation signal with a frequency of 80 Hz was
applied, since a stimulation with this signal remained without an effect (Antal and Paulus,
2013). However, the influence of sham stimulation desires further investigation (Fonteneau
et al., 2019). In direct comparison of the new Hexible cap to the conventional system, the
impedance values for the Hexible cap of about 10 kf? were approximately twice as high as
for the conventional system with about 5 kf)2. However, even the value of 10 kf? is fully
acceptable for a typical electric stimulation (with up to 2 mA), which translate to a voltage
of 20 V, that is within the safety limit (Bikson et al., 2016). Impedance measurements dur-
ing active stimulation with the textile stimulation electrodes were below 10 kfl, as shown
by Wunder et al. (2018).

The quantitative comparisons of impedance values and distance measures revealed no
essential differences between the operators, as their influence was incorporated as co-factor
in the Bland-Altman-Plots.

One shortcoming of the caps presented in the studies above was its cut pattern optimized
for a head circumference of 58 cm, which was adjustable to larger circumferences due to
its flexibility, but limited the fit to smaller heads. This issue is addressed in developments
exceeding this thesis. First a cap size system considering head height and circumference for
more than 80 % of the adult German population is under development. Second a pipeline
for individual cap production based on three dimensional scans of the head is being evolved.
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Fitting the cap on too large heads would not be limited by the cap material’s flexibility
but would result in electrode shape distortions as the knitted fabric stretches unequally
along and orthogonal with respect to the knitting direction. This issue is being addressed
by improving the electrodes’ integrity in the process of cap adaptations to head sizes.

The higher electrode—skin impedance values reported for the flexible cap compared to the
conventional system could potentially lead to more current sensations in real stimulation
and thus limit the cap’s applications in sham controlled studies. Further it might limit
the compatibility with bio-signal amplifiers in general and so hamper the combination
with EEG. However, the textile stimulation electrodes have been successfully applied in
a simultaneous tDCS-EEG experiment and thus have shown compatibility with modern
EEG amplifiers. 5till, the textile stimulation electrodes require an electrolyte reservoir,
which is an obstacle in application and restricts long-term use. Ultimately, stimulation
electrodes are desired, which directly contact the skin without the need of external liquid
or gel-based electrolyte. Such stimulation electrodes would increase the ease of use and
broaden the application scenarios of tES, comparably to dry measurement electrodes for
EEG (Fiedler et al., 2015b).

The distance measures derived from electrode digitizations incorporated uncertainties
from both, the applied digitization system (in the order of 1 mm) and from the operators.
This aspect might limit especially the reliability of the stability distance as the measured

values were in the same range as the measurement uncertainty.

The here introduced flexible cap with integrated textile stimulation electrodes marked
a milestone in tES application. This application system improved stimulation precision
with more reproducible electrode positioning and a better controlled effective electrode
area. The flexible cap with integrated textile stimulation electrodes overcomes some of the
fundamental limitations of the conventional tES application systems.
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3.2 Dry stimulation electrodes

3.2.1 Introduction

The flexible cap with integrated textile stimulation electrodes overcame some of the fun-
damental limitations of conventional tES application systems. However some technological
and usability limitations remained.

Considering the knitting procedure, the cap shape excluded electrode locations in the cen-
tral area of the tapering, which formed a star shaped material reduction. Further, the
material flexibility supporting the fit to individual head shapes on the one hand, limited
the electrode shape stability on the other hand.

The saline solution deposited in the sponges provided the electrolytes for contacting the
skin by penetrating the hair layer. This relied on diffusion of saline solution through the
hair layer inevitably expanding the effective electrode area, ultimately affecting the stim-
ulation intensity and location. Long-term applications in the range of some hours were
limited by the drying of the electrolyte solution in the reservoir.

Other approaches for the realization of electrodes for tES involved conductive gels (Woods
et al., 2016) or adhesive layers (Paneri et al., 2016) to contact electrodes to the skin. For
montages with higher spatial resolution, cups holding silver or Ag/AgCl electrodes filled
with various electrolyte gels have been evaluated (Minhas et al., 2010). The facilitation of
electrolyte gels limited the spatial and temporal contact stability. The electrode gels tend
to leak and spread, which alters the effective electrode geometry, and to dehydrate, which
limits electrode—skin interface stability.

For tES applications to hair-less positions, such as the forehead or neck, electrodes based
on polymer based hydrogels have been proposed (Khadka et al., 2018). The flat polymer
layer covering the electrode prevented penetration of the hair layer, which consequently

limited application positions to hair-less locations.

Here materials for additive manufacturing of dry multi-pin electrodes for tES application
are characterized and resulting electrode prototypes are tested regarding functionality in a
tES application.

3.2.2 Material and Methods

Following the design of dry electrodes for electroencephalography, the concept of multiple
pins on a common base plate (Fiedler et al., 2015b) was adapted for stimulation electrodes.
In tES, the requirements for spatial resolution and low current density pose a conflict. An
electrode diameter of 20 mm was considered appropriate in simulations (Saturnino et al.,
2015) and would enable current densities below the safety margin of around 1 mA jem?
(Bikson et al., 2016).
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Pins on stimulation electrodes required a defined surface to provide a current density in a
controlled manner. At the same time pins needed to pass the hair and contact the skin.
The newly designed pins had a flat top with a diameter of 2 mm describing an area of
3.14 mm?. The pin base with a diameter of 3 mm generated a conical shape on a height
of 7 mm. Pins were distributed in the center of the base and on two concentric rings with
radii of 4 mm and 8 mm. In total 22 pins with a mutual distance of approximately 5 mm
generated an effective contact area of 69 mm? (approximately 0.7 cmzj. For this contact
area, a current strength of 0.7 mA represented the safety limit.

The 2 mm thick base plate was extended in a truncated cone shape. The truncated cone
had a height of 4 mm, a top diameter of 10 mm and contained a recess for a snap fastener.
Figure 3.13 depicts the computer aided design (CAD) model of the stimulation electrode
generated in SolidWorks (Dassault Systémes SolidWorks Corporation, Waltham, USA).
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Figure 3.13: Computer aided design model of the stimulation electrode in front
(a) and centrally cut side (b) view.

Additive manufacturing implemented the electrode design on a fused deposition model-
ing (FDM) printer (N2 Plus, Raise 3D Technologies Inc., Irvine, USA) according to the
print commands, which were generated by the slicer software Simplify3D (Simplify3D Inc.,
Cincinnati, USA).

Two carbon doped polylactic acid (PLA) filaments, the Electrically Conductive Com-
posite PLA (eccPLA) Proto-pasta (Protoplant, Vancouver, Canada) and the Functionalize
F-Electric (fePLA) (Functionalize, Seattle, USA), were used for electrode realization. The
printed electrodes were characterized with respect to their impedance values and open
circuit potentials (OCP).

Printed electrodes were characterized in contact with 0.9 % sodium chloride (NaCl)
solution. Impedance spectra were measured from 0.01 Hz to 1 MHz in a two-point setup on
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3 APPLICATION SYSTEMS FOR TRANSCRANIAL ELECTRIC STIMULATION

a Reference 600 poteniostat (Gamry Instruments, Warminster, USA). Impedance spectra
were repeatedly measured five times on three pairs of electrodes.

Measurements of the open circuit potential provided the voltage difference between a
printed electrode under test and a Ag/AgCl ring electrode as reference. For three samples
of each material, OCP recordings were conducted twice over 1 h, representing twice the
typical application times of tES up to 30 min.

The functionality of the printed dry stimulation electrodes was tested in a t ACS stimulation
of the visual system. Stimulation effects were objectively evaluated by means of changes
in signal power at the individual o-frequency (IAF) recorded with dry EEG electrodes
(Fiedler et al., 2015b). Both electrode types were integrated in an advanced bifunctional
cap for simultaneous EEG and tES with dry electrodes only.

Six participants (age: 27.2 a £ 3.0 a; 2 female) volunteered to conduct a vigilance test and
being electrically stimulated by tACS. In a first stage, [AFs were determined in spontaneous
EEG from three interleaved sequences with open and closed eyes for 30 s duration per
sequence. The second stage consisted of a 3 min pre-stimulus, a 10 min tACS and a 3 min
post-stimulus interval during which spontaneous EEG was recorded. During the entire
second stage, participants had to focus on a red cross which rotated for 200 ms in intervals
between 35 s and 45 s. The participants had to respond to a rotating cross with a finger tap
on a capacitive sensor as vigilance test. The fixation cross rotation stimuli were generated
with eevoke (version 2.2, Advanced Neuro Technology B.V., Enschede, The Netherlands)
and presented on a LCD display (MYRICA V30-1, Fujitsu Siemens Computers GmbH,
Augsburg, Germany). This vigilance test was designed according to Zachle et al. (2010).

Spontaneous EEG was recorded with dry EEG electrodes on six channels (Pz, POz,
PO3, PO4, 01, 02) according to the international 10-10 system (Jasper, 1958; Klem
et al., 1999). Conventional sintered Ag/AgCl cup electrodes positioned at the left and
right mastoids served as reference and ground electrodes, which contacted the skin with
Ten-20 conductive EEG paste (Weaver and Company, Aurora, USA). A NEUROPRAX
MR system (neuroConn GmbH, Ilmenaun, Germany) with a DC-coupled EEG amplifier
recorded the EEG with a sampling rate of 4000 sps on a dynamic range of + 184 mV with
a 24 bit resolution.

The tACS with a sinusoidal current of 0.7 mA rout mean square (mArms) at IAF was
applied using the DC-STIMULATOR MC (neuroConn GmbH, Ilmenau, Germany). The
terminals of one current source were connected to additively manufactured dry stimulation
electrodes at Oz and Cz (Jasper, 1958; Klem et al., 1999).

For the experiment, reference and ground electrodes and the advanced bifunctional cap
were positioned on participants’ heads and they settled in a headrest in front of the display.
The room was darkened such that the stimulation display as well as the monitors of the

stimulation and recording computers were the only light sources.
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EEG data processing was performed in Matlab by referencing all active channels to the
channel recorded with the electrode at the left mastoid. A comb filter at 50 Hz and har-
monics (Butterworth, order: 80) and a bandpass filter from 5 Hz to 15 Hz (Butterworth,
order: 10) were applied.

IAFs were determined in power spectra calculated via Fast Fourier Transform (FFT) from
10 s of the eyes-open and eves-closed intervals recorded in the first stage. Power spectra
were averaged per channel across the three repetitions of the eves-open and eyes-closed
conditions. The frequency with the maximal power in one of the recorded channels was
considered as [AF.

EEG data from the pre- and post-stimulus intervals were segmented in trials of 1 s duration.
Trials containing triggers from rotating crosses or finger taps were excluded. The first 150
remaining trials were offset corrected and their amplitude spectra were calculated by means
of FFT. The resulting 150 spectra were averaged for pre- and post-stimulus intervals per
participant. Spectral components in the range of IAF £+ 1 Hz were used for quantitative
evaluation of stimulation effects.

The DC-STIMULATOR MC recorded the applied current and the adjusted voltage (sam-
pling rate: 8 ksps). The current and voltage time traces were processed with the filters
introduced above. The impedance was calculated using the effective current and voltage
values, eliminating an initial settling time of 5 min. These effective values were obtained
from sliding signal windows of 10 sinus cycles. Finally, the mean impedance was calculated.

The distributions of IAF amplitudes from pre- and post-stimulus intervals were evaluated
using descriptive statistics.

3.2.3 Results

The applied additive manufacturing procedure, which utilized conductive filaments in the
FDM technology resulted in reproducible electrodes as depicted in Figure 3.14.

The tested materials eccPLA and fePLA were characterized with respect to their impedance
and their electrode potential.
The impedance spectra from 0.01 Hz to 1 MHz demonstrated pronounced capacitive prop-
erties for frequencies below 100 Hz as shown in Figure 3.15. The impedance values below
50 kf at distinct frequencies are summarized in Table 3.1. Considering only samples 2 and
3 from fePLA would result in an average impedance value of 16.1 k{2 & 3.0 k2 at 10 Hz.
Voltage difference between a printed electrode under test and a Ag/AgCl ring electrode
as reference measured by means of open circuit potentials are summarized in Figure 3.16.
The average OCP were -15 mV £ 15 mV and -27 mV £ 23 mV for eccPLA and fePLA.
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10 mm

(a) Tilted. {b) Front and back.

Figure 3.14: Dry stimulation electrode printed of eccPLA in FDM additive man-
ufacturing technology.

< s
£ 1000 £ 5000
& N & \
5 o500| TS 5 \
2‘ 0 ““"'\-- ...... P S —— g' [\-l_"-:- T S ——
= 10° 102 10 108 = 102 10° 102 10 108
2 50 . 2 50 s
E_ = = =Zample 1 E = = =Zample 1
3 - - -Sample 2 3 - - -Sample 2
E Sample 3 E Y. Sample 3
3 3 "
g, : — g, = e —
-1 0’ 10 10 ot 0’ 10 10
Frequency in Hz Frequency in Hz
(a) eccPLA. (b) fePLA.

Figure 3.15: Averaged impedance data each from three pairs of printed electrode
in contact with 0.9 % NaCl solution. Color-coded dashed lines represent averaged
data across five impedance spectra from 0.01 Hz to 1 MHz for each sample pair.
Solid lines and shaded areas represent the overall mean (p) and the range of its
standard deviation (o) around the mean (p £ o). Lower panels focus on the
frequency range from 1 Hz to 1 kHz and up to an impedance of 50 k2.
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Table 3.1: Impedance values in k) (overall mean and std) for the tested dry
stimulation electrodes at distinct frequencies.

Material 10 Hz 100 Hz 1000 Hz
mean 158 2.2 0.3
eccPLA std 3.0 0.3 0.03
mean 12.8 1.8 0.3
PLA
fe std 54 0.4 0.05
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Figure 3.16: Averaged open circuit potential data each from three samples of
printed electrodes with a Ag/AgCl ring electrode as reference in 0.9 % NaCl
solution. Color-coded dashed lines represent averaged data over two measurements
for each sample. Solid lines and shaded areas represent the overall mean (p) and
the range of the standard deviation () around the mean (p + o). The legend of
colored lines and areas is equivalent as in Figure 3.15.

The advanced bifunctional cap is depicted in Figure 3.17. The six participants reported no
uncomfortable fit experience of the cap with the incorporated electrodes. In the beginning
(approximately during the first 60 s) of the stimulation, four out of six participants reported
an unpleasant tingling at the stimulation electrodes. TACS was performed successfully in
all volunteers, and no skin sensations were reported. The impedance values of the advanced
bifunction cap averaged to 29.5 k{2 & 5.5 k) (mean =+ std) during the last five minutes of
the tACS with 0.7 mArms across the six volunteers.

The IAFs of the six volunteers ranged from 8.3 Hz to 11 Hz (10.0 Hz £+ 0.7 Hz). All
participants performed the vigilance test throughout the session lasting for 16 min in to-
tal.Figure 3.18 shows EEG data and amplitude spectra from the pre- and post-stimulus
intervals from a single representative volunteer with a IAF of 10.9 Hz .

Comparing the amplitudes in the considered frequency range from 5 Hz to 15 Hz, Figures
3.18 and 3.19a reveal a discrepancy in signal amplitudes between pre- and post-stimulus
intervals. The separation between the averaged spectra with their margins representing the
standard error of the mean was most pronounced between 7 Hz and 11 Hz in Figure 3.19a
with increased amplitudes in the post-stimulus interval.

77



3 APPLICATION SYSTEMS FOR TRANSCRANIAL ELECTRIC STIMULATION

Figure 3.17: The advanced bifunctional cap (black textile) with dry stimulation
electrodes printed of eccPLA (black multi-pin electrodes at Cz and Oz) and dry
EEG electrodes (grey multi-pin electrodes at Pz, POz, PO3, PO4, O1 and 02).

The cap is turned inside out on this photo.
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Figure 3.18: EEG traces (top) and amplitude spectra (bottom) from an individ-
ual subject with an IAF of 10.9 Hz. Colors code pre- and post-stimulus intervals.
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3.2 DRY STIMULATION ELECTRODES

In the range of IAF £+ 1 Hz, the EEG amplitude in the post-stimulus interval was on
average 158.3 % + 61.4.0 % (mean + std) of the EEG amplitude in the pre-stimulus

interval (cf. Figure 3.19b).
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Figure 3.19: EEG amplitudes from the color-coded pre- and post-stimulation in-
tervals. (a) Amplitude spectra grand average (solid line) and range of the standard
error of the mean around the grand average (colored area) across all volunteers
and channels. (b} Distributions of EEG amplitudes in the range of individual
a-frequency (IAF) + 1 Hz in % relative to the EEG amplitude in the pre-stimulus
interval (shaded areas) with mean values (diamonds) and interquartile ranges (ver-
tical lines). Asterisks indicate amplitude rations from individual participants.

3.2.4 Discussion

The novel stimulation electrodes were additively manufacured by FDM on a 3D printer,
which used carbon doped PLA filament. These dry stimulation electrodes were integrated
in a flexible cap also holding dry EEG recording electrodes.

The cap, which comprised only dry electrodes for stimulation and recording, demonstrated
an essential advancement of the cap with fully textile stimulation electrode relying on an
electrolyte solution for the electrode—skin contact as introduced in chapter 3.1.

The functionality of the combined application of dry EEG electrodes (Fiedler et al.,
2015b) and dry stimulation electrodes in a fully dry cap was verified by replicating a pre-
viously described tACS induced enhancement of a-activity (Zaehle et al., 2010). In the
present proof-of-principle study, the participants (n = 6) received a 10 min 0.7 mArms
tACS at IAF, administered with dry stimulation electrodes at Cz and Oz. The result
showed an increased EEG a-activity in the post-stimulation interval compared to the base-
line value from the pre-stimulus interval.
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The relatively high electrode—skin interface impedance around 30 kf}, introduced by the
dry stimulation electrodes, disadvantageously influenced the derivations of the electric po-
tential difference by the EEG electrodes. Consequently, EEG data during the 10 min tACS
stimulation were strongly affected by the tACS artifact, and thus were not analyzed so far.
However, severity and cause of tACS artifact are under debate (Noury et al., 2016; Neuling
et al., 2017; Noury and Siegel, 2018) and removal techniques (Schlegelmilch et al., 2013;
Kohli and Casson, 2019) are available for EEG data extraction.

The utilized conductive PLA filaments eccPLA and fePLA proved to be suitable for
multi-pin electrode printing in FDM technology. The characterization of electrodes printed
from these filaments provided impedance and electrode properties in acceptable ranges for
tACS applications.

Electrodes from both conductive PLA filaments demonstrated capacitive properties when in
contact with physiological NaCl (0.9 %) solution. In the frequency range above 100 Hz, the
impedance values were well below 10 kf}, indicating very good electrode—skin contact. Cur-
rent wave forms in this frequency range were administered in experiments with transcranial
random noise stimulation (tRNS) (Qi et al., 2019), amplitude-modulated high-frequency
(Negahbani et al., 2018), and temporal interference (Grossman et al., 2017) transcranial
electric stimulation. Impedance values below 50 kf}, marking a safety limit implemented
in state of the art constant current stimulation devices, were ensured for stimulation fre-
quencies higher than 5 Hz. Thus dry stimulation electrodes from both materials could be
applied in experiments interfering with physiological oscillations, e.g. of the visual (Schut-
ter and Hortensius, 2010; Kasten et al., 2016) and the motor system (Guerra et al., 2016;
Gundlach et al., 2017). In the frequency range below 5 Hz, the charge carrier interface be-
tween electron and ion conduction implemented capacitive barriers with impedance values
well above 50 kf). This capacitive property of the electrodes in contact with electrolytes
marked their application unsuitable for use with slowly oscillating or even direct currents
(Bikson et al., 2016; Antal et al., 2017a).

The open circuit potentials measured between the printed electrodes and a sintered Ag/AgCl
electrode ranged between 10 mV and -50 mV. These values indicated that the open circuit
potentials did not dominate the electric potential differences in tES applications, which are
typically in the order of 1 V and above (Bikson et al., 2016).

Despite the generally similar properties of the electrodes printed from ecePLA and fePLA,
there were some differences in the material characteristics. Electrodes printed from eccPLA
demonstrated smaller and more stable open circuit potentials, especially during the first
30 min, whereat this interval represents the typical tES application time. Even though the
eccPLA revealed slightly higher averaged impedance values below 100 Hz, the values from
the tested sample were more consistent.

Consequently, electrodes printed from eccPLA were used in the cap, which combined dry
stimulation and recording electrodes for functionality verification in a tACS experiment.



3.2 DRY STIMULATION ELECTRODES

Considering the frequency range covered by the dry stimulation electrodes, the selected
scenario that addresses the individual a-frequency uses a point of operation at the lower
bound of the working range.

The high impedance values for frequencies below 5 Hz provided by the two tested PLA
materials excluded their applications in direct current stimulation scenarios. This imple-
mented a major limitation as tDCS represented the most frequently used tES type.
However, a usability study evaluating the comfort and application effort could demonstrate
the advantages of the dry stimulation cap. Further, such an investigation could show the
reproducibility with respect to impedance and electrode positioning, especially in combi-
nation with simultaneously applied EEG electrodes.

The dry stimulation electrodes themselves desire further characterization with more sam-
ples (especially for new materials) in four-point impedance measurement setups and long
term OCP measurements over several hours. Further the materials’ durability needs to be
evaluated throughout the electrodes’ life cycle incorporating several cleaning procedures
using sanitizers.

However, the design, material selection, and manufacturing process give rise to many
degrees of freedom for further adaptations of dry stimulation electrodes for tES applica-
tion. The presented investigations have addressed these aspects on a first stage, and further
developments need to be supported by application studies.

The here introduced dry stimulation electrode produced by additive manufacturing based
on carbon doped filament has great potential to increase Hexibility in tES applications.
Caps incorporating such dry stimulation electrodes ensure controlled effective electrode
areas, improved reproducibility in electrode positioning and are easy to use. Thus self-
application in home environment and long term applications become feasible for tES.

81






4 Verification of transcranial electric
stimulation concepts

4.1 Temporal interference TES

4.1.1 Introduction

Targeting the impressed electric field to specific functional neuronal units was desired in
tES applications as described in chapter 2. Towards this issue, previous sections of this
thesis addressed the electrodes as sites of current imprinting and the distribution of different
current intensities. Considering time variant stimulation signals as used in tACS, the signal
frequency provided a further degree of freedom for targeting.

One concept to focus waveforms lies in the superimposition of two waves with differ-
ent frequencies which result in an interference with amplitude changes in the regime of
the difference frequency. The approach of interference is widely used in many physical
fields (e.g. mechanics and optics), including medical applications. The superposition of
sent and reflected mechanical pressure waves with different frequencies is facilitated in the
Doppler ultrasonography (Doppler, 1842; Franceschi, 1979). In optical coherence tomogra-
phy, low-coherent infrared light beams are reflected from a mirror and the tissue sample.
An interference occurs when the travel distance difference is less than a coherence length
and therefore focuses on a specific spot. A specimen, e.g. the retina, is scanned with optical
coherence tomography by adapting the mirror configuration (Drexler et al., 2001).

A pplications of interfering electric currents in medical applications were introduced in phys-
iotherapeutic pain treatments (Nemec, 1959) whereat specific muscles are targeted (Beatti
et al., 2011).

In neuroscience, the concept of interfering current waves, named temporal interference
tES (TI-tES), was introduced to focally stimulate targets located deep in the brain (Gross-
man et al., 2017). The idea facilitated the temporal inertia of neurons (with membrane
time constants in ms range) to follow fast charge carrier fluctuations (with frequencies
> 1 kHz). Thus two current sources generated sinusoidal signals in the kHz-range whereat
the frequencies of the two sources deviated with a low frequency, e.g. a difference frequency
below 100 Hz. The stimulation signals were administered to the subject via two pairs of
electrodes, such that sinusoidal signals superimposed in the head and the interference maz-
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imized in the target. Non-target areas should receive the superimposed sinusoidal signal in
the kHz-range without pronounced interference.

The system components utilized for the generation of TI-tES need to provide output
stability across a wide range of experimental configurations with respect to both, the load
impedance, and the signal frequency. The load on the current sources might change over
the course of the experiments due to bio-electrochemical compensation processes or fre-
quency dependent resistance (i.e. impedance) changes. Further, the temporal dynamics
of the stimulation sources are required to ensure constant output across the full frequency
range up to a few kHz.

A high degree of linearity in all signal defining and current generating components is re-
quired to prevent intermodulation distortion (IMD).

Further, the two current sources need to be isolated to prevent cross-talk between the stim-
ulation channels.

Here a setup for TI-tES is introduced and concepts on characteristics and adaptation

mechanisms are verified in TI-tES scenarios applied in a homogeneous volume conductor.

Parts of this chapter have been previously presented in abstract form Hunold et al. (2018b,
2020a).

4.1.2 Material and Methods

The concept of TI-tES was tested in a controlled environment, providing a realistic con-
ductivity setup but eliminating geometric disturbances. An aquarium with dimensions of
120 cm x 80 cm x 70 cm (length x width x height) and 12 mm wall thickness spanned
a Cartesian coordinate system in x x v x % directions and supplied the geometric frame
for TI-tES tests. The aquarium was filled up to a height of 60 cm. This filling with 552 1
saline solution of 0.17 wt% established a homogeneous volume conductor with 0.33 S/m
(at 25 °C) ionic conductivity, which mimicked the electric configuration of soft tissue in
the head (Geddes and Baker, 1967).

Squared rubber electrodes with 5 cm side length were fixated by vacuum seal tape to
the inner aquarium side walls at a center height of z = 30 cm as depicted in Figure 4.1.
Two pairs of electrodes located symmetrically at the y—=z side walls with a mutual electrode
distance of 20 cm, the electrodes located at ¥ = 29 em (78/2-10; E1 and E3) and y = 49 cm
(78/24+10; E2 and E4). The two pairs of electrodes fixated at the x-z side walls located
asymmetrically to span a trapeze. The side length of this trapeze in x-direction were
102.6 cm with the electrodes in distance of 7.5 cm to the side walls (E5 and E6) and
17.6 cm with the electrodes in distance of 50 cm to the side walls (ET and ES).
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Figure 4.1: Model of the aguarium with outer dimensions of
x =120 cm x v = 80 cm x z = 70 cm, filled with saline solution to
z = 60 cm (indicated by the blue surface) to represent a homogeneous volume
conductor. FElectrodes with 5 cm side length are depicted as black sgquares,
whereat E1 and E2 are positioned symmetric to E3 and E4, E5 and E6 span a
trapeze with ET and E8).

Two pairs of these electrodes were connected to the two sources in each stimulation setup.

Tahble 4.1 provides an overview of the realized montages.

Table 4.1: TI-tES montages with each two electrodes connected to the two sources
generating indicated current intensities in mApp.

Montage Source 1 Source 2
Electrodes mApp Electrodes mApp

Opposite (Opp) E1-E2 2 E3-E4 2
Parallel (Par) E1-E3 2 E2-E4 2
Parallel asymmetric (ParA) E1-E3 1 E2-F4 2
Parallel crossed (ParX) E1-E4 2 E2-E3 2
Trapeze (Trap) E5-ET 2 E6-E8 2
Trapeze asymmetric (TrapA) E5-E7 2 E6-E8& 1
Trapeze crossed (TrapX) E5-E8 2 E6-ET 2

A multi-channel constant current stimulator (DC-STIMULATOR MC, neuroConn GmbH,
llmenau, Germany) provided two isolated current sources. The stimulation signals con-
sisted of sinusoidal waves with a peak-to-peak amplitude of 2 mA (mApp). According to
the manufacturer, the current sources incorporated a 3 dB cut-off frequency of 700 Hz.
Targeting an interference with an envelope beating at 10 Hz, the frequencies of 643 Hz
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and 653 Hz were selected as stimulation frequencies. The numbers 643 and 653 represent
the two highest prime numbers with a difference of ten below 700. Prime numbers were
preferred for stimulation frequencies to minimize artifact disturbances.

To steer the interference, asymmetric stimulation configurations have been designed such
that one source generated a sinusoidal wave with an amplitude reduced to 1 mApp.

A 3D measurement array holding 57 Ag/AgCl pellet electrodes with a diameter of 1.5 mm
(cf. Figure 4.2a) was used to measure potential differences in the volume conductor. The 55
measurement electrodes located in three levels, whereat the bottom and central levels held
23 electrodes and the top level comprised of 9 electrodes (cf. Figure 4.2b). The electrodes
were held by rods, which supported two or three electrodes starting at a height of 87 mm
with a mutual distance of 20 mm between levels in z-direction. The rods located on a grid
base with distances of 10 mm between columns and rows in x- and y-direction. The array
incorporated two more electrodes at a height of 37 mm in the central row in a distance
of 16 mm to the lateral rods in row 3. These two electrodes were designed as reference
electrodes but not used in the present study. In the present study a single Ag/AgCl disc
electrode with a diameter of 4 mm fixed in the center of the aquarium floor was used as
reference electrode.
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(a) CAD model of electrodes (black (b) Digitized electrode positions (spheres)
pellets) held in three levels by white mapped to surfaces representing the electrode
rods positioned in a grey grid base. levels. Colors code channel numbers.

Figure 4.2: Representations of the 3D measurement array as CAD model (a) and
as visualization based on the electrode digitization (b).

The hollow rods and the grid base were manufactured from polyactid acid (PLA) filament
(Verbatim, Eschborn, Germany) on a fused deposition modeling (FDM) printer (N2 Plus
Raise 3D Technologies Inc., Irvine, USA). The 1.5 mm Ag/AgCl pellet electrodes (MedCat
GmbH, Munich, Germany) were positioned in predefined holes in the rods and soldered
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to 0.0035 mm? flexible cable ending in 37-pole SUB-D terminals positioned in an adapter
box. Two 37-pole SUB-D cables connected the adapter box to a multifunction I/0 device
(NI USB-6255, National Instruments Germany GmbH, Munich, Germany) with 80 analog
input channels. The referential setup incorporated the measurement electrodes, connected
to analog inputs, and the fixed reference electrode in the center of the aquarium foor,
connected to the analog sense channel on the NI USB-6255. Data were recorded with a
sampling rate of 10 ksps and quantified with 3 puV steps between -100 mV and 100 mV
(16 bit). Data were stored to ASCII text files in the software Signal Express (National
Instruments Germany GmbH, Munich, Germany) on a PC connected via USB to the NI
USB-6255.

The 3D measurement array was used to sequentially capture the electric potential distribu-
tions throughout a central volume slice of the aquarium. With the measurement electrodes
of the top level at the central height of the stimulation electrodes (z = 30 cm), the array
was moved in x- and y-direction. Starting in the center of the aquarium at x = 59 cm
and y = 39 cm indicated by the central black array in Figure 4.3, the array was moved to
overall 21 positions with a spacing of 15 cm and 20 cm in x- and y-direction, represented
by translucent arrays in Figure 4.3.

il ——
15¢cm
¥ Sl Reference electrode

Figure 4.3: Model of the experimental setup with the 3D measurement array (cf.
Figure 4.2) turned upside down in the central initial array position (black) and the
sequentially captured positions represented by translucent arrays. All stimulation
montages (cf. Table 4.1) were measured at each array position. The stimulation
electrodes are indicated by E1-ES8.
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Measurements incorporated ten seconds noise recording followed by active stimulation with
5 s fade-in, 30 s constant current amplitude and 5 s fade out. Signal processing, analysis and
visualization was performed in Matlab (The Mathworks Inc., Natick, USA). Recorded data
were offset corrected by subtracting the mean of 5 s noise data per channel. The central
20 s data interval during the constant amplitude stimulation was bidirectionally filtered by
a band-pass finite impulse response filter between 640 Hz and 656 Hz. Eleven segments (1 s
duration) of the filtered data were phase-synchronized and averaged. The envelope, also
called the instantaneous amplitude, of the averaged signal was calculated as the magnitude
of its analytic signal. The analytic signal was found using the Hilbert transform (Lawrence
Marple, 1999). A spectral analysis was performed for both, the averaged signal and the
envelope. A segment of 200 ms duration of envelopes and averaged signals were used for
further analysis.

The resulting envelope trace was used to define essential features on the interference: the
maximum ¢ and the minimum @ as extreme values of the envelope and the amplitude &
of the envelope as difference between these extreme values. The envelope parameters are
indicated in Figure 4.4.
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Figure 4.4: Time traces of a recorded interferential electric potential (blue) and
the calculated envelope (yellow) with labeled envelope parameters.

Signal features at corrupted channels were reconstructed by interpolation from their four
next neighboring channels. In case of low signal-to-noise ratio (SNR), i.e. in recordings
with average ¢ below 1 mV, an amplitude calculation was not carried out for the entire
array at the position under question for the present stimulation montage.

Topographies of the envelope features extracted from the 55 recording channels at the 21
array positions were compared based on a modified relative distance measure (RDM?*)
(Meijs et al., 1989)

RDM* = (4.1)

F
(\/23_195’? \/23_1 Ef?_-;t)

with 7 and j being channel indices, and r and ¢ indicating reference and test configurations.
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The RDM?* ranges from 0 to 2, which indicated identical and inverted topographies.
Amplitude differences between a original montage as reference and its asymmetric or crossed
modifications (c.f. Table 4.1) as test montages were assessed by a relative magnitude
difference (MAG,;) value (Giillmar et al., 2006)

1 vV ) Ef?g,t
\ it vz,

with the channel index i, and reference and test configurations indicated by r and t.

MAG,q = : (4.2)

4.1.3 Results

The recordings from the TItES experiments contained high-frequency sinuscidal time
traces as depicted in Figure 4.5a. The recorded signals comprised an interference of the
two stimulation signals with frequencies of 643 Hz and 653 Hz as shown in Figure 4.5¢c.
The envelope calculated from the interference signals, as depicted by the low-frequency
sinusoidal time traces in Figure 4.5a, revealed the amplitude variation with a frequency of
10 Hz (cf. Figure 4.5d). This frequency matched with the difference frequency between the
two stimulation signals.

The extreme values and the amplitude (as difference between maximum and minimum)
of the envelope provided topographies of the interference. Figures 4.6 and 4.7 depict inter-
ference features extracted at the 23 electrodes in the central level out of the 55 recording
electrodes in the 21 array positions. Maximal values of ¢ consistently occurred in the
vicinity of the stimulation electrodes: E1, E2, E3, E4 for Opp and Par montages; E5, E6,
E7, E8 for Trap montages.

Recorded potential values were particularly high, when the electric fields from the two
sources were parallel (left and right line in Figure 4.6¢) or electrodes effectively recorded
only one source (left and right front corners in Figure 4.6e). In contrast, electric fields with
deviating directions superimposed not optimally, whereby smaller values were measured
at e.g. the three central array positions (x = [44 59 74| cm) in the back (y = 59 cm) of
Figure 4.6e in vicinity to E7 and E8 (where components of Sources 1 and 2 contributed
with perpendicular orientation).

The envelope amplitude ¢ normalized by the envelope maximum ¢ indicated the level of
the interference. Thus, a ratio of 1 indicated the absence of a minimal envelope baseline
(¢ = 0). Ratios below 1 revealed the presence of a baseline (¢ > 0), e.g. from &/ = 0.6 it
appears that there is a baseline of 40 % with respect to ¢ (¢/z = 0.4).

This means, the interference evoked by the Opp montage fully developed only in the central
z-line of the aquarium. Notably, the envelope amplitude ¢ accounted for only 20 % of
max(yP) at these positions, which are rather distant to the stimulation electrodes. In
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Figure 4.5: Measured electric potential traces from TI-4ES experiments. Traces
of interference and envelope signals in time domain (a) with values at 0.1 s mapped
to electrode surface representation (b), and in frequency domain (c, d). Spectra
are focused on the ranges below 50 Hz and from 600 Hz to 700 Hz. The spectra
for all channels are plotted one above the other and are therefore dominated by
the color of the last channel plotted. If not otherwise stated, colors code channel
numbers as introduced in Figure 4.2b (note electric potential distribution in b).

A flat trace indicates a corrupted channel

(7 17).
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Figure 4.6: Envelope parameters ¢ (left) and ¢ normalized to the ¢ in each
channel (right) from stimulation montages Opp (a,b), Par (c,d), and Trap (e,f) (cf.
Table 4.1). View from top on parameter distributions mapped on the surfaces of
the 23 electrodes in the central level 2 (cf. Figure 4.2b) for all positions of the array
in the aquarium (cf. Figure 4.3) as indicated by aquarium x- and y-coordinates.
Missing array positions in @ distributions indicate recordings with ¢ below 1 mV,
and thus low SNR, for which amplitude calculation was not performed. Labeled
stimulation montages are indicated by colored stimulation electrode labels (E1-
E8), which represent current Source 1 (red-blue) and Source 2 (magenta—cyan)
according to the montages introduced in Table 4.1.
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contrast, for the Par montage, the envelope oscillated with the full amplitude in extended
areas left and right to the central x-line. For the Trap montage, the envelope amplitude
maximized focally in the three array positions in front of ET and E8 (cf. Figure 4.6f) with
maximal envelope values ¢ of approximately 50 % of maz(§) (cf. Figure 4.6e). Further,
the corners distant to the stimulation electrodes demonstrated fully developed envelope
amplitudes, as the electric fields were uniformly bend at the boundary of the aquarium and
no source predominated in these areas.

The RDM™ between array level topographies for the envelope parameters depicted in Figure
4.6 were 0.06 £ 0.11 and 0.07 £ 0.11 (mean =+ std) for ¢ and ¥/ across array positions
and stimulation montages. Maximal RDDM s* were found for the Opp montage with values
of 0.71 and 0.48 for ¢ and &/;.

Modifications of the stimulation montages with respect to asymmetric source intensities
and source configuration with crossing current paths (ParX, TrapX) resulted in changes
in the &/ distributions depicted in Figure 4.7. The envelope amplitude ¢ maximized at
positions with similar intensity contributions from Sources 1 and 2.

Figure 4.7a-c presents ¢/ distributions from the Par montage and its modifications. Im-
pressing an intensity of only 1 mA on Source 1 (E1-E3) the maximal envelope amplitude
i appeared in the front corners, shifted along the y-direction towards the stimulation
electrodes of Source 1 (E1-E3). Comparing the ¢/ distributions from the original and
the asymmetric Par montage for the 21 array positions, the M AG,.; and RDM* were
0.29 = 0.11 and 0.05 £ 0.07 (cf. purple distributions in Figure 4.8a). Changing the source
configuration to the ParX montage resulted in a concentration of the maximal envelope am-
plitude & in the central y-line. The M AG,.; and RDM* were 0.09 £+ 0.14 and 0.07 £ 0.14
with respect to the original Par montage as depicted by the green distributions in Figure
4.8a.

Figure 4.7d-f presents ¥/ distributions from the Trap montage and its modifications. Im-
pressing an intensity of only 1 mA on Source 2 (E6-E8) the maximal envelope ampli-
tude ¢ appeared in the central y-line shifted along the x-direction towards the stimulation
electrodes of Source 2 (E6-E8). Comparing the #/; distributions from the original and
the asymmetric Trap montage for the 21 array positions, the M AG,; and RDM* were
0.43 = 0.19 and 0.11 £ 0.09 (cf. purple distributions in Figure 4.8b). Changing the source
configuration to the TrapX montage resulted in a concentration of the maximal envelope
amplitude & in the central x-y-intersection. The M AG,; and RDM* with respect to the
original Trap montage were 0.83 £ 1.24 and 0.30 %+ 0.23 as depicted by the green distri-
butions in Figure 4.8b. The positive outliers in M AG,..; occurred at array positions in the
front most y-line with minimal envelope amplitudes in the original Trap montage.
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Figure 4.7: Envelope amplitude ¢ normalized to the ¢ in each channel from
stimulation montages Par (a-c) and Trap (d-f) (cf. Table 4.1). View from top on
amplitude distributions mapped on the surfaces of the 23 electrodes in the central
level 2 (cf. Figure 4.2b) for all positions of the array in the aquarium (cf. Figure
4.3) as indicated by aquarium x- and y-coordinates. Parallel (left) and Trapeze
(right) stimulation montages include asymmetric source strength (b,e) and "cross-
ing" current pathways (c,f), indicated by colored stimulation electrode labels (E1-
E8), which represent current Source 1 (red-blue) and Source 2 (magenta—cyan).
Note the different amplitude color scales.
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Figure 4.8: Distributions (shaded areas) of MAG, . and RDM* values deter-
mined for the 21 array positions comparing original and asymmetric (purple) or
crossed (green) Par (a) and Trap (b) montages, with mean values (diamonds) and
interquartile ranges (vertical lines). Note the different scales for M AG,..

Ovwerall MAG,.; and RDM* values, as summarized in Table 4.2, resulted when consider-
ing the 21 array positions as one entity for each stimulation confizuration. With respect
to magnitude changes, the asymmetric Par configuration provided the most pronounced
difference, with a M AG .. of 0.28. The quantification for topography changes generated a
maximal value of RDM* with 0.52 for the TrapX montage.

Table 4.2: Overall M AG,; and RDM* values for ¢/ comparisons of original
(reference) and asymmetric or crossed (test) montages.

Test MAG, . RDM*
montage Par Trap Par Trap

asymmetric 0.28 0.13 017 0338
crossed 0.07 0.02 0.20 0.52

4.1.4 Discussion

The TI-tES scenarios realized in a homogeneous volume conductor by means of an aguar-
ium filled with saline solution demonstrated the generation of interferences in an artificial
setup. The utilized multi-channel stimulator demonstrated the ability to generate wave-
forms without considerable IMDs, as the measured interference contained mainly the initial
stimulation frequencies. In contrast, the envelope calculated to the interference exhibited
a strong contribution of the difference frequency, as expected.
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The maximum ¢ and the amplitude ¢ of the envelope represented essential morphologi-
cal features of the interference. Topographies of the envelopes’ maximum and amplitude
demonstrated distributions as expected from previous investigations (Treffene, 1983) and
simulations (Grossman et al., 2017; Hunold et al., 2018b). The envelope maximum
occurred in the vicinity to the stimulation electrodes in action. In contrast the enve-
lope amplitude @ provided more distinet topographies to the stimulation montages. The
envelope amplitude ¢ maximized in areas with equal contributions from both stimulation
sources (Treffene, 1983). This let to rather distinct spots with maximal envelope amplitude
for montages Opp and Trap and a nearly homogeneously pronounced envelope amplitude
distribution for the Par montage.

Modifications in the source strength and in the stimulation montages resulted in topog-
raphy changes as presented in Figure 4.7.

For asymmetric source strength, the position with the maximal envelope amplitude was
shifted towards the stimulation electrodes adjacent to the weaker source. Especially, for
the Par montage the asymmetric source strength disturbed the homogeneity in the source
contributions and thus strongly affected the envelope amplitude characteristic. In the Trap
montage, this modification led to a focus of the maximal envelope amplitude to a single
measurement position in the present setup.

Wiring the stimulation electrodes to the current sources such that the current paths crossed
(ParX, TrapX), led to focusing of the maximal envelope amplitude to positions which point-
symmetrically localized to the current path intersection.

Stimulation of neuronal tissue with alternating currents in the range from 1 kHz to
100 kHz (also called middle-frequency) demonstrated a temporal summation effect in neu-
rons, the so called "Gildemeister Effekt’ (Gildemeister, 1944). The subsequent positive and
negative half-waves asymmetrically de- and re-polarized the neuronal cell membrane, even-
tually leading to the release of an action potential (Bromm and Lullies, 1966). However,
continuous stimulation with such frequencies resulted in conduction blocks (Wedensky,
1903). To prevent the formation of conduction blocks, burst and amplitude modulated
middle-frequency stimulations have been used in various applications as summarized by
Ward (2009). In particular, the stimulation with two interfering alternating currents with
frequencies in the range from 1 kHz to 100 kHz, which deviated by a difference frequency
in the range from 1 Hz to 100 Hz was introduced as "interferential therapy' to treat mus-
culoskeletal conditions, e.g. controlling pain (Nemec, 1959). In clinical applications, both
superimposing as well as modulated alternating currents with frequencies around 4 kHz
recruited nerve fibers in extremities (Ozcan et al., 2004). However, this did not necessarily
imply the existence of a demodulation mechanisms at the neuronal level (Grossman et al.,
2017). Modeling studies suggest mechanisms of action for TI-tES on the neuronal level
based on an interplay of tonic activity modulation and conduction blocks (Mirzakhalili

95



4 VERIFICATION OF TRANSCRANIAL ELECTRIC STIMULATION CONCEPTS

et al., 2020), and oscillation modulation in a canonical network model (Esmaeilpour et al.,
2021).

The orientation of the interference in the target likely plays an essential role in the stimu-
lation of neuronal tissue. Conventionally, the direction perpendicular to the local cortical
surface is thought to be the most effective stimulation orientation. In the present study a
consistent reference electrode at the bottom of the aquarium provided a fix point in the
potential difference measurements. Therefore, global topographies of interference features
were provided here. Local orientations of the effective interference stimulation were not
considered.

The temporal properties demonstrated in this study realistically reproduced the genera-
tion of the interference and the derived envelope features. However, the initial stimulation
frequencies of 643 Hz and 653 Hz might induce direct stimulation effects in neuronal tissue
also generating intrinsic activity with 600 Hz (Haueisen et al., 2001). Thus these frequen-
cies below 1 kHz are considered unsuitable for application in stimulation of neuronal tissue.
Two independent constant current sources were used as stimulation generators, which en-
sured the desired current intensity at the stimulation electrodes. Although the same type
of stimulation electrodes were wired and placed in the same way, identical conditions could
not be guarantied. In case of different electrode or electrode—electrolyte impedance, the
voltage regulation in the current sources resulted in varying potential differences between
the stimulation electrodes of the two stimulation channels. Such a discrepancy between
stimulation channels led to asymmetries in the topographies of the signal features.

The technical equipment enabled the performance of TI-tES as suggested by Grossman
et al. (2017). Applying asymmetric source strength and adapted current paths resulted in
expected modification of the generated stimulation pattern as observable in a homogeneous
volume conductor.
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4.2 TES applied to a head phantom

4.2.1 Introduction

Stimulation schemes for tES require methodologies for verification when facilitating new
electrode montages (cf. chapter 2), more complex waveforms (e.g. amplitude modulation or
temporal interference), and new application systems (cf. chapter 3). Technical feasibility
of stimulation concepts and electrode materials were tested in homogeneous electrolyte
volume conductors (cf. sections 3.2 and 4.1). These metrological inspections allowed the
inclusion of certain aspects of real-world environmental influences and provided information
on the technical feasibility of the concepts under test.

However, new tES schemes require exact knowledge about the spread of the electro-
magnetic field inside the head, and the interactions between new application systems and
the head. These aspects require knowledge about the volume conductor, i.e. the conduc-
tivity profile within the human head. Computer models of the volume conductor derived
from human MRI data and parameterized with conductivity values from literature incorpo-
rate essential uncertainties regarding the conductivity configuration (McCann et al., 2019).
Within a physical head phantom, a large part of the uncertainties regarding the conductiv-
ity geometry can be overcome. The geometry of a phantom is predefined by its design and
manufacturing processes, and the conductivity properties of the phantom materials can be
measured in advance.

Considering the human head as a volume conductor, the skull provides the major conduc-
tivity barrier. Consequently, three conductivity compartments are of particular interest:
scalp (soft tissue outside of the skull), skull, and intracranial volume (Stenroos et al., 2014).
The soft tissue compartments with higher conductivity encase the skull compartment with
low conductivity. A widely used conductivity value for intracranial volume is 0.33 5/m
(Geddes and Baker, 1967). According to literature, the ratios for the skull-to-soft tissue
conductivity ranges from 1:120 (Homma et al., 1995) to 1:5 (Wendel et al., 2008).
Previous approaches established head phantoms based on doped saline solutions for the
verification of tES simulations (Jung et al., 2013; Kim et al., 2015). These phantoms
incorporated saline solutions with different electrolyte concentrations to obtain different
conductivity values. Interfacing multiple compartments based on different saline solutions
introduces concentration gradients leading to diffusion processes. The time-dependent elec-
trolyte diffusion limits the stability of the relevant conductivity configurations in such phan-
toms.

Here a multi-compartmental and realistically shaped physical head phantom is presented,
which is implemented by synthetic materials with inherently different conductivity values.
The phantom is used for verification of different tES schemes administered by application
systems introduced in chapter 3.
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Parts of this chapter have been previously presented in abstract form (Haueisen and Hunold,
2017) and in journal publications (Hunold et al., 2018c, 2020b).

4.2.2 Material and Methods

The phantom design was based on the geometry of a human head. A computer tomography
(CT) data set of a 51 years old male obtained on a Lightspeed VCT (GE Healthcare,
Chicago, USA) with 0.625 mm slice thicknes and an isotropic inplane resoltion of 0.492 mm
served as data base (Hunold et al., 2019). The CT images were segmented in Seg3D (http:
//www.sci.utah.edu/cibc-software/seg3d.html), using Otsu thresholds to reconstruct
compartments of the inner skull volume, the skull and the scalp, as shown in Figure 4.9.

Figure 4.9: Segmented CT image with labeled intracranial (red), skull (blue) and
scalp (orange) compartments.

Representations of the outer surfaces of these compartments were imported to a computer
aided design (CAD) software (SolidWorks, Dassault Systémes SolidWorks Corporation,
Waltham, USA).

A solid body of the skull compartment was created based on the surface representations of
the inner and outer skull. An oval cylinder with inner axis length of 80 mm in anterior-
posterior and 110 mm in lateral direction, and a thickness of 10 mm extended the skull
base as an artificial neck.

The outer contour of the scalp compartment ended on a circle with a diameter of 200 mm.
A common ground plate was constructed to hold the oval neck and the round end of the
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scalp compartment on its top. The ground plate also accommodated an oval base plate
inserted from the bottom. This base plate held modular parts for interior structures, such
as the 3D measurement array introduced in section 4.1.2. The oval shape of the neck and
the base plate ensured anti-twisting and form-fit, the frictional connections were designed as
adhesive (neck — ground plate) and screw (base plate — ground plate) connections. Both,
ground and base plates, had funnel-shaped surfaces and contained holes for filling and
venting, which were closed with plugs. Figure 4.10 depicts the phantom design with two

cavities: the scalp compartment and the intracranial volume.

Figure 4.10: Phantom CAD model with ground plate (dark blue), skull com-
partment (yellow), casting mold for the scalp layer (red), base plate (gray) and
measurement array (cyan).

Casting molds for the skull and scalp compartments were constructed based on the outer
skull, the inner skull and the outer skin boundaries.

The inner skull mold was derived from the inner skull boundary and the neck extension.
Therefore, the inner skull boundary was thickened 8 mm towards the inside. At the neck,
the inner skull mold incorporated an orthogonal bracing (15 mm x 15 mm) along the oval
main axis, which exceeded the mold for 20 mm. The exterior skull mold held the bracing
of the inner skull mold and represented the outer skull boundary with three parts: lower
anterior and posterior parts separated along the main axis of the oval neck, and one superior
part covering the calvaria. The mold parts were extended with a brim, which incorporated

through holes for screws realizing frictional connection. Figure 4.12a depicts the CAD
model of the skull molds.
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The scalp mold was a 5-mm thick representation of the outer skin boundary separated in
an anterior and a posterior part and extended with a brim at the lower end, and at the
separation section. The brim incorporated through holes for screws and dowel pins, which
realized separate form and frictional connection between the two mold parts as well as
between the mold parts and the ground plate. The scalp design was based on the above
described skull as interior bounding structure.

The casting molds were additively manufactured with different 3D printing techniques
and materials. The scalp mold was created of a liquide photopolymer (R5, envsiontec
GmbH, Gladbeck, Germany) cured in ultraviolet light in a digital light processing (DLP)
printer (P4K, envsiontec GmbH, Gladbeck, Germany) at the Physikalisch Technische Bun-
desanstalt (PTB) Berlin administered by Dirk Gutkelch. The skull molds were printed on a
FDM printer (N2 Plus, Raise 3D Technologies Inc., Irvine, USA ). The outer skull mold con-
sists of Acrylnitril-Butadien-Styrol (ABS) (Verbatim GmbH, Eschborn, Germany), whereat
the surface was smoothed by acetone vapor deposition. The inner skull mold was printed
of Filaflex with a Shore hardness of 82A (Recreus Industries 5.L., Elda, Spain).

Castable and electrolyte conducting materials were selected and characterized, for real-
ization of the three phantom compartments.

An electrolyte solution of NaCl (Sodium chloride > 99 %, Carl Roth GmbH & Co. KG,
Karlsruhe, Germany) in de-ionized water provided the charge carriers in the head phantom.
The conductivity of the NaCl solution was tested with a conductivity meter ProfiLine Cond
3310 (Xylem Analytics Germany Sales GmbH & Co. KG, Weilheim, Germany).

For the scalp layer, 2 wt% agarose (Agarose Broad Range, Carl Roth GmbH + Co.
KG, Karlsruhe, Germany) was applied as a solidifying agent in the 0.17 % NaCl solution.
The agarose was added to the heated electrolyte solution (65 °C) under constant steering.
The milky dispersion was heated to about 80 "C until a clear solution emerged. The
agarose electrolyte solution was kept in liquid state, at around 65 °C, until poured in the
casting mold. After cooling to room temperature, the agarose electrolyte solution formed
a mechanically stable hydrogel.

To mold a realistically shaped and mechanically durable skull compartment, gypsum
powder (Stewaform, Glorex GmbH, Rheinfelden, Germany) was selected to prepare a cast-
ing compound. In gypsum, the solid crystal embodies a structural conductivity barrier.
The Stewaform powder was mixed with 0.17 % NaCl solution in the ratio of 2:1 to form
a casting compound. The casting compound was poured in negative molds of the desired
form, and let dry at 40 °C for 2 h. To protect the gypsum structures from dissolving when
coming in contact with the aqueous NaCl solutions, the gypsum was infiltrated for one
minute in a two-component epoxy resin XTC-3D (Smooth-On Inc., Macungie, PA, USA)
with a ratio of 2:1 (epoxy resin:hardener). The infiltrated gypsum was dried again at 40 °C
for 10 min.
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Figure 4.11: Scheme of the impedance measurement setup. The measurement
cell with a material sample (brown) in plastic tubes filled with NaCl solution
(light gray) incorporates the paired measurement electrodes (black dots) and the
outer electrode pair (black circles) for current application, both being connected
to the Gamry Reference 600 Plus impedance analyzer. A sealing ring (yellow) and
POM flanges (dark gray) complete the setup. Adapted from Hunold et al. (2018c,
2020b).

Electrical properties of material samples were tested by means of four-electrode impedance
measurements (Schwan and Ferris, 1968) at room temperature. An impedance analyzer
(Reference 600 Plus, Gamry Instruments, Warminster, PA, USA) measured the impedance
of the measurement cell comprising of the material sample clamped between two NaCl
solution compartments with a concentration of 0.17 % NaCl in de-ionized water as depicted
in Figure 4.11.

The NaCl solution compartments held an outer pair of silver /silver-chloride lens electrodes
(diameter 4 mm) with a distance of 160 mm to the sample for impressing an electric current,
and an inner pair of silver /silver-chloride pellet electrodes (1.5 mm diameter, 3 mm length)
for measuring the resulting potential difference. A more detailed description of the setup
can be found in (Hunold et al., 2018c, 2020b).

The impedance was tested for three samples of 0.17 % NaCl solution (NC1, NC2, NC3),
agar hydrogel with 2 wt% agarose (AH1, AH2, AH3), and one sample of gypsum (GNC1).
The gypsum sample was tested three times in this procedure after it has been drying
at ambient air for at least 20 h. Each series of measurements were carried out over the
frequencies of 0.1 Hz to 100 kHz and for 10 min at 1 Hz. There was a 30-min pause between
each series of measurements.

Further, three samples of agar hydrogel with 2 wt% agarose (AH4, AH5, AH6) and three
samples of gypsum (GNC2, GNC3, GNC4) were tested on an extended frequency range of
0.01 Hz to 100 kHz and for an extended duration of 60 min at 10 Hz. The agar hydrogel

1M



4 VERIFICATION OF TRANSCRANIAL ELECTRIC STIMULATION CONCEPTS

samples (AH4, AH5, AH6) where tested three times with a 6-h pause between each series
of measurements.

Simultaneous to measuring the impedances, the temperature in the cell was measured with
an electrically insulated stainless steel probe connected to a Traceable® Excursion-Trac
(VWL International bvba, Leuven, Belgium).

The experimental measurements were carried out at ambient temperatures. To compare
to existing literature values, the measured values were adjusted for the temperature differ-
ence. First, the impedance of the cell containing only NaCl solution, £ na.c1, was measured
to use as the reference. The impedance can then be adjusted using

ZMB_ZES
1+ (Jmeas — 25)’

Loy = (4.3)
where Z2z is the impedance adjusted to 25 °C, Zneqs is the measured impedance, fpens
in °C is the temperature at the time of measurement, and « is the linear factor (also
called cell constant). The cell constant was determined through measurements of a cell
containing 0.17 % NaCl solution only. The material conductivity is computed from the
temperature-compensated net impedance Zos using

d

F=Ze A

(4.4)
where d is the material sample thickness and A is the surface area.

The characterized materials were utilized to manufacture the head phantom compartments
in a multistage procedure.

First the skull of gypsum (Stewaform dispersed in 0.17 % NaCl solution) was cast in
the negative skull molds described above. The exterior molds were opened after 3 h to
let the gypsum dry at ambient air. One day after casting, the exterior and interior molds
were removed. The hollow body of the skull was infiltrated with expoxy resin XTC-3D
(Smooth-On Inc., Macungie, PA, USA) in a ratio of 2:1 (epoxy resin:hardener). The
infiltrated gypsum was dried again at 40 °C for 10 min.

The finished skull was glued into the oval recess on the upper side of the ground plate.
Figure 4.12 depicts stages of the skull manufacturing.

Second, the scalp was cast onto the skull compartment in the ground plate. Therefore,
the scalp molds were fixated on the ground plate, which established the cavity for the scalp
compartment (Figure 4.13a). The phantom was turned upside down (Figure 4.13b), for
the casting process with the hot agar (2 wt% agarose in 0.17 % NaCl solution). The agar
jellified while it cooled at ambient air for at least 12 h.

Third, the intracranial volume was filled with 0.17 % NaCl solution.
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Figure 4.12: Stages of skull manufacturing procedure. (a) Skull molds: black
interior mold with orthogonal bracing (green), posterior part (beige), and superior
part (white) of the exterior molds, the anterior mold was removed to look inside.
(b) Gypsum skull with interior mold inside and superior part of the exterior mold
underneath. (c) Extracted and infiltrated skull in view from diagonally above.
The black ring is a rubber seal.
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Figure 4.13: Stages of scalp manufacturing procedure. (a) Skull glued in ground
plate and posterior mold (red) without the anterior mold showing the cavity for
the casting process. (b) Closed scalp molds turned upside down for casting. (c)
Anterior mold removed showing cast scalp. The black ring is a rubber seal.

Fourth, the measurement array, which was attached to the base plate, was inserted in the
intracranial volume and the base plate sealed the phantom.

Finally, the phantom was turned upright and the scalp molds were removed (Figure
4.13c). The resulting phantom was ready for use in experimental procedures (Figure 4.14).
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4 VERIFICATION OF TRANSCRANIAL ELECTRIC STIMULATION CONCEPTS

Figure 4.14: Finished phantom in upright position on ground plate with scalp
(semi-tranperent) on skull (white). The black ring is a sealing used in scalp casting.

Rubber electrodes of 4 cm x 4 cm, textile stimulation electrodes of 4 cm x 4 cm integrated
in a textile cap (cf. section 3.1), and circular multi-pin dry electrodes with a diameter
of 2 em (cf. section 3.2) were subsequently placed at positions F3, F4, P3, and P4, ac-
cording to the international 10-20 system (Jasper, 1958; Klem et al., 1999). Electrodes
F3/P3 and F4/P4 were connected to anode/cathode sockets of Source 1 and Source 2 of a
DC-STIMULATOR MC (neuroConn GmbH, Ilmenau, Germany). Figure 4.15 depicts the
stimulation and measurement setup.

The two isolated current sources provided sinusoidal waves with an amplitude (peak-to-
peak) of 2 mApp, 4 mApp, or 8 mApp at frequencies of 1 Hz, 10 Hz, or 100 Hz for tACS
stimulation. An amplitude modulated signal

uapm(t) =de-sin(2-m- fo-t) - (14 - sin(2- 7+ frn - 1), (4.5)

with the carrier amplitude d. of 1 mApp, the carrier frequency f. of 653 Hz, the modulator
amplitude @, of 1 mApp, and the modulator frequency f, of 10 Hz, was predefined as
binary file signal and loaded onto the stimulator. For amplitude modulated tES (AM-tES),
this signal was provided by Source 1 and Source 2. For TI4ES with a difference frequency
of 10 Hz, Source 1 and Source 2 provided sinusoidal waves with an amplitude of 2 mApp
and frequencies of f; = 643 Hz and f5 = 653 Hz, respectively.
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Figure 4.15: Model of the head phantom represented by the transparent surfaces
of the three compartments with the 3D measurement array (cf. Figure 4.2b) inside
and color coded tES electrodes of labeled materials mapped on the triangulated
scalp surface. Scalp surface triangulation lead to ragged electrode edges. Labels A
and C refer to electrodes connected to the anode and cathode sockets and numbers
1 and 2 decode current Sources 1 and 2.

Measurements incorporated active stimulation with 5 s fade-in, 60 s constant current, and
5 s fade out, followed by at least ten seconds noise recording. Signal processing, analysis and
visualization was performed in Matlab (The Mathworks Inc., Natick, USA). Recorded data
were offset corrected by subtraction of the mean of 10 s noise data per channel. The data
from the central twenty-seconds during the constant stimulation were bidirectionally filtered
by finite impulse response filters. The filters had characteristics of a low-pass up to 3 Hz
for 1 Hz stimulation, a band-pass between 7 Hz and 13 Hz for 10 Hz stimulation, a band-
pass between 97 Hz and 103 Hz for 100 Hz stimulation, and a band-pass between 640 Hz
and 666 Hz for stimulation with 643 Hz, 653 Hz or the amplitude modulated signal. Five
segments of the filtered data were averaged with a duration of 3 s each. Data segments were
channel-wise averaged and transferred to frequency domain by discrete Fourier transform.
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In case of AM- or TIES, an envelope was reconstructed to the averaged signal. The
envelope was calculated as the magnitude of the analytic signal, based on the Hilbert
transform (Lawrence Marple, 1999). A spectral analysis was performed for the averaged
signal and the envelope. Segments with a 200-ms duration of envelopes and averaged
signals were used for further analysis. Phase differences between channels were derived
from the complex spectra of the envelopes with respect to the reference channel providing
the highest absolute signal value.

The maximum ¢ and the amplitude & of the envelope were used to describe signal features,
as introduced in Figure 4.5a of section 4.1.2.

Amplitude differences and topographies of the envelope features extracted from AM- and
TI-tES were compared based on the M AG,; (equation 4.2) and the RDM* (equation 4.1).

4.2.3 Results

The 0.17 % NaCl solution provided conductivities of 0.299 S/m + 0.005 S/m (mean
p + standard deviation o) on the ProfiLine Cond 3310 (0.5 % uncertainty) at temper-
atures of 20.04 °C £ 0.70 °C. With temperature compensation to 25 "C at the ProfiLine
Cond 3310, conductivities of 0.333 S/m £ 0.001 S/m were measured in 0.17 % NaCl solu-
tions, in line with previously published data (Lide, 2012). Considering an inner electrode
distance of 25 mm and a tube diameter of 58 mm in the experimental setup (cf. Figure
4.11), the reference impedance of the 0.17 % NaCl solution was calculated from the conduc-
tivity to be 31.69 {1 at 20 °C and 28.45 £} at 25 °C (Za5r. 7). The measured impedance of the
reference 0.17 % NaCl solutions in the four-electrode setup was 31.41 @ + 0.14 Q (Z....)
which resulted in a conductivity value of 0.301 5/m £ 0.002 5/m (cf. equation 4.4). During
these measurements, the temperature in the 0.17 % NaCl solutions was 21.04 °C + 0.18 °C
(?'meas ). The cell constant o for the four-electrode setup was determined to -0.026. The
cell constant was calculated from equation 4.3 using Zosref, Zmeas and Pieqs from the
impedance measurements with only 0.17 % NaCl solution in the cell.

After applying equation 4.3 to adjust for the differences in the temperature at the time of
measurement, the impedance of 0.17 % NaCl solution was equivalent of 28.39 ()} £+ 0.19 Q
at 25 °C, which is a conductivity of 0.332 £ 0.003 S/m. These values were found to be
consistent for frequencies of 0.1 Hz to 100 kHz (Figure 4.16 top) and at 1 Hz over 10 min
(Figure 4.16 bottom).

The 2 wt% agar hydrogel in 0.17 % NaCl solution (n = 6) has a conductivity of
0.277 S/m £ 0.008 5/m at a temperature of 20.82 °C £ 0.18 °C, equivalent of 0.308 5/m +
0.008 5/m at 25 °C (adjusted using equation 4.3). These values were found to be consistent
for frequencies of 0.1 Hz to 100 kHz (Figure 4.17a top) and at 1 Hz over 10 min (Figure
4.17a bottom) as well as for the extended frequency range of 0.01 Hz to 100 kHz (Figure
4.17b top) and for the extended duration of 60 min at 10 Hz (Figure 4.17b bottom).
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Figure 4.16: The average conductivity data (n = 3) at 25 °C of 0.17 % NaCl
solution for 0.1 Hz to 100 kHz (top) and at 1 Hz for 10 min (bottom). The dashed
lines show the average for each sample taken over three series of measurements
with 30 min in between. The shaded regions show p + o (purple) and p £ 0.01pu
(green) for comparison.
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Figure 4.17: The average conductivity of 2 wt% agar samples in 0.17 % NaCl
solution adjusted to 25 °C. (a) The conductivity of three samples (colored dashed
lines for AH1, AH2, AH3) each averaged over three series of measurements with
frequencies of 0.1 Hz to 100 kHz (top) and 1 Hz for 10 min (bottom), with 30 min
in between series of measurements. (b) The conductivity of three samples (colored
dashed lines for AH4, AH5, AH6) each averaged over three series of measurements
with frequencies of 0.01 Hz to 100 kHz (top) and 10 Hz for 60 min (bottom), with
6 h in between series of measurements. The shaded regions show p + ¢ (purple)
and p £ 0.05u (green) for comparison.

107
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Even though measurements were conducted in a grounded Faraday cage, the spike at 50 Hz
in the spectra (cf. Figure 4.17 top) was likely due to power-line interference.

Three series of measurements were made on one sample of Stewaform gypsum with letting
the sample rest in ambient air for 20 h between series of measurement (cf. Figure 4.18a).
This gypsum sample has a conductivity of 0.037 S/m £ 0.001 S/m at 18.85 °C £ 0.19 °C,
which is equivalent of 0.043 S/m % 0.002 5/m at 25 °C (adjusted using equation 4.3).
Three samples of gypsum were tested for an extended frequency range of 0.01 Hz to 100 kHz
(cf. Figure 4.18b top) and duration of 60 min at 10 Hz (cf. Figure 4.18b bottom). The con-
ductivity was found to stay consistent in this extended range, with 0.037 5/m £ 0.002 5/m
at 19.75 °C £ 0.26 °C, equivalent of 0.042 S/m + 0.003 5/m at 25 °C (adjusted using
equation 4.3).
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Figure 4.18: The average conductivity of the gypsum samples in 0.17 % NaCl
solution adjusted to 25 °C. (a) The conductivity of one sample (GNC1) averaged
over three series of measurements (colored dashed lines) with frequencies of 0.1 Hz
to 100 kHz (top) and 1 Hz for 10 min (bottom), with 20 h in between series of
measurements. (b) The average conductivity of three samples (colored dashed
lines for GNC2, GNC3, GNC4) from series of measurements with frequencies of
0.01 Hz to 100 kHz (top) and 10 Hz for 60 min (bottom). The shaded regions
show p £ o (purple) and (a) p £ 0.054, (b) p £ 0.1p (green) for comparison.

The recordings of the electric potential from tACS with 1 Hz, 10 Hz, and 100 Hz adminis-
tered with rubber, textile, and dry electrodes contained sinusoidal time traces as depicted
in Figure 4.19. The two active sources with a current intensity of 2 mA were connected to
the electrode pairs at F3/P3 and F4/P4.

Since the stimulation electrode size was different and their positions varied as depicted
in Figure 4.15, channel amplitudes across application systems were in the same range
but varied in direct channel comparison. Time traces in Figure 4.19 which depict three
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Figure 4.19: Sinuscidal time traces of electric potentials recorded from the 3D
measurement array inside the phantom for stimulations with 1 Hz, 10 Hz, and
100 Hz administered with rubber, textile, and dry stimulation electrode pairs
approximately positioned at F3/P3 and F4/P4 as depicted in Figure 4.15. Colors
code channel numbers as introduces in Figure 4.2b. Channel 1 is located on the
right side of the frontal row on the inferior level 1. Channels 9 and 15 are the
right and left lateral electrodes in the central row of level 1. Channel 23 is at the
left position in the posterior row on the inferior level 1. The central level 2 starts
with channel 24 at the right frontal position. Channels 32 and 38 are the right
and left lateral electrodes in the central row of level 2. Channel 46 is at the left
position in the posterior row on the central level 2. The superior level 3 starts
with channel 47 at the right frontal position. Channel 50 is at the right position of
the intermediate row of level 3. Channel 55 is at the left position in the posterior
row of level 3.
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sinusoidal periods on different time scales reflecting the dominant frequencies. Especially
for 100 Hz stimulations, up to five channels (cf. Figure 4.19i) revealed considerable phase
shifts.

Figure 4.20 shows the distributions of the maximal amplitudes per channel for a more
direct comparison of different stimulation frequencies and current intensities. Consistently,
stimulations with 1 Hz generated the lowest amplitudes for all stimulation setups. The
increase of the mean value of the distributions in Figure 4.20a was 8.3 % (1 Hz — 10 Hz) and
2.9 % (10 Hz — 100 Hz) for stimulations with rubber electrodes, and 11.5 % (1 Hz — 10 Hz)
and 6.3 % (10 Hz — 100 Hz) for stimulations with dry electrodes. These indicated trends
for increasing amplitudes with increasing stimulation frequencies. Stimulations with textile
electrodes resulted in the absolute lowest amplitudes. For these stimulation electrodes,
the distributions in Figure 4.20a showed no consistent trend of amplitude changes with
stimulation frequencies as the mean values changed with 9.6 % (1 Hz — 10 Hz) and -2 %
(10 Hz — 100 Hz).

The measured electric potential amplitudes reflected changes of the applied stimulation
intensity as depicted in Figure 4.20b. A doubling of the stimulation intensity gave rise
to an increase in the averaged amplitudes by a factor of 2.0 for all stimulation setups.
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Figure 4.20: Frequency and amplitude characterization for stimulation frequen-
cies 1 Hz, 10 Hz, and 100 Hz (a) and stimulation intensities 2 mA, 4 mA, and 8 mA
(b). Distributions (shaded areas) of maximal amplitudes per channel for the ap-
plication systems of (color-coded) rubber, textile and dry stimulation electrodes,
with mean values (diamonds) and interquartile ranges (vertical lines).

More complex stimulation pattern were elaborated by means of amplitude modulated (AM)
and temporal interference (TI) tES configurations. Figure 4.21 demonstrates the time
traces and their spectral components of both, the measured electric potentials and their
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envelopes for each channel. Figure 4.22 depicts the distinct stimulation and measurement
configuration used in AM- and TI-tES experiments.
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Figure 4.21: Electric potential traces (blue) and their signal envelopes (yellow)
in time (top) and frequency domain (bottom) measured at the 55 electrodes inside
the phantom during amplitude modulated (AM) (a,b) and temporal interference
(TT) (c,d) tES applied with textile stimulation electrodes.

For AM-tES, electric potential waveforms appeared temporally aligned and reflected an
electric potential distribution in different wave amplitudes (cf. Figure 4.21a). The recorded
waveforms contained the carrier frequency of 653 Hz, and the side bands at 643 Hz and
663 Hz induced by the modulator frequency of 10 Hz. The signal envelops revealed a
single spectral component at the modulator frequency of 10 Hz (cf. Figure 4.21b). In
contrast, the signal envelops reconstructed to the TI-tES waveforms incorporated spectral
components at the difference frequency of 10 Hz and its harmonics (cf. Figure 4.21d).
The recorded potential waveforms from TI-tES contained the spectral components of the
initial stimulation signals at 643 Hz and 653 Hz with an amplitude difference of 0.9 %. For
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TI-tES, envelope waveforms revealed phase shifts larger than 10 degrees in 20 channels (up
to 84.8 degrees, cf. Figure 4.21c).
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Figure 4.22: Model of the head phantom represented by the transparent surfaces
of the three compartments with color coded surfaces representation of the 3D
measurement array (cf. Figure 4.2b) and the textile tES electrodes as introduced
in Figure 4.15 used to generate the results presented in Figures 4.21 and 4.23.

The spatial distributions of phase shifts between envelope waveforms of different recording
channels are visualized in Figures 4.23a and 4.23d. Consistently, the AM envelope wave-
forms showed no phase differences. The spatial distribution of the phase differences between
TI envelopes revealed phase differences in electrode rows 3 and 4, whereat off central elec-
trodes in row 3 indicated a polarity reversal with phase differences up to 180 degrees.

Highest envelope maximum values ¢¢ were found in the anterior electrode row with small-
est distances to the frontal stimulation electrodes (F3 and F4) and the electrode closest to
the stimulation electrode at P4 (row 4, column 6, level 1), for both AM and TT stimulation
(cf. Figures 4.23b and 4.23e). For AM stimulation, the most electrodes (columns 2 — 7)
in the central row contained ¢ below 10 % of maz(@) indicating a zero-line with respect
to the reference electrodes located in the same row. For TI stimulation, the minimum in
¢ with values below 10 % of maz() was limited to the very central electrodes (row 3,
column 4) in levels 1 and 2.

Figures 4.23c and 4.23f demonstrate the spatial distribution of the envelope amplitude
& with respect to the channels’ .
Within the AM stimulation, the & was inherently defined by the stimulation waveform and
therefore expected to equal ¢ in every recording position. The maximal deviation between
@ and ¢ was 5.5 % in Figure 4.23c.

In TT stimulation, the ratio of ¥/ was maximal in positions with equal amplitude contri-
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Figure 4.23: Spatial distribution of envelope parameters for amplitude modu-
lated (AM) and temporal interference (TI) tES. Sub-figures color-code the phase
difference between recording channels (a,d), the envelope maximum ¢ normalized
to the total maximum maz(y) (be) and the envelope amplitude ¢ normalized
to ¢ in each channel (cf). Axis indicate electrode rows in anterior-posterior (x)
direction, columns in lateral (y) direction and levels in longitudinal (z) direction.
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butions from the two sources. Consequently, the ratio ¢/ maximized in the central column
(levels 1 and 2). Further, frontal recording electrodes in row 1 and right lateral electrodes
([row, column, level]: [3,7,1], [4,6,1], [3,(5,6),2]) indicated ¢/ ratios above 90 %.

Differences between the topographies in Figures 4.23b and 4.23e, and Figures 4.23c and
4.23f were quantified by means of MAG,. and RDM?™ as summarized in Table 4.3. The
MAG,.; anticipated the small differences in the relative maximum values &/maz(3) between
AM- and TIES. In the ¢/ comparison, the MAG,. reflected the smaller amount of
electrodes with high ¢/ in TI-tES. The topography differences from both the #/maz(3)
ratio and the #/; ratio were reflected in the RDM* values.

Table 4.3: MAG,.; and RDM”* values for ¢/ma=(#) and &/ comparisons of AM-
and TI-tES.

Parameter MAG,, RDM*

@ /maz(@) 0.04 0.24
3¢ 0.24 0.35

4.2.4 Discussion

A three-compartmental head phantom was established, which realistically resembled the
geometry of a human head derived from a CT data set. The materials, agar hydrogel, gvp-
sum, and sodium chloride, implemented realistic electrolyte conductivity levels for modeling
intracranial volume, scalp, and skull compartments. The resulting physical head phantom
was applied in experiments to investigate new electrodes and current waveforms for tES.

The 0.17 % NaCl solution demonstrated a conductivity of 0.33 S/m at 25 °C which corre-
sponds to the value that is widely used to model the conductivity of intracranial volume
(Geddes and Baker, 1967). Consequently, this saline solution established the fundamen-
tal electrolyte concentration that prevailed throughout all compartments. In the closed
phantom design, this saline solution was used to model the intracranial volume.

Doping the NaCl solution with agarose as a solidifving agent enabled the formation of a
mechanically durable scalp layer. The conductivity value of the agar hydrogel decreased by
5.5 % for 2 wt% agarose compared to the pure NaCl solution. The variations in conductivity
over time and frequency after multiple repetitions were well within g £+ 0.05u. The
average measured conductivity of 0.31 S/m at 25 °C is equivalent to 0.4 5/m at 37 °C
when linearly extrapolated, which was acceptable according to Burger and Milaan (1943),
reporting a conductivity of 0.435 S/m at 37 °C. Further, the average measured conductivity
was within the range of 0.137 5/m to 2.1 5/m summarized by McCann et al. (2019).
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The Stewaform gypsum samples provided stable results within a margin of + 5 % of
i across multiple measurement series, which was reproducible between multiple samples
within a margin of + 10 % of p. The measured average conductivity value of 0.0425 S/m
at 25 °C is equivalent to 0.063 5/m at 37 °C when linearly extrapolated, which was in good
accordance with skull conductivity range from 0.03 S/m to 0.08 S/m measured at 37 °C
as reported by Hoekema et al. (2003). This gypsum as skull model and other phantom
materials established a skull-to-soft tissue conductivity ratios of 1:8, in close relation to the
ratio of 1:12 reported by Oostendorp et al. (2000).

The physical head phantom build from the characterized materials realized the widely
used approximation of the head as volume conductor comprising intracranial volume, skull,
and scalp (Stenroos et al., 2014). The electrolyte conductivity in all materials was based
on a 0.17 % NaCl solution. Consequently, the three-compartmental head phantom incor-
porating these materials possessed a practically stationary ion concentration. Thus, the
limitation of transient conductivity configurations due to diffusion processes across com-
partments with varying ion concentration (Sadleir et al., 2009) could be overcome. All
materials used to manufacture the samples were commercially available. Using these prod-
ucts and standardized production procedures ensured the reproducibility of the phantom
manufacturing. However, all samples have been manually produced and sample properties,
i.e. the area A and the thickness d, used in equation 4.4 had tolerances influencing the
calculated conductivity values. Further, the geometry parameters of the measurement cell,
reflected in the cell constant, affected the results of the temperature compensation accord-
ing to equation 4.3. Impedance measurements were conducted at room temperature in a
non-air-conditioned environment, and measured values were afterwards converted to the
reference temperature of 25 °C (ISO/TC 147, 1985) for comparability.

The conductivities resulting from measurements with the four-electrode setup demonstrated
high reproducibility with a coefficient of variation (CV) of 0.8 % and reliability with a dif-
ference of 0.2 % when compared to values obtained with the ProfiLine Cond 3310.

The tested materials demonstrated consistent results when measured across several days.
Consequently, the head phantom assembled with these materials had the potential of being
stable throughout multi-day experiments, when the drying of the agar layer is suppressed.

The aqueous NaCl solution allowed the insertion of interior structures for signal mea-
surements (i.e. the 3D measurement array) without interfering with the inherent structure
of this compartment. Further, the NaCl concentration can be adapted to change the con-
ductivity configuration of the entire phantom. Adapting the agarose concentration up to
4 wtY% allows the modification of the agar hydrogel mechanical durability without changing
the conductivity to values outside of the acceptable range. With an agar concentration of
4 wt%, applications such as EEG experiments using dry multi-pin electrodes become fea-
sible (Fiedler et al., 2018). The Stewaform gypsum material demonstrated a considerable
conductivity barrier which can be adapted by changing the NaCl concentration in the cast-
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ing compound. This could be used to cover a wide range of skull conductivity values, which
can be found in literature (Homma et al., 1995; Wendel et al., 2008). However, lowering
the conductivity of the skull compartment could increase capacitive effects and changing
the NaCl concentration with respect to the other compartments comes with the cost of
potential chemical instability due to diffusion.

The characterized materials, NaCl solution, agar hydrogel and gypsum demonstrated
applicability in modeling intracranial volume, scalp and skull of the physical head phan-
tom. Agar hydrogel and gypsum are well-known moldable materials that are available at
low cost and inherently mechanically stable and permeable for ions. The Stewaform gyp-
sum provided a stable conductivity barrier that implements physiologically plausible skull
conductivity values in contact with NaCl solution. The casting procedure, introduced in
section 4.2.2, identified gypsum as suitable for producing a hollow skull compartment, that
can be coated with agar hydrogel realistically mimicking the scalp layer. Both materials
can have varying thicknesses in the range of 1 mm to 10 mm, which supported realistically
shaped phantom implementations.

The phantom realized by the characterized materials as described in section 4.2.2, equipped
with the 3D measurement array inside, demonstrated consistent electric potential distribu-
tions in the intracranial volume when tACS was applied by different stimulation electrodes
(cf. Figure 4.19). The amplitude changes in the order of 10 % (cf. Figure 4.20) for stimu-
lation frequencies of 1 Hz, 10 Hz, and 100 Hz can be related to the stimulation electrodes,
since the phantom material indicated no frequency dependent conductivity values in this
range. As expected, the strongest influence of stimulation frequencies on recorded ampli-
tudes was given for the dry stimulation electrodes, which was most likely caused due to
capacitive coupling effects. When rubber electrodes attached to the agar scalp via saline
soaked sponge pockets impressed the current, the recorded amplitudes showed a slight in-
crease for increasing stimulation frequency. Possibly, the electron—electrolyte interface at
the stimulation site influenced the current How, although it was buffered by the electrolyte
solution in the sponges. Current stimulation applied via textile stimulation electrodes
showed least influence of stimulation frequencies on recorded amplitudes, whereat the sil-
ver threads were embedded in the electrolyte solution spreading from the sponges onto
the agar scalp. Capacitive effects on recorded electric potential amplitudes have also been
reported from invasive measurement in monkeys and humans (Opitz et al., 2016).
When doubling the stimulation amplitude, the recorded amplitudes also increased by a
factor of two, independently of the stimulation electrodes, which supported the amplitude
linearity of the entire system.

The system of textile stimulation electrodes, the physical head phantom, and the mea-
surement array was used to evaluate AM- and TI-tES. The recorded waveforms demon-
strated the expected spectral components of the carrier frequency with the respective side
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4.2 TES APPLIED TO A HEAD PHANTOM

bands for AM stimulation and the two distinct stimulation frequencies separated by the
difference frequency in T1 stimulation as presented in Figure 4.21. Consequently, the 10 Hz
component was prominent in the envelopes for both AM- and TI-tES. However, the record-
ings of TI-tES revealed additional spectral components at the harmonics of the difference
frequency. Further, the spectral components of the two stimulation signals were not equally
reflected in the recorded signals and the envelopes to the recorded waveforms from TItES
revealed phase shifts different from phase reversals (180 degrees shifts), most prominently
observable in Figure 4.21c. The spatial distribution of these phase shifts demonstrated that
the phase shift appeared in vicinity to positions with phase reversals (cf. Figure 4.23d).
This indicated spatial transitions of the interference envelopes. The spatial distribution of
the envelope amplitude @ for TI-tES indicated a concentration in the center of the stimula-
tion setting (central column 4 in levels 1 and 2, most central with respect to the stimulation
electrodes). Further, anterior electrodes, closest to the frontal stimulation electrodes and
lateral right electrodes close to the right parietal stimulation electrode indicated high &
values for TI-tES. These distinct hotspots in the @ distributions for TI-tES were in con-
trast to the homogeneous ¢ distribution across the entire measurement array for AM-tES
(cf. Figures 4.23f vs. 4.23c). Also the envelope maximal values ¢ detected for TItES
showed a more focal minimum in the centers of levels 1 and 2, whereat the entire central
row indicated a zero-line for AM-tES (cf. Figures 4.23e vs. 4.23b). The intensity hot
spots in envelope parameter distributions for TI-tES appeared in favor of the aim to target
distinct regions through the application interference stimulation (Grossman et al., 2017).

Here the phantom served for evaluating new tES stimulation electrodes and schemes. Due
to the phantom stability for several hours, multiple electrode configurations were applied
under otherwise identical conditions. This gave rise to the identification of differences in
the capacitive properties across the tested electrode materials, i.e. conductive rubber, sil-
ver coated textile and carbon doped PLA. The textile stimulation electrodes indicated the
least capacitive properties, marking them as best applicable in tES. Further, the measure-
ments of potential distributions inside the phantom originating from different stimulation
schemes, i.e. AM- and TI4ES, allowed the evaluation of the resulting stimulation pattern.
The results presented here, indicated clear differences between AM- and TItES in the
spectral components of electric potentials measured inside the phantom. Since the stim-
ulation signals inherited different frequency components, this was an expected outcome.
Also the dominant 10 Hz component in envelopes constructed to the measured electric
potential signals, was anticipated. The spatial distributions of the envelope amplitude & as
one of the essential stimulation parameters in TItES referring to Grossman et al. (2017),
demonstrated some degree of focalization as predicted in modeling studies (Rampersad
et al., 2019; Lee et al., 2020) but also showed scattered hot spots as indicated in peripheral
stimulation studies (Ozcan et al., 2004; Beatti et al., 2011).
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4 VERIFICATION OF TRANSCRANIAL ELECTRIC STIMULATION CONCEPTS

When evaluating the outcome from the tES experiments, the stimulation and measure-
ment setup needs to be considered. The 3D measurement array provided only a limited
coverage of the intracranial volume with a spatial resolution of 10 mm in x-y-direction and
20 mm in z-direction.

The rods holding the measurement electrodes were printed of PLA and thus disturbed the
distribution of the electric potential inside the phantom wvolume, which potentially influ-
enced especially the interference of the two currents applied in TI-tES. A further influence
on the envelopes’ amplitude and phase distributions in TI-tES could originate from asym-
metries in the positioning of the stimulation electrodes and their electrode—skin interface
impedance. This is also supported by the deviation between the spectral amplitude com-
ponents of the two sources and the asymmetry in the amplitude distribution in AM-tES,
provided by the same electrodes.

Also the geometry of the phantom incorporated potential asymmetries originating from
uncertainties in the multistage manufacturing process employing several negative molds for
the subsequent casting processes. During the measurement campaign, the phantom was
covered with cling film to prevent the drying of the scalp compartment of agar hydrogel.
However, a certain drying of the agar hydrogel could not be completely excluded.
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5 Significance and prospect

Many tES applications consider simplified models of inward-flowing current underneath the
anode enhancing cortical excitability and outward-Howing current underneath the cathode
reducing cortical excitability. Such assumptions originate from observations in animal
models with smooth cortical surfaces (Bindman et al., 1964; Purpura and McMurtry, 1965),
which need to be reconsidered in the light of the cortical folding in humans (Datta et al.,
2009a; Saturnino et al., 2015).

Ultimately, this implies the need of current low modeling, which apply individual volume
conductor models and account for current orientation and cortical folding in the target area
(Karabanov et al., 2019). The targeting approach based on Helmholtz reciprocity described
in section 2.2 incorporates target dipoles defined with perpendicular orientation to the local
cortical surface. The resulting stimulation schemes inherently adhere to the consideration
of current orientation based on the local brain curvature, when individual volume conductor
models are applied.

However, direct translation of modeling results to potential effects in the targeted neu-
ronal system is challenging in humans. One possibility to infer from current flow modeling
results to neuro-physiological effects lies in the use of evoked phosphenes as surrogate
marker for current flow (Sabel et al., 2020b). Thus, the retina was selected as target struc-
ture in this thesis. The calculated current demsity distributions in the retina showed hot
spots that were compared to phosphenes reported by participants, stimulated with the
respective montages (Sabel et al., 2020a). The differences in current density distributions
resulting from the various simulated montages contribute to the importance of electrode
placement in tES applications (Opitz et al., 2018) and can be used to predict stimulation
responses (Albizu et al., 2020).

Volume conductor models applied in such modeling studies are limited to the resolution
provided by the medical imaging data (mostly MRI), they are derived from. Thus further
sophistication is desired in future studies with eye models based on MRI data with sub-
millimeter resolution. Such data is also beneficial for correct representation of cranial
structures such as the CSF, spongy and compact bone (Mikkonen et al., 2020; Puonti
et al., 2020).

Verification of current flow modeling was performed in surgical patients (Opitz et al.,
2016; Huang et al., 2017) and human cadaver (Voréslakos et al., 2018) with intrinsic limita-
tions regarding disruptions of the head anatomy by the surgical intervention and uncertain
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5 SIGNIFICANCE AND PROSPECT

conductivity confizurations. Further, physical phantoms were introduced, which partially
mimicked tES configurations (Jung et al., 2013; Kim et al., 2015). In the present thesis,
a reproducible head phantom with realistic volume conductivity and geometry was intro-
duced for tES verification as described in section 4.2.

This phantom can also serve for characterization and testing of new tES application

systems as introduced in chapter 3. Such integrated and easy-to-use systems are desired
for therapeutic tES interventions, repeatedly applied over month or years (Sandran et al.,
2019) and allow target specific, individual dose adaptation (Evans et al., 2020).
The flexible stimulation cap with integrated textile stimulation electrodes was developed
and evaluated during the course of this thesis. It provides the basis for adaptations to
multiple use-cases in tES with different electrode layouts. A process for size adjustments
to different head sizes is initiated and potentially leads to a cap size system transferable also
to other modalities, e.g. EEG, electrical impedance tomography (EIT) and near-infrared
spectroscopy (NIRS).

The physical head phantom, developed during the course of this thesis, was applied in

methodological evaluations of current density imaging (CDI) with ultra-low-field magnetic
resonance imaging (ULF-MRI) (Hommen et al., 2020} and in evaluations of EIT applied
to different conductivity configurations. Further, experiments for verification of source and
connectivity reconstructions from EEG and MEG measurements were performed with elec-
trical dipoles inserted in the physical head phantom.
Prospectively, the physical head phantom will be applied in evaluation of further method-
ologies such as neural current imaging (NCI) and in multi-modal scenarios such as combined
stimulation and recording scenarios, e.g. tES-EEG and tES-MEG. Adaptations of the phys-
ical head phantom for applications in other frequency ranges, as needed e.g. in high-field
MRI, are in the planning phase.
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Appendix

Questionnaire

Usability evaluation of TES application systems

To be filled by the operator.

1D Date
Session Time
Trial System

Please answer the following questions about the usability of the two application systems.

Your answers will help to evaluate the stability, repeatability and manageability of the two

systems.

Application of electrodes

How did vou find the application of the electrodes?

very comfortable comfortable neutral uncomfortable

How do you evaluate the duration of the electrode application?

I I Ay I e B e

very fast fast neutral slow very slow

very uncomfortable



APPENDIX

Did you feel any pressure during application? If yes, where and how did you felt it.

light intermediate strong

at the electrodes

at the temples

at the strap I:I I:I I:I
others ... I:I I:I I:I
non I:I

During the stimulation

10 min in stimulation

Do you sweat at your head?

no slight moderate strong very strong

Do you feel itching at your head?

IR [ ] [ ]

no slight moderate strong very strong

Do you feel any pressure? If yes, where and how do you feel it.

light intermediate strong

at the electrodes I:I I:I I:I
at the temples I:I I:I I:I
at the strap I:I I:I I:I

others ...

non

20 min in stimulation

Do you sweat at your head?

no slight moderate strong very strong

Do you feel itching at your head?

no slight moderate strong very strong



Do you feel any pressure? If yes, where and how do you feel it.

light intermediate strong

at the electrodes

at the temples

at the strap I:I I:I I:I
others ... I:I I:I I:I
non I:I

After the stimulation

Do you sweat at your head?

no slight moderate strong very strong

Do you feel itching at your head?

no slight moderate strong very strong

Do you feel any pressure? If yes, where and how do you feel it.

light intermediate strong

at the electrodes I:I I:I I:I
at the temples I:I I:I I:I

at the strap

others ...

non

How do you evaluate the overall comfort of the application system?

very comfortable comfortable neutral uncomfortable very uncomfortable
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A homogeneous volume conductor and a realistically shaped three-compartment head phantom
have been physically implemented for technical verification experiments. Metrological
experiments in these phantoms demonstrated feasibility of multi-electrode stimulation
configurations, especially the approach of temporal interference, and verified the stable
performance of new electrode concepts.

The present thesis addresses current flow modeling for targeted stimulation, electrode developments
for current administration and measurement approaches verifying stimulation
configurations.

Simulated transorbital stimulation gave rise to current density distributions in the retina
demonstrating distinct hot spots depending on the electrode montage. Similarly, simulations
of multi-electrode configurations on the head addressed location and orientation
specific targets in the cortex. These simulations indicate the feasibility of specific stimulation
configurations for targets in the retina and the cortex.

For stimulation application, new concepts for stimulation application based on textile electrodes
with integrated electrolyte reservoir and additive manufactured dry electrodes embodied
in a textile cap have been introduced. These newly developed electrodes demonstrated
functionality by replicating previously described effects of current stimulation and
increased stimulation precision, reproducibility and lowered the preparation effort.

Electric manipulation of neuronal activity gathered interest in neuroscientific research and
showed therapeutic effects throughout past centuries. The non-invasive application of weak
currents with a few milliamperes to the head, called transcranial electric stimulation (tES),
captured manifold applications in neuroscience and clinical research in the last decades.
The conventionally cumbersome and rather unspecific administration of the stimulation
current with respect to its distribution for targeting and the electrode interface desire further
innovation and verification.

Concluding, the present thesis contributes innovations in the field of tES with a new approach
for targeting cortical areas by multi-electrode stimulation, new compliant electrode
concepts and physical phantoms for metrological verification.



	Preface
	Abstract
	Zusammenfassung
	Contents
	Nomenclature
	Introduction
	Transcranial electric stimulation
	TES from an engineering perspective
	Current flow modeling
	Stimulation electrodes and their applications
	Verification of stimulation concepts


	Modeling of stimulation schemes
	Transorbital electric stimulation
	Introduction
	Material and Methods
	Results
	Discussion

	Reciprocity in targeting transcranial electric stimulation
	Introduction
	Material and Methods
	Results
	Discussion


	Application systems for transcranial electric stimulation
	Textile stimulation cap
	Introduction
	Material and Methods
	Results
	Discussion

	Dry stimulation electrodes
	Introduction
	Material and Methods
	Results
	Discussion


	Verification of transcranial electric stimulation concepts
	Temporal interference TES
	Introduction
	Material and Methods
	Results
	Discussion

	TES applied to a head phantom
	Introduction
	Material and Methods
	Results
	Discussion


	Significance and prospect
	Bibliography
	Appendix
	Curriculum vitae
	List of publications
	Declaration of authorship
	Erklärung



