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Introduction 1

Introduction

Transcranial direct current stimulation (tDCS)

Transcranial direct current stimulation (tDCS) is a non-invasive brain-stimulation
(NIBS) technique for cortical modulation (Nitsche et al. 2008). The potential of electric
currents to influence mental processes has been demonstrated as early as 1800 and
was first systematically studied in the 1960s (Bindman et al. 1963; Bindman et al. 1962;
Creutzfeldt et al. 1962; Purpura and McMurtry 1965). Despite positive findings in the
1960s and 1970s, including clinical studies, the technique has been largely abandoned
due to its mixed findings, negative repercussion of electro-convulsive therapy (ECT)
and advances of pharmacotherapy and, later on, repetitive transcranial magnetic
stimulation (TMS). Almost two decades ago, non-invasive transcranial current
stimulation was reintroduced as tDCS in clinical neurophysiology (Nitsche and Paulus
2000; Priori et al. 1998) and since then meets increasing interest among

neuroscientists and clinical practitioners (Bestmann et al. 2015; Dubljevic et al. 2014).

Action mechanisms of tDCS — a mechanistic view

Direct electrical currents can be passed through the skull via two surface electrodes
(Datta et al. 2009) — usually 5x5 or 5x7 cm? — one of which is of positive (anode) and
the other one of negative (cathode) polarity (Edwards et al. 2013; Miranda et al. 2006).
The intensity of the electrical current can be determined by the voltage between both
electrodes divided by the total resistance through the head/body from one electrode to
the other (Ohm’s law). However, because most of the current is attenuated by the skin,
skull, and cerebrospinal fluid (Miranda et al. 2006; Zaghi et al. 2010), the electrical
current reaching the brain parenchyma comprises only a fraction of the originally

applied intensity (Wagner et al. 2007). Overall, electrical currents ranging between 1
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to 3 milliampere (mA) intensity for up to 60 minutes (min) per day are utilised (Bikson
et al. 2016; Nitsche, Liebetanz, Antal, et al. 2003) and within this range can be
categorised as weak, safe (lyer et al. 2005; Antal et al. 2017; Palm et al. 2017; Nitsche,
Liebetanz, Lang, et al. 2003) and subthreshold, i.e. non action-potential releasing
(Nitsche et al. 2008). While the current is flowing from the anodal to the cathodal pole,
electrical charge is moving the opposite direction. Thereby, apical dendrites in close
vicinity to the anodal pole are assumed to be shifted towards hyperpolarisation, while
the soma of the respective cells may be directed towards depolarisation. For cathodal
stimulation, i.e. cells receiving influences from the cathodal pole, hyper- and
depolarised cell compartments may be reversed (see Figure 1). This concept of bipolar
polarisation in an electric field (Bikson et al. 2004) especially applies to columns of
pyramidal neurons, for which the current is flowing in parallel to the neuron axis
(Radman, Ramos, et al. 2009). In case of electric fields perpendicular to a column,
synaptic efficacy between pyramidal neurons and inter-neurons may be modulated
consistent with the concept of terminal depolarisation (Rahman et al. 2013). As already
mentioned, excitability changes are subthreshold: intracellular recordings have shown

that the shift in membrane potential within pyramidal neurons induced by direct current

m__-} Skull _,_,} Skull

B Depolarisation
[ Hyperpolarisation

Figure 1. Action mechanisms of tDCS in the cortex beyond the anode and cathode.

Adapted from Moreno-Duarte et al. (2014)
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stimulation does not exceed 0.3 mV (Bikson et al. 2004; Radman, Datta, et al. 2009).
As aresult, depending on the stimulation polarity, the cell’s resting membrane-potential
may be moved towards a more positive or negative charge, which, in turn, increases
or decreases the probability of spontaneous neural firing (Wagner et al. 2007).

In line with this model, polarity-dependent excitatory or inhibitory effects of tDCS on
neurophysiological parameters have been shown (see Figure 2). Following anodal
tDCS over the motor cortex M1 with an intensity of up to 1 mA and a duration of 5-10
min, an increase in TMS-evoked motor-evoked potentials (MEP) could be observed
(Nitsche and Paulus 2001, 2000), as compared to pre-tDCS MEPSs. In contrast, MEP
amplitudes decreased when the cathode was placed over the relevant cortical region
(Nitsche, Nitsche, et al. 2003; Nitsche and Paulus 2000). Both mechanisms were found
to be dependent on the stimulation duration in a linear way in these earlier studies

(Nitsche, Nitsche, et al. 2003; Nitsche and Paulus 2001).

Figure 2. Polarity-specific
excitability changes induced by
tDCS. Excitability was measured
as changes in TMS-evoked MEP
amplitudes (y-axes). TDCS was
applied for 5 min with 1 mA over
M1 with either anodal or cathodal
polarity. Asterisks indicate
significant  differences between
MEP amplitudes after tDCS as
compared to baseline. TDCS-
effects on MEP amplitudes
disappeared within 5 min.
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Dose parameters of tDCS — non-linear relations and variability

While many motor-cortex tDCS-studies provide support for the hypothesis of electrode-
specific subthreshold modulations of resting-membrane potentials (Been et al. 2007,
Edwards et al. 1993; Nitsche et al. 2008; Nitsche and Paulus 2000, 2001; Paulus
2004), the direction of tDCS-induced neuromodulation and even the effectiveness of
tDCS has been found to rely on selected stimulation parameters in a non-linear way
(Batsikadze et al. 2013; Benwell et al. 2015; Brunoni, Ferrucci, et al. 2013; Hoy et al.
2013; Jacobson et al. 2012; Monte-Silva et al. 2013; Teo et al. 2011). For example,
anodal tDCS over M1 with an intensity of 1 mA and a duration of 26 min led to a
reduction of cortical excitability (Monte-Silva et al. 2013), arguing against dichotomous
excitation versus inhibition assumptions. Beyond, using an intensity of 2 mA, cathodal
M1-stimulation resulted in an MEP-amplitude increase (Batsikadze et al. 2013) and
pharmacological studies show that drugs can change the direction of the effects
(Nitsche, Fricke, et al. 2003).

In general, stimulation parameters such as current intensity (Nitsche and Paulus 2000),
electrode size (Wagner et al. 2007), duration of stimulation (Nitsche et al. 2008; Nitsche
and Paulus 2001), number of treatment sessions (Nitsche, Liebetanz, Antal, et al.
2003; Nitsche and Paulus 2000, 2001), the interval between sessions (Monte-Silva et
al. 2013) and electrode montage may interact with each other and influence the final
outcome as well as the duration of post-stimulation effects.

With regard to electrode placement, computational models suggest that even small
displacements of 1 cm may affect both the distribution of the electric field across the
brain as well as the peak electric-field intensity in the brain (Woods et al. 2015). This

was also shown behaviourally: In a study by Ironside et al. (2016), anodal-F3 and
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cathodal-F4, but not anodal-F3 and cathodal-Fp2 tDCS was associated with reduced
vigilance to threatening stimuli in healthy subjects.

In this context, the relative distance of the cathode with respect to the anode is also
important, because it determines the amount of current reaching brain tissue (Datta et
al. 2011; Miranda et al. 2006; Weaver et al. 1976), electric field intensity within the
region of interest (Bai et al. 2014; Datta et al. 2011; Galletta et al. 2015) and the pattern
of current flow, i.e. brain areas stimulated (Bai et al. 2014; Galletta et al. 2015).
Therefore, inconsistent and unprecise electrode positioning may have a significant
impact on mode of action and stresses the need for comparable electrode montages
across studies and standardised positioning systems (Seibt et al. 2015). However,
even with a standardised electrode montage and constant other stimulation
parameters, inter- and intra-individual variations in response patterns can be observed
(Strube et al. 2016; Chew et al. 2015). Sources of inter-individual variability may arise
from differences in head anatomy (skull structure and brain anatomy) (Datta et al.
2011) as well as in structural and functional connections (Rosso et al. 2014). For
example, individual anatomical differences may affect current-density clustering (Bai
et al. 2014), such that the electric current does not necessarily peak under the
electrode of interest (Datta et al. 2009; Dmochowski et al. 2011; Dmochowski et al.
2013). This was also demonstrated for common parameters such as age (Kessler et
al. 2013; Laakso et al. 2015), gender (Russell et al. 2014; Russell et al. 2017) and
obesity (Truong et al. 2013).

To conclude, in the parameter space, dose-response relations are not linear, and
direction of effects clearly varies between studies, between individuals, and even within
individuals. Possible explanations for the inconsistency may be variability induced by
divergent stimulation parameters but also genuine variability arising from anatomical

differences and intra-individual distinct response patterns. Taken together, these
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findings indicate high inter- and intra-individual variability of tDCS responses at varying
current intensities and thereby challenge the test-retest (TRT) reliability of this method
(Chew et al. 2015; Dyke et al. 2016; Horvath et al. 2016; Lopez-Alonso et al. 2014;

Lopez-Alonso et al. 2015).

Levels of monitoring tDCS effects and multiparametric assessment

Discrepant findings, i.e. dissenting tDCS effects between studies, may also arise from
the selection of outcome measures. Effects of tDCS can be monitored at different
levels, comprising behavioural (performance in a task, scores of questionnaires),
clinical (symptom reduction), neurophysiological (MEPSs, electro-encephalography) or
neuroimaging (structural and functional magnetic resonance imaging [MRI], magnetic
resonance  spectroscopy, positron emission tomography) assessments.
Neurophysiological and neuroimaging methods can be further divided into task-
dependent or resting-state (RS) recordings. Because excitability changes are
subthreshold, tDCS provides an indirect or correlative approach that relies on statistical
relations between experimental conditions and outcome criteria. Therefore, tDCS
studies may benefit from multiparametric assessment: if different outcome criteria are
accumulated, evidence from different sources can be compared and merged, thus
increasing the explanatory power of a study (see Figure 3). Such an approach would
further allow for investigations into state-dependencies of tDCS-mediated effects
(Gozenman and Berryhill 2016; Heinen et al. 2016; Hsu et al. 2016; Learmonth et al.
2015; Looi et al. 2016; Monte-Silva et al. 2010; Tseng et al. 2016; Tseng et al. 2012),
i.e. how tDCS-induced RS-modulations relate to tDCS effects on task-based data.
While the RS represents a chaotic and less controllable condition, a task may ensure
a relatively stable state across and within individuals. Possibly, tDCS only acts at a

certain cognitive load, i.e. tDCS-induced subtle neuronal excitability changes require
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some amount of pre-existing activity within neurons or neuronal networks to exert a
measurable behavioural or neurophysiological effect. Consequently, the induced

baseline activity may have a significant impact on reproducibility of tDCS effects.

Pre Stimulation Post Analysis
7“% /.’«, \m% 9 —
Structual connectivity
active sham
tDCS/tACS/tRNS Resting-state connectivity
online '
I e : Task-related activity/
...................... and / or : connectivity
offline . g =7 M tDCS/tACS/tRNS i Dynamic connectivity
. é\nd / or 3, and / or ‘
combined i 2/ [00) tDCS/tACS/tRNS
: and / or Increasing explanatory
"""""""""""""""""""""""""""""""""""""""""""""""""" — power
Interaction of active/sham x timing x targets (tRNS) “
i ‘ Specificity
Interaction of active/sham x timing x targets x polarity (tDCS) of
] } action

Interaction of active/sham x timing x targets x frequency/phase (tACS) w-»"f-mw--m

Figure 3. Different combinations of NIBS with functional MRI and/or EEG, considering different
stimulation factors: stimulation condition (sham/active), timing of recording with respect to stimulation
(online/offline/combined), targets (number of different electrode montages), polarity (anodal/cathodal,
only for tDCS), and frequency/phase (only for tACS). Note: EEG = Electro-encephalography, tACS =
transcranial alternating current stimulation, tRNS = transcranial random noise stimulation.

Adapted from Worsching et al. (2016)

Specificity of tDCS effects

In addition to multiparametric assessment, tDCS studies further stand to benefit from
systematic variations of the experimental-design parameters, i.e. the independent
variables.

For example, the temporal coherence between stimulation and the recording of
outcome measures is variable. Behavioural and physiological effects can be logged at

different temporal scales, potentially influencing the strength and direction of
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psychometric outcomes (Nitsche et al. 2005; Ohn et al. 2008): offline, i.e. after the
stimulation period, or online, i.e. during the stimulation (see Figure 3). In order to trace
the formation of tDCS-induced changes as well as tDCS after-effects, both online and
offline recordings should be incorporated into a tDCS study.

Likewise, the general design of tDCS studies in terms of control and comparator
conditions should be considered. Different conditions potentially allow demonstration
of specificity of an effect by means of analysis of interactions between those conditions
(e.g. active versus sham) and outcome criteria. If montage specificity is given, i.e. other
montages produce no, considerably less or qualitatively different effects for the
variable under study, a direct effect of tDCS on that variable can be accepted with a
high level of certainty. Therefore, effects should be related to a specific interaction in
the experimental design (see Figure 3).

In general, specificity of stimulation action can be demonstrated in space (e.qg.
electrode montages and polarity), time (e.g. online, offline, combined), and function
(e.g. behavioural or neurophysiological measures). Theoretically, such specificity
needs to be demonstrated for each single outcome variable (i.e. behavioural and
neurophysiological). Unfortunately, the use of the above-mentioned design parameters
varies considerably, leading to heterogeneous results, impaired reproducibility, less
meaningful conclusions and reduced comparability between studies (for review see

Worsching et al. 2016).
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The prefrontal cortex as target for tDCS

One of the major advantages of motor-cortex assessment is the direct measurable
output (MEPSs), for which reason early research on tDCS mainly concentrated on
stimulation of this region (Stagg and Nitsche 2011; Utz et al. 2010). More recently,
regions other than M1, e.g. the prefrontal cortex (PFC), became of major interest in an
effort to modulate more complex neuronal systems. So far, tDCS applied to non-motor
cortex regions has been shown to have an effect on sensory (visual and
somatosensory), affective, and cognitive functions (for review see Been et al. 2007),
whereby visual stimulation resembles more motor than prefrontal stimulation as TMS-

evoked phosphines are — like MEPs for M1 — a direct measurable outcome of this area.

Relevance of prefrontal tDCS: Field of application

The PFC subserves most cognitive functions and therefore can be considered a key
target region in basic neuroscience and clinical research. On the one hand, prefrontal
tDCS can be used to further elucidate the functional role of certain brain regions for a
specific cognitive process (for review see Filmer et al. 2014). Accordingly, the effects
of prefrontal tDCS on various cognitive domains have been studied in healthy
volunteers (for review see Tremblay et al. 2014), including learning and automaticity
(motor and categorisation learning), memory (working memory [WM], long-term
memory, episodic, and declarative memory), decision making, mood,
attention/vigilance, language, executive functions (problem solving, mental flexibility,
inhibition, planning, impulsivity), emotion processing and regulation, semantic
processing (language comprehension and naming, processing of action, congruence
detection), verbal fluency, pain perception, social behaviours, food craving, and risk

taking.
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Because many of these cognitive domains are impaired in neurological and psychiatric
diseases, which in turn are associated with prefrontal dysfunctions (for review see Floel
2014; Kuo et al. 2014), on the other hand, prefrontal montages also provide an avenue
for future development of tDCS towards a therapeutic application. So far, clinical
benefits of prefrontal tDCS have been tested in patients with disorders of
consciousness (Thibaut et al. 2014), chronic pain (Arul-Anandam et al. 2009; Valle et
al. 2009), Parkinson’s disease (Boggio et al. 2006; Fregni et al. 2006), major
depression (MD) (Brunoni et al. 2017; Brunoni, Valiengo, et al. 2013), schizophrenia
(Barr et al. 2012; Brunelin et al. 2012; Fitzgerald et al. 2014; Nawani et al. 2014;
Vercammen et al. 2011), craving (Boggio et al. 2009; Boggio et al. 2008; Conti and
Nakamura-Palacios 2014; da Silva et al. 2013; Nakamura-Palacios et al. 2012),
attention deficit hyperactivity disorder (Prehn-Kristensen et al. 2014) and tinnitus
(Frank et al. 2012; Vanneste and De Ridder 2011; Vanneste et al. 2011; Vanneste et
al. 2010). Especially, in large samples of MD patients, prefrontal tDCS has been shown
to be effective (Brunoni et al. 2017; Brunoni, Valiengo, et al. 2013).

In sum, a multitude of studies have described the application of prefrontal tDCS in
various research fields dedicated to higher-order cognitive processes, such as memory
and attention. At the same time, as demonstrated by clinical trials, prefrontal tDCS
holds great potential as a therapeutic intervention. Anatomically targeted analyses of
NIBS methods, including tDCS, in neuropsychiatric disorders have generated
promising results (Fox et al. 2014; Fox et al. 2012) and meta-analyses show its
potential to improves cognitive outcomes (Dedoncker et al. 2016). On the contrary,
others question its efficacy (Horvath et al. 2015; Tremblay et al. 2014). The mixed
outcomes may be caused by the heterogeneous effects of tDCS. To evaluate tDCS as
a therapeutic tool its underlying mechanisms and effectiveness needs to be

systematically investigated with respect to its specificity of action and explanatory
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power. Studies of prefrontal tDCS in a clinical setting that used both clinical and
neurophysiological information as outcome measures are rare and included
heterogeneous patient groups (for overview see Table 1; Cavaliere et al. 2016; Meinzer
et al. 2015; Palm et al. 2013; Palm et al. 2016; Sotnikova et al. 2017; Volpato et al.

2013; Yang et al. 2017).
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Study Target Measure(s)  Assessment Condition(s) Design n Targets** Current Specific
& Polarity* 1st electrode 2™ [mA]/ Interaction***
electrode Duration
[min]
Meinzer ¢ RS fMRI online anodal tDCS crossover 18 left ventral right supra- 1/20 active/sham x
etal. o task fMRI sham tDCS  double- (MCI patients) IFG orbital timing x target
(2015) e semantic-word blind 18 (intersection region
retrieval (matched of T3-F3,
HCs) F7-C3, and
F7-F3)
during sham: MCI patients > HCs: |, correct responses + widespread functional connectivity changes including medial
frontal and lateral fronto-temporal cortices, bilateral sensorimotor regions, and right cerebellum;
during tDCS > during sham: MCI patients 1 performance to level of HCs + reversal of abnormal connectivity pattern;
during tDCS for patients > sham for HCs: comparable connectivity patterns - “normalisation” in patients
Palm et e RS fMRI offline anodal tDCS 1 (patient with  left DLPFC right supra- 2/ 20 (twice timing x target
al. (2013) e clinical scales paranoid (F3) deltoid area adayon 10
schizophrenia) weekdays)
Results post tDCS > pre tDCS: improvement in psychopathology + {, functional connectivity in anterior part of DMN
Volpato ¢ RS fMRI offline cathodal crossover 1 left DLFPC posterior 2/10 (5 active/sham x
etal. e psychopathological tDCS (patient with (F3) neck-base sessions for  timing x target
(2013) symptoms (clinical sham tDCS severe OCD each
scales) and comorbid condition)
mood and
anxiety
disorders)

Results

baseline > controls: interhemispheric asymmetry with hyperactivation of the left and hypoactivation of the right anterior
neural circuits;
post tDCS > pre tDCS: no effect on OC symptoms, |, depression and anxiety + {, of interhemispheric imbalance
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Study Target Measure(s)  Assessment Condition(s) Design n Targets** Current Specific
& Polarity* 1st electrode 2™ [mA]/ Interaction***
electrode Duration
[min]
Palm et ¢ RS fMRI offline anodal tDCS  parallel 16 (sub- left DLFPC  right 2/20 (on active/sham x
al. (2016) e clinical outcomes sham tDCS sample) (F3) orbitofrontal 10 days timing x target
patients with region (Fp2) within 2
paranoid weeks)
schizophrenia
or
disorganised
schizophrenia
Results (post 1sY101 tDCS > pre 1sY10" tDCS) > (post 15Y/10t sham > 15Y/10%pre sham):
changes in seed-based functional connectivity (left and right DLPFC, left and right subgenual regions and the left insula);
post tDCS > post sham: 1 clinical improvements
Sotnikova e RS fMRI combined anodal tDCS crossover 16 adolescent left DLPFC Cz 1/20 active/sham x
et al. o task fMRI sham tDCS double- ADHD (F3) timing x target
(2016) e WM: 1-, 2-back blind patients
Results during tDCS > during sham: T activity in left DLPFC (under the electrode), left premotor cortex, left supplementary motor
cortex and precuneus + more omission errors and less accuracy
post tDCS > post sham: 1 functional connectivity DLPFC seed — regions associated with WM functions
Cavaliere e task fMRI (4 offline (pre anodal tDCS crossover 16 patientsin  left DLPFC right supra- 2/20 active/sham x
et al. sessions) only) sham tDCS double subacute and  (F3) orbital timing x target
2016 e clinical blind chronic MCS region
assessment - divided into
(evaluation of responders
responses to and non-
tDCS) responders to
tDCS

Results

responders > non-responders: 1 functional connectivity DLPFC — left IFG



Introduction 14

Study Target Measure(s)  Assessment Condition(s) Design n Targets** Current Specific
& Polarity* 1st electrode 2™ [mA]/ Interaction***
electrode Duration
[min]
Yang et e RS fMRI offline (post  anodal tDCS crossover 32 male left DLPFC right DLPFC 1/30 active/sham x
al. 2017 o task fMRI only) sham tDCS  double chronic (F3) (F4) timing x target
e smoking cue blind smokers
reactivity &
emotion task
Results post tDCS > post sham: | craving during cue-reactivity task, { activity in left superior frontal gyrus and left middle frontal

gyrus during to smoking cues, T functional connectivity left DLPFC — right parahippocampal gyrus - coupling correlated
with craving change
Table 1. Studies investigating prefrontal tDCS effects on RS connectivity in neuropsychiatric disorders using functional-imaging methods. Note: ADHD = attention
deficit hyperactive disorder, Exp. = Experiment, HC = healthy control, IFG = inferior frontal gyrus, MCI = mild cognitive impairment, MCS = minimally conscious
state, n = sample, OCD = obsessive compulsive disorder, 1 = increase. |, = decrease.
* Polarity = tDCS condition according to the main hypothesis of the respective study (e.g. in a study investigating the main effect of anodal tDCS on verbal fluency
the condition is described as “anodal tDCS/sham tDCS”).
** Targets = electrode montages, 15t and 2™ electrode = terms to indicate where the anodal and cathodal stimulation electrode is placed by referring to the given
stimulation polarity (i.e. for anodal stimulation, the anode refers to the first electrode, for cathodal stimulation, the cathode refers to the first electrode).
*** Specific interaction = see Fig. 3.
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Specificity of action: Electrode montages for prefrontal tDCS

For tDCS, diverse electrode-positioning methods are available and can be categorised
into mono- or extra-cephalic versus (bi-)cephalic settings with the latter being further
divisible into unilateral versus bilateral montages. In prefrontal settings, tDCS is
typically applied bilaterally with either both electrodes placed on the right and left
prefrontal hemispheres in a balanced manner, or the cathode or anode placed above
the prefrontal region of interest and the other electrode located at a different region
(e.g. supraorbital) on the contralateral hemisphere, i.e. in an un-balanced manner (see
Figure 4). Extra-cephalic electrode-placements, in which the electrode of interest is put
above the left or right PFC (e.g. F3 or F4) and the remaining electrode on another part
of the body, e.g. the contralateral shoulder, are also used (Brunoni et al. 2012; Plewnia
et al. 2015; Nasseri et al. 2015). Because there is no consensus in terms of suitable
prefrontal stimulation-montages for a certain variable under study, most findings are
likely to be a function of the stimulation parameters and monitoring levels at hand (for
review see Worsching et al. 2016). Therefore, awareness should be raised for this
drawback and systematic evaluations of prefrontal montages, i.e. reversing and
changing the electrode arrangement with a proven value for the variable of interest,

are warranted with the objective of identifying the most effective target location.

Monitoring levels: Imaging prefrontal tDCS

Application of stimulation currents to the PFC aims at enhancing higher-order cognitive
processes. According to computational models, standard electrode montages for
prefrontal tDCS, such as dorsolateral-PFC(DLPFC)-targeted montages (EEG 10-20

system: F3-F4 or F3-Fp2), were found to be suitable for effective stimulation of the
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target area (Bai et al. 2014; DaSilva et al. 2015; Datta et al. 2011; Nelson et al. 2014;
Neuling et al. 2012).

However, the neurophysiological response to tDCS and its methodological
underpinnings are still not completely understood (Parkin et al. 2015). In combination
with neuroimaging techniques such as functional MRI (fMRI), the mechanisms behind
tDCS-modulated neural integration may be elucidated. MRI-compatible stimulation-
systems are available, enabling the combination of tDCS with online
neurophysiological measurements. This setup could inform in more detail about the
temporal resolution of the method — i.e. the starting point at which and the length of
time for which tDCS influences cortical processing. Moreover, besides investigations
of tDCS-related plasticity, combined tDCS-fMRI can be used to demonstrate a link
between a brain region and a cognitive process and to investigate the functional
interactions between different brain areas. Finally, neurophysiological paradigms
provide the advantage of specifically targeting and adjusting this method to
physiological requirements, entailing state-dependencies (Benwell et al. 2015;
Gozenman and Berryhill 2016; Hoy et al. 2013; Hsu et al. 2016; Learmonth et al. 2015;
Looi et al. 2016; Tseng et al. 2016; Tseng et al. 2012). For a therapeutic application,
state-related tDCS-outcomes may further inform about potential influences of different
disorders and courses on the efficacy of this method. The optimal timing and setting of
application — i.e. whether tDCS is most effective at prodromal or acute stages and
whether tDCS should be applied during a relaxed or a cognitive demanding state such
as learning processes activated during psychotherapeutic sessions — may be deduced

from these data.
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Effects of prefrontal tDCS on resting-state connectivity

Though RS-fMRI paradigms stand in contrast to cognitive demanding processes, RS
networks (RSN) have been shown to be highly relevant for behaviour (Laird et al.
2011). For example, the magnitude of frontal-parietal RS-connectivity was positively
associated with WM performance (Laird et al. 2011). Moreover, the most prominent
RSNs conform to structurally defined networks and hubs (van den Heuvel and Hulshoff
Pol 2010; van den Heuvel and Sporns 2013). Consequently, RS conditions allow for
investigations of network effects of prefrontal stimulation (Fox et al. 2014) as a result
of existing inter-regional connections, which may have behavioural implications in the
absence of any task, providing an easily accomplishable study design. Moreover,
RSNs have the advantage of being reliably reproducible across (Biswal et al. 2010;
lwabuchi et al. 2015; Kaiser et al. 2015) and within subjects (Finn et al. 2015; Mueller
et al. 2013). For this reason, the impact of prefrontal tDCS on RSNs may entalil
important information about the specific mechanisms of action of this method. Several
studies have investigated prefrontal-tDCS effects on RS-fMRI connectivity in healthy
subjects by comparing RSN configurations and other functional couplings before and
after stimulation (Keeser et al. 2011; Stagg et al. 2013; Meinzer et al. 2012; Meinzer et
al. 2013; Park et al. 2013; Pena-Gomez et al. 2012; Weber et al. 2014). Overall,
reported changes in RS connectivity following anodal tDCS may be evidence of a state
reflecting enhanced alertness and improved information processing (for an overview
see Table 2 and Worsching et al. 2016) and thereby add to the M1 literature. However,
although changes in RS-fMRI connectivity observed after prefrontal tDCS support the
assumption of polarity-specific excitability modulations, a causal link between the
intervention and the outcome measure should not be established based on these

studies being inconsistent in terms of stimulation and recording parameters. First, non-
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standardized prefrontal electrode-positioning is used. Not only the prefrontal montage
itself vary from balanced to unbalanced bi-cephalic settings (e.g. Keeser et al. 2011,
Weber et al. 2014), but also the final target regions within the PFC differ, very often
covering parts of the DLPFC (Keeser et al. 2011; Park et al. 2013; Pena-Gomez et al.
2012; Stagg et al. 2013; Weber et al. 2014) as well as the inferior frontal cortex in some
cases (Meinzer et al. 2012; Meinzer et al. 2013). Secondly, studies differ in whether
they apply tDCS offline (Keeser et al. 2011; Park et al. 2013; Pena-Gomez et al. 2012;
Stagg et al. 2013) or online (Meinzer et al. 2012; Meinzer et al. 2013; Stagg et al.
2013). Finally, the studies do not vary the experimental conditions to the extent
required to demonstrate specific relations between tDCS and its neurophysiological
effects. Control conditions are not always conducted within the same individuals (Park
et al. 2013; Stagg et al. 2013; Weber et al. 2014) and the advantage of comparator
conditions is only rarely exploited (Pena-Gomez et al. 2012; Stagg et al. 2013). Given
the lack of both comparability across and parameter variants within studies, specificity
of action, such as polarity-dependence, cannot be taken for granted. Inconsistencies
and incompleteness in the design of studies investigating tDCS-induced modulations
in RS-fMRI sequences, are potentially reflected in discrepant findings, such as
increased (Keeser et al. 2011) versus decreased default mode network (DMN)
functional-connectivity (Pena-Gomez et al. 2012) after anodal tDCS of the left and
concomitant cathodal tDCS of the contralateral supraorbital region as well as local, i.e.
in close vicinity to the electrode (Keeser et al. 2011; Meinzer et al. 2012; Park et al.
2013) versus global effects, i.e. widespread RS changes (Keeser et al. 2011; Meinzer

et al. 2013; Pena-Gomez et al. 2012; Stagg et al. 2013; Weber et al. 2014).



Introduction 19
Study Target Assessment Condition(s) Design n Targets** Current [mA] Specific
Measure(s) & Polarity* 1stelectrode 2" electrode / Duration Interaction***
[min]
Keeser RS fMRI offline anodal tDCS crossover 13 left DLPFC right 2/20 active/sham x
etal. sham tDCS double blind (F3) supraorbital timing x target
(2011) region
Results (post > pre tDCS) > (post > pre sham): 1 coactivation in frontal parts of the DMN, parts of the left and right FPN, right PCC + 1
coactivation outside RSNs within anodal ROI in frontal gyrus
Pena- RS fMRI offline (post anodal tDCS crossover 10 eleft DLPFC  contralateral 2/20 active/sham x
Gomez only) sham tDCS (F3) supraorbital timing x targets
et al. eright region (1t and 2nd)
(2012) DLPFC
(F4)
Results post tDCS (left and right) > post sham: 1 functional connectivity prefrontal — parietal regions (, which are components of the AN) + |,
spatial robustness of DMN
Park et RS fMRI offline anodal tDCS parallel 25+14 left DLPFC right 1/20 active/sham x
al. (2013) sham tDCS (F3) supraorbital timing x target
region
Results (post - pre tDCS) > (post - pre sham): 1 functional connectivity DLPFC — right hemisphere + |, functional connectivity DLPFC —
brain regions around the stimulation site in left hemisphere
Stagg et  brain combined Exp. 1: crossover 12 for each left DLPFC right 1/20 active/sham x
al. (2013) perfusion anodal tDCS (polarity) Exp. (F3) supraorbital timing x target x
using ASL cathodal + parallel region polarity
tDCS (condition)
Exp. 2:
sham tDCS
Results during anodal tDCS > pre tDCS: 1 functional connectivity left DLPF - right DLPFC and left sensorimotor cortex + { functional

connectivity left DLPFC - thalami bilaterally, brain stem, and cerebellum;
post anodal tDCS > pre tDCS: 1 functional connectivity left DLPFC — primary sensorimotor cortices bilaterally
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Study Target Assessment Condition(s) Design Targets** Current [mA] Specific
Measure(s) & Polarity* 1stelectrode 2" electrode / Duration Interaction***
[min]
Meinzer e RSfMRI online anodal tDCS crossover left ventral right 1/17 active/sham x
et al. o task fMRI sham tDCS IFG supraorbital timing x target
(2012) e semantic (intersection  region
word- of T3-F3,
retrieval F7-C3, and
F7-F3)
Results during tDCS > during sham: 1 functional connectivity of left IFG and hubs overlapping with language network
Meinzer e RSfMRI online anodal tDCS  crossover 20 (healthy left ventral right 1/20 active/sham x
et al. e task fMRI sham tDCS elderly adults) IFG supraorbital timing x target
(2013) e semantic 20 (matched (intersection  region
word- of T3-F3,
retrieval F7-C3, and
F7-F3)
Results during tDCS > during sham: more “youth-like” connectivity-pattern during RS fMRI

Weber et e RS fMRI
al. (2014) (ASL)
e task fMRI
e Balloon
Analog
Risk
Task
Results

offline anodal tDCS parallel
sham tDCS

right DLPFC  left DLPFC 15/15
(F4) (F3)

(post - pre tDCS) > (post - pre sham): J, functional connectivity right ACC — rest of brain

active/sham x
timing x target

Table 2. Studies investigating prefrontal tDCS effects on RS connectivity using functional-imaging methods. Note: ACC = anterior cingulate cortex, AN = attention
network, ASL = arterial spin labelling, Exp. = Experiment, FPN = frontal parietal network, IFG = inferior frontal gyrus, n = sample, PCC = posterior cingulate cortex,
ROI = region of interest, 1 = increase. |, = decrease.
* Polarity = tDCS condition according to the main hypothesis of the respective study (e.g. in a study investigating the main effect of anodal tDCS on verbal fluency
the condition is described as “anodal tDCS/sham tDCS”).
** Targets = electrode montages, 15t and 2" electrode = terms to indicate where the anodal and cathodal stimulation electrode is placed by referring to the given
stimulation polarity (i.e. for anodal stimulation, the anode refers to the first electrode, for cathodal stimulation, the cathode refers to the first electrode).
*** Specific interaction = see Fig. 1.
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Research questions of the dissertation: Test-retest reliability and

different electrode montages

Among NIBS techniques, tDCS is a patrticularly interesting method for modulating
cortical excitability. The technology is easily applicable, appears to be rather safe and
can be widely used in experimental and clinical settings (e.g. online combined with
neuroimaging in neuroscience or clinically for treatment of psychiatric disorders in
outpatient departments or even at home). The DLPFC is a promising target for tDCS
in clinical applications and in combination with neuroimaging may advance research
on plasticity in cognitive relevant neural systems and circuits. Because underlying
mechanisms upon which tDCS exerts its effect are widely unknown, it is advantageous
to investigate prefrontal tDCS-effects at a neurophysiological level. In this context,
considering its behavioural relevance, stability, and relatively easy practicability, the
RS is a neurophysiological outcome measure of particular interest for measuring
prefrontal tDCS-effects. Recently, both TRT reliability of tDCS effects as well as the
classical anodal-increase and cathodal-decrease assumption have been guestioned.
In addition, inter-individual variations in and state-dependencies of tDCS responses
have been found. Yet, none of these issues have been systematically evaluated for
tDCS-induced modulations in RS fMRI. Given the potential clinical relevance of
prefrontal tDCS, and the need for better understanding the neurophysiological
underpinnings of its effects, our aim was to

1. explore whether effects of prefrontal tDCS on RS-fMRI connectivity are reliable

across different measurements within the same subjects.

2. testthe effects of three common bifrontal tDCS-montages vs. sham on RS fMRI.
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In consideration of moderate to good reliability of RSNs, for the first study, we
hypothesised that the TRT reliability of prefrontal tDCS-effects as measured with RS-
fMRI is moderate to good.

Based on classical assumptions derived from motor-cortex studies, for the second
study, we hypothesised that observed effects follow polarity-specific directions, i.e. an
anodal-tDCS associated increase and a cathodal-tDCS associated decrease in RS-

fMRI connectivity.
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Summary

TDCS is a NIBS technique widely applied in experimental and clinical research. While
early research on tDCS mainly concentrated on the motor cortex M1, electrode
montages are also increasingly motivated by upcoming clinical applications.
Especially, the PFC may be a promising stimulation target for a therapeutic application
in psychiatric disorders. However, studies using prefrontal stimulation face several
shortcomings requiring basic methodological and systematic research based on
neurophysiology measures to elucidate its neural underpinnings.

Because the TRT reliability of tDCS regarding its effects on motor-cortex excitability
has recently been questioned, we first investigated the TRT reliability of prefrontal-
tDCS-induced modulations in RS fMRI. In a between-subject design, 20 subjects were
randomised to two groups (active versus sham) and underwent three testing sessions
at one-week intervals, based on the same protocol: baseline RS-fMRI (10 min), active
or sham stimulation (F3-F4, 2 mA, 20 min), post-tDCS RS-fMRI (10 min). To evaluate
the TRT reliability, voxel-wise intra-class correlation-coefficients (ICC) of RS-
connectivity maps were calculated across testing sessions, separately for each
measure (baseline and post-tDCS) and group (active versus sham). Results revealed
low to moderate ICCs at baseline levels independent of the group. However, for post-
tDCS measures, ICCs were shifted to lower TRT reliability after active, but not after
sham tDCS. When comparing our results to current literature, a discrepancy between
previously reported moderate to good reliability for RS connectivity and low to
moderate reliability of our baseline-RS measures becomes evident, which may arise
from the small sample size of this study. Nevertheless, the drop of reliability from
baseline to post-tDCS, which arose in the active but not sham group, argues for

additional variability induced by tDCS. The assumption that tDCS effects are highly
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variable at the individual level is consistent with available data showing high intra-
individual variability of tDCS effects in motor regions.

To test assumptions on polarity-dependent directions and localisations of tDCS effects
derived from motor-cortex studies, in a second empirical study, we investigated the
influence of different prefrontal electrode-montages on RS fMRI. Within a cross-over
design, 32 healthy male subjects underwent four testing sessions at one-week
intervals, differing only with respect to the tDCS condition. The tDCS conditions
comprised three active tDCS sessions (common bicephalic electrode-montages for
DLPFC stimulation, 2 mA, 20 min) and sham tDCS, were presented in a pseudo-
randomised order and always preceded as well as ensued by a RS-fMRI scan.
Individual RS-connectivity maps were compared across stimulation conditions by
means of a one-way repeated-measures ANOVA. Following cathodal tDCS of the left
(F3) and concomitant anodal tDCS of the right DLPFC (F4), results indicated both a
regional reduction in RS functional-connectivity within the left medial PFC and a
regional increase in RS functional-connectivity within the DLPFC bilaterally. Whereas
several previous studies have claimed an anodal-induced increase and a cathodal-
related decrease of cortical excitability, the current study provides evidence for more
complex electrode-montage-specific effects of tDCS.

Altogether, these results support the notion that tDCS modulates RS-fMRI connectivity
and thereby justify prefrontal tDCS as a feasible tool in cognitive neuroscience and
emphasise its potential in clinical practice, such as the treatment of depression.
Moreover, our data point towards a high intra-individual variability and non-
dichotomous montage-specific effects. Therefore, prior to a more extensive use of
tDCS in clinical applications, it is important to better understand its modes of action.
Reproducibility of prefrontal tDCS effects should be a major aim of future tDCS studies

to investigate the individual determinants of such variability. Also, the impact of
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stimulation parameters and brain target-regions are to be elucidated with the aim to

identify effective protocols which are of use for therapeutic purposes.

Note: Task-related fMRI data of the 2"d publication (,Testing assumptions on prefrontal
transcranial direct current stimulation: Comparison of electrode montages using
multimodal fMRI*) are part of M.D. projects, which will be submitted in a monographic
format. Irmgard Heinz will focus on the task-fMRI analysis, while Christine Bauer will
focus on the behavioural outcomes of the working-memory paradigm.
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Zusammenfassung

Die transkranielle Gleichstromstimulation (tDCS) ist ein nicht-invasives
Hirnstimulationsverfahren, das in der experimentellen und klinischen Forschung gut
etabliert ist. Wahrend frihe Untersuchungen zur tDCS hauptsachlich auf den
Motorkortex fokussierten, sind mittlerweile nicht-motorische Regionen fir viele
klinisch-therapeutische Fragestellungen von besonderem Interesse. Vor allem der
prafrontale Kortex (PFC) kdnnte eine vielversprechende Zielregion fir die klinische
Anwendung darstellen. Jedoch treten in Studien zur préfrontalen Stimulation
verschiedene Probleme auf, welche grundlegende methodische und systematische
Forschungsarbeit zur prafrontalen tDCS erfordern — unter Anwendung
neurophysiologischer Messungen mit dem Ziel die neuronalen Grundlagen der Effekte
zu verstehen.

Da die Test-Retest(TRT)-Reliabilitat der tDCS-Effekte auf die Motorkortex-
Erregbarkeit jingst in Frage gestellt wurde, zielte die erste Studie darauf ab, die
Reproduzierbarkeit von Effekten prafrontaler tDCS auf Resting-State(RS)-
Konnektivitdt in der funktionellen Magnetresonanztomographie (fMRT) zu
untersuchen. In einem Parallelgruppen-Design wurden 20 gesunde mannliche
Teilnehmer in zwei Gruppen (aktiv versus Plazebo) randomisiert und in drei Sitzungen,
mit einem Abstand von einer Woche, anhand desselben Messprotokolls untersucht:
Baseline-RS-fMRT (10 min), aktive oder Plazebo-Stimulation (F3-F4, 2 mA, 20 min),
post-tDCS-RS-fMRT (10 min). Zur Bestimmung der TRT-Reliabilitat wurden voxel-
spezifische Intra-Klassen-Korrelationen (ICC) der RS-Bilder berechnet — unter
Einbezug aller drei Messzeitpunkte, jedoch separat fur jede Messsequenz (Baseline-
und post-tDCS) und Gruppe (aktiv versus Plazebo). In den Ergebnissen zeigten sich

niedrige bis moderate ICCs auf Baseline-Ebene unabhéngig von der Gruppe. In den
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post-tDCS-Messungen verschoben sich die ICCs in Richtung niedrigerer TRT-
Reliabilitat nach aktiver, nicht jedoch nach Plazebo-tDCS. Beim Vergleich dieser
Ergebnisse mit der aktuellen Literatur zeigt sich eine Diskrepanz zwischen bisher
berichteter moderater bis guter Reliabilitdt der RS-Konnektivitat und niedriger bis
moderater Reliabilitdt unserer Baseline-RS-Messungen. Letztere kdnnte der kleinen
Stichprobengrol3e in unserer Studie zuzuschreiben sein. Dennoch spricht der Abfall in
der Reliabilitat von Baseline- zu post-tDCS, welcher sich in der aktiven, jedoch nicht in
der Plazebo-Gruppe zeigte, fir eine — durch die tDCS induzierte — Zunahme an
Variabilitat. Die Annahme, dass tDCS-Effekte auf individueller Ebene hoch variabel
sind, steht in Ubereinstimmung mit vorliegenden Daten, welche niedrige TRT-
Reliabilitat und hohe intra-individuelle Variabilitat von tDCS-Effekten auf die
Erregbarkeit des Motorkortex zeigen.

Um Annahmen beziglich polaritatsabhangiger Effekte der prafrontalen tDCS zu
Uberprufen, welche aus Motorkortex-Untersuchungen abgeleitet wurden, untersuchten
wir in einer zweiten empirischen Studie den Einfluss verschiedener préafrontaler
Elektrodenmontagen auf RS-Konnektivitat im fMRT. In einem Cross-Over-Design
wurden 32 gesunde mannliche Teilnehmer im Abstand von einer Woche an vier
Testungen mit unterschiedlichen tDCS-Bedingungen in pseudo-randomisierter
Reihenfolge untersucht. Die tDCS-Bedingungen umfassten drei aktive Stimulationen
(Ubliche bifrontale Elektrodenmontagen zur Stimulation des DLPFC, 2 mA, 20 min) und
eine Plazebo-Bedingung. Vor und nach jeder Stimulationsbedingung erfolgte eine 10-
mindtige RS-fIMRT-Aufnahme. Anhand einer univariaten Messwiederholungs-ANOVA
wurden individuelle RS-Bilder tber die Stimulationsbedingungen hinweg miteinander
verglichen. Nach kathodaler tDCS des linken (F3) und gleichzeitiger anodaler tDCS
des rechten DLPFC (F4) zeigten die Ergebnisse sowohl eine regionale Reduktion

funktioneller RS-Konnektivitat innerhalb des medialen PFC als auch eine regionale
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Zunahme funktioneller RS-Konnektivitat innerhalb des DLPFC beidseitig. Wéahrend
vorausgegangene Studien von einer anodal-bedingten Zunahme und einer kathodal-
bedingten Abnahme kortikaler Erregbarkeit ausgingen, impliziert die vorliegende
Studie komplexere montagespezifische Effekte der tDCS.

Insgesamt unterstitzen diese Ergebnisse die Annahme einer durch aktive tDCS-
induzierten Modulation der RS-fMRT-Konnektivitat und bestéatigen damit die Eignung
prafrontaler tDCS als experimentelles Verfahren der kognitiven Neurowissenschaften.
Zudem stellen sie das Potential der tDCS in der klinischen Anwendung als neue
Therapiemethode (z.B. bei Depressionen) heraus. Weiterhin legen unsere Daten eine
hohe intra-individuelle Variabilitdt und nicht-dichotome montagespezifische Effekte
nahe. Deswegen sollte im Vorfeld eines intensiveren therapeutischen Einsatzes der
tDCS ein umfassenderes Verstandnis ihrer Wirkungsweise erlangt werden. Die
Reproduzierbarkeit prafrontaler tDCS-Effekte sollte ein wichtiges Thema zukiinftiger
tDCS-Studien sein, um die individuellen Einflussfaktoren dieser Variabilitdt zu
erforschen. AuRRerdem ist es empfehlenswert, den differentiellen Einfluss von
Stimulationsparametern und Zielregionen zu untersuchen, um effektivere Protokolle

fur therapeutische Anwendungen zu identifizieren.

Die Daten des Task-fMRT (Arbeitsgedéchtnis Paradigma) der 2. Publikation (,Testing
assumptions on prefrontal transcranial direct current stimulation: Comparison of
electrode montages using multimodal fMRI*) sind Gegenstand medizinischer
Doktorarbeiten, welche in monographischer Form eingereicht werden. Hierbei handelt
es sich um die Doktorarbeit von Irmgard Heinz mit Fokus auf die Auswertung der
fMRT-Daten sowie die Doktorarbeit von Christine Bauer mit Fokus auf die
Verhaltensdaten im Arbeitsgedachtnis-Paradigma.



Publications 29

Publications

Test-retest reliability of prefrontal tDCS effects on functional MRI

connectivity in healthy subjects

Neurclmage 155 (2017) 187-201

. . . . =
Contents lists available at ScienceDirect
Neurolmage

Neurolmage

G

ELSEVIER

journal homepage: www.elsevier.com/locate/neuroimage =

Test-retest reliability of prefrontal transcranial Direct Current Stimulation
(tDCS) effects on functional MRI connectivity in healthy subjects

Jana Worsching™”, Frank Padberg”, Konstantin Helbich”, Alkomiet Hasan®, Lena Koch®,
Stephan Goerigk”, Sophia Stoecklein®, Birgit Ertl-Wagner®, Daniel Keeser™*

“ Department of Psychiatry and Psychotherapy, Ludwig-Maximilians-University, Munich, Germany
Y Department of Psychological Methodology and A nit, Ludwig-Maximili University, Munich, Germany
© Institute for Clinical Radiology, Ludwig-Maximilians-University, Munich, Germany

ARTICLE INFO ABSTRACT

Keywords:
Prefrontal transcranial direct current
stimulation (tDCS)

Transcranial Direct Current Stimulation (tDCS) of the prefrontal cortex (PFC) can be used for probing
functional brain connectivity and meets general interest as novel therapeutic intervention in psychiatric and
neurological disorders. Along with a more extensive use, it is important to understand the interplay between

ieu{uimagingf onal ity MRI (RS neural systems and stimulation protocols requiring basic methodological work. Here, we examined the test-
fol T:[;];)g'bmm unctional connectivity ( retest (TRT) characteristics of tDCS-induced modulations in resting-state functional-connectivity MRI (RS

fcMRI). Twenty healthy subjects received 20 minutes of either active or sham tDCS of the dorsolateral PFC
(2 mA, anode over F3 and cathode over F4, international 10—20 system), preceded and ensued by a RS feMRI
(10 minutes each). All subject underwent three tDCS sessions with one-week intervals in between. Effects of
tDCS on RS feMRI were determined at an individual as well as at a group level using both ROI-based and
independent-component analyses (ICA). To evaluate the TRT reliability of individual active-tDCS and sham
effects on RS feMRI, voxel-wise intra-class correlation coefficients (ICC) of post-tDCS maps between testing
sessions were calculated. For both approaches, results revealed low reliability of RS fcMRI after active tDCS
(ICC(2,1y = -0.09 — 0.16). Reliability of RS fcMRI (baselines only) was low to moderate for ROI-derived (ICC ;)
=0.13 - 0.50) and low for ICA-derived connectivity (ICC,1) = 0.19 — 0.34). Thus, for ROI-based analyses, the
distribution of voxel-wise ICC was shifted to lower TRT reliability after active, but not after sham tDCS, for
which the distribution was similar to baseline. The intra-individual variation observed here resembles variability
of tDCS effects in motor regions and may be one reason why in this study robust tDCS effects at a group level
were missing. The data can be used for appropriately designing large scale studies investigating methodological
issues such as sources of variability and localisation of tDCS effects.

Test-retest reliability
Intra-class correlation coefficient (ICC)
Variability

Introduction

Transcranial direct current stimulation (tDCS) is a non-invasive
brain stimulation (NIBS) technique that modifies cortical excitability
by passing weak electrical current through the brain via two surface
electrodes (Datta et al., 2009; Jackson et al., 2016). The current is
flowing constantly from the anodal to the cathodal pole with an applied
intensity of up to 4 mA and usually with 1-2 mA (Bikson et al., 2016;
Edwards et al., 2013; Miranda et al., 2006). Depending on dose
parameters, such as stimulation polarity, electrode positioning and
applied current intensity, distinct current flow patterns as well as
current density distributions are observable (Bai et al., 2014; DaSilva
et al., 2015; Galletta et al., 2015; Mendonca et al., 2011; Neuling et al.,
2012; Seibt et al., 2015; Woods et al., 2015). At the primary motor
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cortex, anodal tDCS (i.e. the anode is placed over the brain region of
interest) is associated with increased motor-cortical excitability
whereas the opposite is true for cathodal stimulation (Nitsche and
Paulus, 2000, 2001). Such tDCS-induced excitability changes may
originate from shifted resting membrane potentials towards de- or
hyperpolarization (Jackson et al., 2016; Liebetanz et al., 2002; Nitsche
et al., 2003). However, dose-response relations do not appear to be
linear and measured responses may often be a function of the selected
dose parameters (for review see Worsching et al., 2016). For example,
Monte-Silva et al. (2013) found anodal stimulation of the prefrontal
cortex (PFC, 1 mA intensity for 26 min) to decrease cortical excitability.
Moreover, the position and size of the return electrode may influence
neuromodulation within the region of the active electrode (Bikson
et al., 2010). For example, for bipolar bilateral montages (Nasseri et al.,
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2015) as often used for PFC stimulation, cortex regions close to the
electrodes may receive both anodal facilitation and cathodal inhibition.

Based on the role of the PFC in cognitive domains and neuropsy-
chiatric disorders (Mega and Cummings, 1994; Tandon, 2013) and in
consideration of the potential of prefrontal tDCS to specifically
modulate cognitive functions (for review see Tremblay et al., 2014),
tDCS of PFC regions seems to be especially promising for therapeutic
applications. Accordingly, the behavioural effects of prefrontal tDCS
have been investigated in neurological (for review see Floel, 2014;
Schulz et al., 2013) and psychiatric disorders (for review see Kekic
et al., 2016; Kuo et al., 2014). To elucidate the neural substrate of NIBS
effects, tDCS can be combined with functional magnetic resonance
imaging (fMRI). For instance, effects of prefrontal tDCS on the blood
oxygenation level dependent (BOLD) signal in task fMRI can be
observed in areas under or close to the electrode position as well as
in regions distant from the electrode site (Hauser et al., 2016; Holland
et al., 2011; Meinzer et al., 2012; Meinzer et al., 2013; Meinzer et al.,
2014; Sacco et al., 2016; Weber et al., 2014). Instead of investigating
activity in isolated brain regions, functional-connectivity MRI (feMRI)
provides the possibility to identify coordinated or integrated activity
across regions (Beckmann et al., 2005; van den Heuvel and Hulshoff
Pol, 2010), which is a central characteristic of healthy brain functions
(Catani et al., 2013; Park and Friston, 2013). Such functional relations
involve spatially distinct networks that can be extracted by analysis of
the temporal coherence between spontaneous BOLD-signal fluctua-
tions measured in different brain areas (Friston et al., 1993). In the
resting state (RS), functional networks are reproducible across (Biswal
et al.,, 2010; Damoiseaux et al., 2006) and within subjects (Blautzik
et al., 2013; Braun et al.,, 2012; Laumann et al.,, 2015). Moreover,
functional networks acquired under resting conditions — so called
resting-state networks (RSN) — resemble functional networks during
activation (i.e. task performance) (Smith et al., 2009) and are highly
relevant for cognitive functions and behaviour (Laird et al., 2011;
Tavor et al., 2016). For this reason, the impact of tDCS on RS fcMRI
entails important information about the effectiveness of this method
regarding its influence on cognition without requiring an active task.
Previous studies examining the influence of prefrontal brain stimula-
tion have shown that tDCS modulates RS fcMRI (Keeser et al., 2011;
Meinzer et al., 2012; Meinzer et al., 2013; Meinzer et al., 2014; Palm
et al., 2013a; Palm et al.,, 2016; Park et al., 2013; Pena-Gomez et al.,
2012; Pereira et al., 2013; Volpato et al., 2013). For example, increased
connectivity within the Frontal Parietal Network (FPN) was found
following anodal tDCS of the PFC (Keeser et al., 2011; Pena-Gomez
et al, 2012), potentially reflecting a cognitive state of enhanced
alertness. Consequently, tDCS may bear the potential to restore altered
connectivity patterns (Meinzer et al., 2013; Meinzer et al., 2014) which
are often found in neuropsychiatric disorders (Buckholtz and Meyer-
Lindenberg, 2012; Filippi et al., 2013; Fornito et al., 2015; Insel, 2010;
Menon, 2011; Zhou et al., 2012). Though imaging stimulation, i.e.
imaging the on- and offline effects of NIBS on RS fcMRI, may
theoretically provide an ideal paradigm to investigate how tDCS affects
neural integration and to test state, disorder and course dependency of
tDCS effects, combined fMRI-tDCS investigations have methodologi-
cally not yet been developed to this point and the neurophysiological
response to tDCS is still not completely understood (Parkin et al.,
2015). One major issue is the intra- and inter-individual stability of
tDCS effects. For both the therapeutic application of tDCS and the
investigation of tDCS-induced neuromodulation and tDCS-related
plasticity, it is essential to know whether the same stimulation protocol
produces predictable effects across different treatment sessions.
However, only few studies have tested the test-retest (TRT) reliability
of tDCS effects and that only in motor-evoked potential (MEP)
paradigms (Chew et al, 2015; Dyke et al., 2016; Horvath et al.,
2016; Jamil et al., 2016; Lopez-Alonso et al., 2015). To our knowledge,
this is the first study investigating the TRT reliability of prefrontal
tDCS-induced modulation in RS fecMRI. For this purpose, effects of
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active or sham tDCS on RS fcMRI were measured on three different
days in the same healthy subjects, In a first step, RS fcMRI at baseline
and post tDCS was determined at an individual level. In a second step,
reproducibility of intra-individual baseline and post-tDCS RS-fcMRI
was tested using voxel-wise intra-class correlations, enabling compar-
isons between baseline RS-fcMRI reliability and reliability following
active-tDCS or sham-tDCS intervention.

Methods
Participants and sociodemographics

We tested 20 healthy male participants (mean age: 23.85 years, age
range: 18-32 years) in a total of 60 tDCS-fMRI sessions. They were all
right-handed (M = 99, SD = 3.08, range = 90 — 100) according to the
Edinburgh Handedness Questionnaire (Oldfield, 1971). Exclusion
criteria were a history of neurological and psychiatric diseases and
the intake of neuroactive medication. Participant selection was also
restricted to non-smokers and to people without drug consumption
during the past 6 months. The study was approved by the local ethics
committee (Department of Psychiatry and Psychotherapy, Ludwig-
Maximilians-University Munich, Germany) and all patients gave their
written informed consent for participation in this study.

Experimental procedure

This study followed a sham-controlled and double-blind design
with parallel groups, such that neither participants nor investigators
were aware of the stimulation condition. The 20 participants were
pseudo-randomised into two groups: one active-tDCS and one sham
group. Each participant received 20 min of either active or sham tDCS
in the MRI scanner, always preceded, accompanied and ensued by a
RS-fcMRI examination (combined on- and offline measurements,
though only offline results are presented here). This procedure was
conducted three times with at least seven days between each testing
session. Within one participant, the stimulation condition (active vs.
sham tDCS) was the same across all testing sessions. Daytime of
measurement was kept constant for each participant across all testing
sessions (see Fig. 1).

Participants were asked to abstain from alcohol the day before and
from caffeine the morning before each testing session. At the beginning
of each session and prior to fMRI scanning, participants filled in
several questionnaires based on an in-house digital Android tablet
system. Afterwards, participants went into the MRI scanner and were
asked to keep their eyes closed, to not fall asleep, to think about
nothing in particular and to avoid movements. During each session, RS
scans were repeated three times, directly following each other: base-
line/pre tDCS (10 min), during tDCS (20 min), post tDCS (10 min) (see
Fig. 1). Instructions were repeated before each RS scan started and
participants were informed before stimulation started. At the end of
each session, participants again filled in several questionnaires in order
to assess possible stimulation effects on mood and other variables.

Questionnaires

Several questionnaires were administered once at the overall base-
line including the Edinburgh Handedness Questionnaire (Oldfield,
1971), the trait scale of the Positive And Negative Affect Schedule
(PANAS, missing the item “enthusiastic” on the positive affect scale)
(Krohne et al., 1996; Watson et al., 1988), the trait scale of the State
Trait Anxiety Inventory (STAI) (Laux, 1981; Laux and Spielberger,
1981; Spielberger et al., 1970) and a questionnaire for sociodemo-
graphic data. Additionally, the PANAS state scale and the STAI state
scale were completed prior to each stimulation. After each stimulation,
the PANAS state scale was filled in again in addition to the Comfort
Rating Questionnaire (CRQ) (Palm et al., 2014).
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~ 10 min ~ 20 min ~ 10 min ~ 10 min ~ 20 min ~ 10 min ~ 10 min ~ 20 min ~ 10 min
Active tDCS tDCS tDCS
N=1o ® ® ®
fMRI fMRI 1 week fMRI fMRI 1 week fMRI fMRI
N30 Sham Sham Sham
Sham tDCS tDCS tDCS
1st day 2nd day 3rd day

Fig. 1. Experimental protocol. Active- and sham-tDCS conditions were applied inside the MRI (online) after baseline fMRI scans according to a double-blind, between-subject design.

The head model was created with Matlab/Comets (Jung et al., 2013).
Transcranial Direct Current Stimulation (tDCS)

TDCS was applied via two saline-soaked surface sponge electrodes
(area = 7 x 5 cm?) that were connected to an Eldith stimulator MR
(neuroConn). In order to target the dorsolateral prefrontal cortex
(DLPFC) bilaterally, the anode was placed over F3 and the cathode
over F4 (according to the international 10-20 system). The impedance
was kept below 10 kQ. Distance between electrodes was at least 6 cm to
avoid shunting effects (Miranda et al., 2006). TDCS was delivered for
20 min at an intensity of 2 mA (15 s ramp in and 15 s ramp out). For
sham tDCS, the current was ramped up at the beginning and end of the
stimulation period to mimic the somatosensory sensation of real tDCS,
but turned off in between alternated with low-threshold direct-current
impulses (Palm et al., 2013b). Operators and participants were kept
blind to treatment conditions.

JMRI data processing

JSMRI data acquisition

Subjects had to wear ear plugs and head phones for noise protec-
tion. FMRI was carried out at 3T (SKYRA, Siemens) using a 20-
channel head-coil. For functional imaging, an EPI sequence with the
following parameters was used: repetition time (TR), 2000 ms; echo
time (TE), 30 ms; flip angle (FA), 80°; spatial resolution, 3 x 3 x
3 mm?; imaging matrix, 64 x 64; field-of-view (FoV), 192 x 192 mm?;
number of slices, 36; number of volumes, 250 (baseline), 620 (during
tDCS), 250 (post tDCS). Functional images were acquired in axial
orientation. For anatomical reference, a high-resolution MPRAGE was
performed with the following specifications: FoV, 256 x 240 mm?;
spatial resolution, 0.8 x 0.8 x 0.8 mm®; TR, 14 ms; TE, 7.61 ms; FA,
20°; number of slices, 160.

JMRI data pre-processing

Images were pre-processed using FSL 5.0.9 (http://www.fmrib.ox.
ac.uk/fsl/index.html), AFNI (Analyses of Functional Images, http://
afninimh.nih.gov/afni) and in-house scripts. Following brain
extraction (BET; Smith, 2002), individual high-resolution T1-
weightened images were reoriented to standard space, binarised, and
segmented into grey matter (GM), white matter (WM), cerebrospinal
fluid (CSF) using FAST (Smith, 2002). A linear and non-linear
registration was applied using FLIRT and FNIRT (Jenkinson et al.,
2002), a T1 atlas was generated and images were warped into MNI-
standard space. Finally, calculations of the total amount of GM, WM
and CSF, as well as of the volumetric proportion of all atlas regions
were carried out. By means of a warping procedure, individual WM,
GM and CSF deformation fields were created. The first ten volumes of
functional MRI images were discarded to avoid non-steady-state
effects. Functional image pre-processing comprised the following
steps: (1) slice-time correction using 3dTshift to account for

interleaved slice acquisition; (2) deobliquing using 3drefit and
reorientation using 3dresample; (3) motion correction of time series
using 3dTstat and 3dvolreg; (4) edge detection and removal of skull
using 3dAutomask and 3dcale; (5) linear and nonlinear spatial
registration/normalisation to a standard EPI template in Montreal
Neurological Institute (MNI) space using the T1 deformation field; (6)
grand mean scaling; (7) de-trending; (8) calculation of motion outliers;
(9) spatial smoothing using a 6 mm FWHM Gaussian kernel with high-
pass temporal filtering (Gaussian-weighted, least-squares, straight-line
fitting with o = 50 s); (10) extraction of global signal, CSF and WM
using 3dmaskave and creating a nuisance and motion parameter
matrix; (11) obtaining residuals using 3dREMLSit; (12) demeaning of
residuals using 3dTstat, 3dcalc and fslmaths; (13) band-pass filtering
using 3dFourier (0.01 — 0.1 Hz, which are characteristic for RSNs
according to: Boly et al., 2008; Damoiseaux et al., 2006; Fox et al.,
2005; Greicius et al., 2003; Horovitz et al., 2009; Miller et al., 2009;
Vincent et al., 2007); (14) smoothing; (15) warping of all fMRI images
to the respective individual deformation template, resulting in
normalised images in MNI space; (16) normalisation on segmented
images (GM, WM and CSF); (16) censoring; (17) extraction of mean
time courses in region-of-interest (ROI) masks using fslstats; (18) cross
correlation using 3dfim, z-score normalisation using 3dcale and
normalisation to MNI space using applywarp.

ROI-based analysis

In a hypothesis-driven approach, ROIs were selected based on
computational models that investigated current-flow patterns as gen-
erated with a F3-F4 electrode montage. Across studies, current
distribution was widespread while current density clustered within
the DLPFC (Bai et al., 2014; DaSilva et al., 2015; Nelson et al., 2014;
Seibt et al., 2015; Woods et al., 2015). For this reason, ROIs were
positioned within this region by means of the Sallet-atlas, which relies
on a fMRI-based parcellation of the DLPFC (Sallet et al., 2013). Three
different ROIs covering different parts of the DLPFC, in which an effect
is to be expected, were chosen from the Sallet-atlas: area 46/9 dorsal,
area 9 and area 10. These ROIs were drawn separately for the left and
right hemisphere. The resulting masks are shown in inline supplemen-
tary figure 1. Additionally, by adding the beforementioned ROIs
together, two hemisphere-specific total prefrontal ROIs were created
for evaluation of group-tDCS effects. After converting them to a binary
image, every mask was applied to each participant, each testing session
and each measurement (baseline and post tDCS) using linear and non-
linear registration (FLIRT, FNIRT). Connectivity values for each ROI
and subject were generated by means of AFNI 3dfim command to cross
correlate RS time-series within each ROI.

Independent component analysis (ICA)
In a complementary whole-brain approach, fcMRI data were
analysed using the MELODIC (Multivariate Exploratory Linear
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Optimized Decomposition into Independent Components) routine,
version 3.14, implemented in FSL (Beckmann and Smith, 2004).
Time courses of all participants, measurements (baseline and post
tDCS) and testing sessions (t1, t2, t3), resulting in a total of 120 runs,
were concatenated into a single 4D dataset. Decomposition into
different functional networks was performed automatically by a
dimensionality estimation of the MELODIC 3.14 tool. Four group-level
components, which are known to involve brain regions within the
DLPFC close to tDCS electrode sites, were selected for further analyses:
the anterior Default Mode Network (DMN), the posterior DMN, the left
FPN and the right FPN. An average z-score of 3 < z < 8 was defined as
the threshold for the resulting statistical group maps (see inline
supplementary figure 2). Applying a threshold of z = 3.0, for each of
these RSNs an independent-component (IC) mask was created. All
ICA-derived group-level ICs containing the three RSNs of interest were
reconstructed into individual ICs separately for each participant,
measurement and testing session applying dual regression (Biswal
et al., 2010; Filippini et al., 2009; Zuo et al., 2010).

Statistical analyses

Questionnaires

Group differences in scores for PANAS trait and STAI trait were
analysed via independent t-tests using R (R Development Core Team
(2008). R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. ISBN 3-
900051-07-0, URL http://www.R-project.org). Scores of STAI state
were evaluated with two-way ANOVAS with a mixed effect design.
Testing session was treated as repeated-measures factor with three
stages (t1, t2, t3) and group as independent factor with two stages
(active, sham). Scores of PANAS state were analysed with a three-way
ANOVA including an additional pre-post comparison factor. Sphericity
was examined for all statistical analyses and in case of non-sphericity,
results were corrected according to Greenhouse Geisser. All effects are
reported as significant at p < .05.

FMRI contrasts

Voxel-wise nonparametric statistical contrasts (with 5000 permuta-
tions) were determined using PALM alpha86 (Permutation Analysis of
Linear Models; Winkler et al., 2014; Winkler et al., 2015; Linear
Models, http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/PALM/). Due to the
exploratory character of our study changes in RS fcMRI from pre to
post tDCS were considered significant at an uncorrected p < .001
(cluster size > 20 voxels). Effects of active tDCS on RS fcMRI at each
testing session were summarised with two directional contrasts: brain
regions that showed an increase (post active-tDCS > pre active-tDCS)
or decrease (post active-tDCS < pre active-tDCS) in RS fcMRI with or
within the ROI or ICA network (RSN). Changes in the sham group
following the placebo intervention were analysed for each testing
session using the same directional contrasts: positive effects (post
sham-tDCS > pre sham-tDCS) and negative effects (post sham-tDCS
< pre sham-tDCS). Hereby, each active-tDCS effect, i.e. post active-
tDCS > pre active-tDCS or post active-tDCS < pre active-tDCS, could
be compared to its corresponding sham effect (post sham-tDCS > pre
sham-tDCS or post sham-tDCS < pre sham-tDCS), to test whether
significant changes in each contrast arose from a tDCS-unrelated
increase/reduction in RS fcMRI from baseline to post tDCS. All
active-tDCS effects were checked for overlaps with direction-specific
sham effects at each testing sessions. Overlaps were defined as visually
observable intersections between direction-specific active-tDCS and
sham effects. All active-tDCS effects were also checked for consistency
across testing sessions. Consistent tDCS effects were defined as
spatially proximal clusters covering a common anatomical structure.

Test-retest approach
To evaluate intra-individual TRT reliability, voxel-wise intra-class
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correlation coefficients (ICC) were calculated based on a seript by Zou
and colleagues (Zuo et al., 2010):
matlabcentral/fileexchange/22122-ipn-tools-for-test-retest-reliability-
analysis. Activity within voxels of individual baseline or post-tDCS
maps — resulting from individual normalized z-score maps (derived
from the ROI-connectivity analyses) and reconstructed individual
probabilistic ICs (derived by means of dual regression) — of each
participant at each testing session was extracted and then consistency
of the two-way random single measures was determined using ICC ;,
across all testing sessions (t1 and t2 and t3) as well as across pairs of
sessions: t1 to t2, t1 to t3 and t2 to t3. In this way, reliability maps were
generated for both baseline and post-tDCS measurements separately
for the seed- and the ICA-based approach and separately for each
group (active and sham). TRT reliability maps were summarised by
calculating the median ICC-value within each IC mask or ROIL
According to Cicchetti (1994), ICC values were rated as follows: low
(ICC values < 0.4), moderate (ICC values between 0.4 and 0.59), good
(ICC values between 0.6 and 0.74) and excellent (ICC values = 0.75).
Negative ICC values indicate that the measure is not reliable (Lahey
et al., 1983).

https://de.mathworks.com/

Results
TDCS effects: ROI-based and dual-regression analyses

Peak voxels of contrast-specific effects are given in Inline
Supplementary tables, separately for the active (see Inline
Supplementary table 1) and sham group (see Inline Supplementary
table 2). To identify regions which change in active tDCS and do not
change in sham, visual maps of direction-specific effects in the active
and sham group are provided. Visualisations also provide the oppor-
tunity to compare one contrast across testing sessions and thus to
identify repeatedly appearing tDCS effects (see Figs. 2 and 3).

ROI-based analysis

Functional connectivity within ROIs did not change appreciably
and only once exhibited a significant active-tDCS effect, namely an
increase in right-hemispheric functional connectivity during the first
testing session (see Inline Supplementary table 1). There was no effect
of sham tDCS on within-ROI connectivity.

ICA approach

Based on whole-brain dual-regression analyses, results indicate that
active tDCS affected the magnitude of correlation in time series
between voxels within a given RSN (see Inline Supplementary table
1). For active tDCS, neither positive nor negative effects on connectivity
clustered within a specific brain region but were rather widespread.
Consistent active-tDCS effects across testing sessions could be identi-
fied for each RSN (see Figs. 2 and 3). The anterior DMN exhibited an
increase in correlated time series with the right superior temporal
gyrus/insula as well as the left thalamus across two active-tDCS
testing-sessions. For the posterior DMN, a positive active-tDCS effect
appeared throughout all testing sessions within the right and left
medial frontal gyrus. Increased correlations with the left FPN were
found within the right postcentral gyrus, right parietal lobule, left
middle and inferior frontal gyrus, left and right precentral gyrus and
left middle temporal gyrus across two active-tDCS testing-sessions. The
left inferior parietal lobule, right (pre-)cuneus and right thalamus
showed increased correlations with the right FPN across two testing
sessions. Repeatedly, decreased correlations across two active-tDCS
testing-sessions appeared between the anterior DMN and right pre-
central gyrus, posterior DMN and both the right inferior frontal gyrus
and right cingulate gyrus, left FPN and right middle frontal gyrus, right
FPN and both the right middle/superior frontal gyrus and left cingulate
gyrus.

For sham tDCS, significant effects on RSNs were present as well
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DMN anterior DMN posterior

0.001 p-value 1.00

L

Fig. 2. Active-tDCS effects and sham effects on resting-state networks (RSN) at each testing session. Colours represent the following contrasts: orange = post active-tDCS > pre active-
tDCS, blue = post active-tDCS < pre active-tDCS, dark red = post sham-tDCS > pre sham-tDCS, green = post sham-tDCS < pre sham-tDCS. Orange circles mark positive tDCS effects,
iecl that showed i d correlated time-series with the respective network after active tDCS as compared to baseline. Blue circles mark negative tDCS effects, i.e clusters that
showed decreased correlated time-series with the respective network after active tDCS as compared to baseline. Framed effect clusters mark positive or negative tDCS effects in the active
group that repeatedly appeared across different testing sessions ;colours mark effects that belong together. The flash indicates an overlapping negative effect between the active and sham
group (orange and dark red). MNI coordinates (x, z) of each effect cluster is given in Inline supplementary table 1 and 2. Effects are sorted by cluster size. Correlated time series are
shown at a threshold of p < .001, uncorrected, radiological convention. DMN = Default Mode Network, L/R = left/right, t1/2/3 = testing session 1/2/3.
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FPN right

0.001 p-value 1.00

Fig. 3. Active-tDCS effects and sham effects on resting-state networks at each testing session. Colours represent the following contrasts: orange = post active-tDCS > pre active-tDCS,
blue = post active-tDCS < pre active-tDCS, dark red = post sham-tDCS > pre sham-tDCS, green = post sham-tDCS < pre sham-tDCS. Orange circles mark positive tDCS effects. i.e.
clusters that showed increased correlated time-series with the respective network after active tDCS as compared to baseline. Blue circles mark negative tDCS effects, i.e clusters that
showed decreased correlated time-series with the respective network after active tDCS as compared to baseline. Framed effect clusters mark positive or negative tDCS effects in the active
group that repeatedly appeared across different testing sessions; colours mark effects that belong together. MNI coordinates (x, z) of each effect cluster is given in Inline Supplementary

table 1 and 2. Effects are sorted by cluster size. Correlated time series are shown at a threshold of p < .001, uncorrected, radiological convention. FPN = Frontal Parietal Network, L/R =
left/right, t1//2/3 = testing session 1/2/3.
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Fig. 4. Frequency distributions of voxel-wise ICC calculations within a region of interest (ROI). Colours represent frequency of ICC levels of baseline and post-tDCS measurements in a)
the sham group. b) the active group. ICC = intra-class correlation coefficient, 1/r = left/right, 10 = area 10 of the Sallet-atlas, 46d = area 46/9 dorsal of the Sallet-atlas, 9 = area 9 of the
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in a) the sham group. b) the active group. ant = anterior, DMN = Default Mode Network, FPN = Frontal Parietal Network, ICC = intra-class correlation coefficient, 1/r = left/right, post =
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(see Inline Supplementary table 2). To visually identify regions for
which changes from baseline to post-tDCS measurements were specific
to active tDCS, flashes within contrast maps indicate overlapping
direction-specific effects between the active and sham group (see
Figs. 2 and 3). Only one overlap between direction-specific effects of
active tDCS and sham tDCS occured: for the posterior DMN, both a
negative active-tDCS effect and a negative sham effect were found
within the left superior temporal gyrus at testing session 3.

Reliability analyses

Inter-session TRT reliability was represented by the degree of
consistency of single measurements (activity within voxels). To de-
scriptively compare ICC levels between and within groups, the fre-
quency-distributions of single-voxel ICC-values within a ROI or RSN
are shown in histograms (see Figs. 4 and 5). Histograms also conduced
to trace differences between ICC pairs (t1-t2, t1-t3, t2-t3). Here, values
of the ICC-pair 23 were contrasted with values of both ICC-pair 12 and
ICC-pair 13 (see Inline Supplementary figure 4 and 5).

TRT reliability of baseline RS-fMRI connectivity

For baselines as investigated with the ROI-based approach, ICCs
were poor to moderate for both groups with median values ranging
from ICC( 1y = 0.13 to ICCy5 1y = 0.50 (see Table 1). Thereby, half of the

Table 1
Inter-session test-retest reliability of ROIs.

Surface ROI ROI and sham active
localisation h phere
baseline post baseline post
g 46 d1 0.44 0.26  0.33 -0.03
EE 46dr 0.50 033  0.44 -0.02
E 9l 0.30 032  0.37 0.12
gz 9r 0.46 0.49  0.50 0.06
@ 101 0.13 0.09 0.35 -0.09
E 10r 0.24 036 0.42 0.01

Note. Test-retest reliability of connectivity within ROIs, separately for both groups (active
vs. sham) and both conditions (baselines and post tDCS). Test-retest reliability is
expressed as median of voxel-wise intra-class correlation coefficients (ICC) between all
testing sessions (t1, 12, t3). ROIs are illustrated in radiological convention. d = dorsal, I/r
= left/right, ROI = region of interest, 10 = area 10 of the Sallet-atlas, 46d = area 46/9
dorsal of the Sallet-atlas, 9 = area 9 of the Sallet-atlas (Sallet et al., 2013) .
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Table 2
Inter-session test-retest reliability of RSNs.

RSN localisation RSN sham active
baseline post  baseline  post
DMN anterior 0.19 0.27 0.34 0.04
gg DMN posterior  0.26 0.12 0.26 0.14
; FPN 1 0.29 0.25 0.31 0.12
E FPNr 0.28 0.17 0.27 0.16

Note. Test-retest reliability of ICA-analyses-based RSN-connectivity, separately for both
groups (active vs. sham) and both conditions (baselines and post tDCS). Test-retest
reliability is expressed as median of voxel-wise intra-class correlation coefficients (ICC)
between all testing sessions (t1, t2, t3). RSNs are illustrated in radiological convention.
DMN = Default Mode Network, FPN = Frontal Parietal Network, ICA = independent
component analysis, I/r = left/right, RSN = resting-state network.

median ICC-values were showing poor and the other half moderate
TRT reliability. For the ICA-based approach, baseline connectivity
patterns rather showed poor reliability across groups as indicated by
median ICC-values ranging from ICC 1; = 0.19 to ICC(5 1) = 0.34 (see
Table 2).

TRT reliability of tDCS-related effects on RS-fMRI connectivity

For the ROI-based approach, reliability of individual post-tDCS
maps differed depending on whether an active or sham tDCS inter-
vention preceded the measurement. In the active group, median ICC-
values ranged from ICCz 1y = —=0.09 to ICC(z;) = 0.12 and in the sham
group, median ICC-values ranged from ICC(» 1) = 0.09 to ICC(2 ;, = 0.49
(see Table 1). Thereby, post-tDCS median ICC-levels of the active
group can be rated as not reliable to poor, while median ICC-levels of
the sham group are classifiable as poor to moderate. For the ICA-based
approach, post-tDCS reliability could be classified as poor across
groups as indicated by median ICC-values ranging from ICCp ) =
0.04 to ICC(z,1y = 0.16 in the active group and from ICC(; 1y = 0.12 to
1CCz,1y = 0.27 in the sham group (see Table 2). The described pattern
is illustrated in Inline Supplementary figure 3.

Comparisons of TRT reliability

Based upon histograms, in the sham group, ICC frequency-dis-
tributions of baseline and post-tDCS measurements largely overlapped
(see Figs. 4 and 5), pointing towards a close match in ICC levels
between both RS-fcMRI examinations. By contrast, histograms of the
active group indicate a distinction in ICC levels between baseline and
post-tDCS measurements. Especially in the ROI approach, ICC fre-
quency-distributions of baseline and post-tDCS measurements were so
very far apart that the two peaks of each distribution were clearly
discernible (see Fig. 4). This observation did not apply to ICA-based
ICCs. Here, ICC frequency-distributions of the active group largely
resembled those of the sham group, such that distributions were hardly
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distinguishable. Only the anterior DMN exhibited a bimodal histogram
(see Fig. 5).

Median ICC-values of ICC pairs ranged within the same values as
median ICC-values resulting from overall ICC calculations across all
three testing sessions (see Inline Supplementary table 3 and 4).
Histograms of single-voxel ICCs show that the frequency distributions
of different ICC pairs were quite similar, i.e. largely overlapping, across
groups and measurements (see Inline Supplementary figure 4 and 5),
again suggesting comparable ICC levels independent of the factor
testing session.

Behavioural data

A significant difference was found between overall levels of positive
affect (PANAS state), F(1, 18) = 10.01, p < .01, and overall levels of
negative affect (PANAS state), F(1, 18) = 9.80, p < .01, before and
after both active and sham tDCS, indicating that participants on
average reported both higher positive and higher negative affects
before measurement (Mpos = 26.88, SDpps = 6.54; Mygg = 11.52,
SDnig = 2.08) than after (Mpos = 24.27, SDpos = 7.46; My = 10.67,
SDyeg = 0.90). All other behavioural variables did not change
significantly, neither between groups nor across testing sessions.
There was also no difference in age between groups. Separate item
analysis of CRQ showed that tDCS-related discomfort was low.

Discussion

In this study, we investigated the TRT reliability of effects that
single prefrontal tDCS sessions exert on RS fcMRI and observed none
or low reliability of responses (post-tDCS RS-feMRI) in contrast to a
more robust TRT reliability of baseline RS fcMRI. The underlying
question is highly relevant as establishing imaging stimulation (tDCS)
probes for exploring state, disorder or course dependency of tDCS
effects would require a deeper understanding of the variability of tDCS-
mediated RS-fcMRI changes. Moreover, the reliability of tDCS effects
in general has recently been questioned by findings from three studies
reporting variable inter- and intra-individual MEP responses to motor-
cortex tDCS (Chew et al., 2015; Dyke et al., 2016; Horvath et al., 2016).
Finally, varying RS-fcMRI response-patterns to NIBS may be related to
the variation of responses observed in clinical applications of NIBS in
psychiatry (for review see Lefaucheur et al., 2016). If neurophysiolo-
gical effects of tDCS wvary, variations in behavioural and elinical
responses can be expected as well. And if significant variability of
response-patterns to NIBS exist even at an intra-individual level,
average measures of clinical responses should be replaced by intra-
individual analyses.

In order to address the question of TRT reliability for prefrontal-
tDCS RS-fcMRI effects, we chose a methodologically broad approach
comprising both ROI-based as well as ICA-based analyses. Masks were
seeded in prefrontal areas where a tDCS effect can be expected
according to computational models. Next, voxel-wise ICCs were
calculated for both individual baseline and individual post-tDCS RS-
feMRI separately for each group (active and sham). Mostly moderate
TRT reliability was observed for RS-fcMRI measurements at baseline
prior to tDCS using the ROI-based approach. For the ICA-based
approach, low reliability of baseline RS fcMRI appeared. More reliable
connectivity patterns in the ROI-based approach is in line with
Craddock et al. (2012). According to this study, reliability increases
as a function of the number of entities the brain is portioned out, which
might be one reason why reliability within selected ROIs is slightly
higher than in ICA-derived RS components. While the latter represents
correlated time courses across the whole brain, our seeds comprised
clearly defined small clusters within the DLPFC. The discrepancy
between moderate to good RS-fcMRI ICC-values previously reported
(Blautzik et al., 2013; Braun et al., 2012; Laumann et al., 2015; Zuo
et al., 2010) and low to moderate baseline ICC levels may arise from
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our small sample size. Furthermore, low to moderate ICC values may
be also due to network selection, which was based on anatomical
proximity to stimulation sites. As a result, mainly prefrontal networks,
which are associated with higher order cognitive functions, were
considered stimulated networks. Because inter-subject variability of
functional networks increases with their relevance for cognitive func-
tions (Mueller et al., 2013), it is plausible that the networks selected
here show lower reliability than networks associated with sensory or
motor functions.

Regarding reliability of RS-fcMRI after tDCS, for the ROI-based
approach, the ICC frequency distribution was shifted to lower TRT
reliability in the active group. On the contrary, reliability of the post
measurements following sham tDCS was low to moderate and, as
suggested by ample overlap between frequency scales, did not seem to
differ from baseline ICCs. On this descriptive level, active tDCS appears
to induce additional variability and reduces TRT reliability in contrast
to sham tDCS leaving TRT reliability largely on the baseline level. This
supports the notion of active tDCS modulating RS-fcMRI, however,
with variable and divergent effects. For the ICA-based approach, no
clear difference between baseline and post-tDCS ICCs was observed,
possibly due to the large spatial extend of IC-networks.

Test-retest reliability and sources of variability

The assumption that tDCS effects are highly variable at the
individual level would be consistent with available data showing low
TRT reliability of tDCS effects on MEPs. Similar to our results, in most
studies investigating reproducibility of tDCS effects on MEPs, relia-
bility values ranged from -0.50 to 0.28, Dyke et al. (2016) showed that
effects of 2 mA anodal tDCS on MEPs, defined as ratio of post-tDCS
and pre-tDCS slopes, were poorly reliable (ICC = 0.28). Poor intra-
individual reliability was also found for MEPs over a 30-min interval
following both anodal stimulation with 0.5 mA (ICC = -0.50) (Chew
et al,, 2015) and 1 mA (ICC = 0.06) (Horvath et al., 2016). For the
same interval and stimulation intensity, Lopez-Alonso et al. (2015)
detected fair reliability (ICC = 0.57) of anodal tDCS, but again poor
reliability (ICC = -0.03) for MEPs obtained during the second half of
the overall 60-min interval. Only in one recent motor-cortex study,
intra-individual reliability over both early and late measurement
periods following stimulation with 1 mA was reported to be satisfying
(ICC = 0.74 and 0.64) (Jamil et al., 2016).

One may argue that ICCs must not be directly compared across
MEP-tDCS and fMRI-tDCS studies, because different factors contribute
to the overall variability in such paradigms, especially MEP/fMRI-
related factors. Numerous studies have addressed TRT reliability of
MEPs only and reported moderate to good reliability of different MEP
measures (Carroll et al., 2001; Kamen, 2004; Livingston and Ingersoll,
2008; Malcolm et al., 2006). Though, to our knowledge, there is no
single study directly comparing TRT reliability measures for MEPs
alone and tDCS effects on MEPs. The above-mentioned studies have
only investigated TRT reliability of MEPs following active and sham
tDCS. Therefore, we can only speculate that ICCs of these measures
may be different. In comparison with RS feMRI, MEPs constitute an
active intervention, i.e. measures cortical reactions to a single TMS
(transcranial magnetic stimulation) pulse, that possibly influences
baseline states and the mode of action of a subsequent intervention,
namely tDCS. By contrast, RS fcMRI is task-free and represents a less
controlled behavioural state. Besides, MEPs are specifically related to
motor-cortex physiology, whereas tDCS-induced RS-fcMRI modulation
can be also measured for other target regions (Callan et al., 2016;
Krishnamurthy et al., 2015; Polania et al., 2012). Lastly, motor-cortex
excitability can be neuropharmacologically modified (Ziemann, 2008),
but very little is known about pharmacological effects on RS-fcMRI
measures (Bartelle et al., 2016). If there were different contributions of
MEPs and RS fcMRI to tDCS-related variability, it might be difficult to
translate reliability estimations of tDCS effects on MEPs to tDCS effects
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on RS feMRI. However, the current debate in the literature is
concerned with the reliability of tDCS and not with the reliability of
MEP or fcMRI.

The variability of BOLD-responses has been investigated for task-
fMRI studies. Here functional paradigms are used to evoke a BOLD
signal in a certain brain region. In a study by Plichta et al. (2012),
reliability of a task-fMRI battery targeting different systems (emotion,
motivation and cognition) was assessed at both group and individual
levels. While group-level activation maps were highly reliable indepen-
dent of the task (whole brain level: ICC = 0.89 - 0.98, target ROIs: ICC
= 0.66 — 0.97), within-subject reliability ranged from fair to good for
the motivational and the cognitive task (ICC = 0.56 — 0.62 and ICC =
0.44 — 0.57, respectively) but remained low for the emotional task (ICC
= -0.02 - 0.16) (Plichta et al., 2012). Furthermore, it has been shown
that observed between-session variations in the spatial pattern of
BOLD activation are mainly due to global effects that can be corrected
by pre-processing steps such as spatial smoothing, for which reason the
authors consider the localisation of fMRI signals as highly reliable. In
contrast, variations in the amplitude of the activation were pronounced
to a greater degree — especially for cognitive tasks — and may limit
interpretations of the magnitude of brain activation (Raemackers et al.,
2012). Another study investigating variations in fMRI-task responses
within subjects by means of within-subject variance-decompositions
found that error in measurement contributes the most to the total
variance (Gonzalez-Castillo et al., 2016). At the same time, within-
subject variance across sessions and across runs or blocks within one
session also constituted an important source of overall variance
(Gonzalez-Castillo et al., 2016). Such natural within-subject variability
in task-fMRI may reflect the potential of this method to capture intra-
individual differences and point to the need for individual-subject
analyses (Laumann et al., 2015; McGonigle, 2012; Shine et al., 2016).
Consequently, sources of variability, which reside in intra- and inter-
related factors other than natural differences in response to tDCS itself
may limit reliability of individual measurements and hinder identifica-
tion of the ‘true’ TRT level for tDCS. Therefore, it is essential to control
for these factors.

Heterogenous groups and especially outliers add to the total
variance and may affect the magnitude of ICCs. Consequently, it is
important to ensure similar characteristics of the tested sample (Lopez-
Alonso et al., 2015; Vaz et al., 2013). For this reason, behavioural
control variables were carefully and elaborately reviewed and relevant
individual covariates subsumed under ‘sociodemographics’ (see
Results) were matched within and between groups. Importantly, there
was no difference in trait and state aspects of both anxiety and affect
between the active and the sham group, allowing for direct comparison
between groups. Solely, changes in positive and negative affect were
observed across groups, i.e. both positive and negative PANAS values
were higher before each measurement compared to after. Importantly,
PANAS scores that on average roughly changed to the same extend at
each session (there was no interaction with the factor testing session),
are unlikely to impact TRT reliability. Reduction in both positive and
negative affect after as compared to before the beginning of each
measurement (independent of stimulation condition) may reflect an
overall tiring due to a one-and-a-half-hour testing session.

Apart from between-subject changes, we also took potential influ-
ences on intra-individual variability into account, such as attentional
level, time of day and hormonal fluctuations (for review see Ridding
and Ziemann, 2010). To exclude possible effects of hormonal cycles
between sessions, we only included men in our study (De Bondt et al.,
2015). In addition, we tried to keep day time of measurement constant
between sessions within participants to avoid daily variations in
vigilance and attention. Another possible source of within-subject
variability is novelty. At first testing, most participants are naive to
MRI measurements and stimulation, implicating higher levels of
anxiety, which in turn can affect cortical excitability (Wassermann
et al., 2001). For example, heart rates have been shown to be especially
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high at the beginning of MRI investigations (van Minde et al., 2014)
and equally sensing a stimulation for the first time may cause
intensified physical and mental reactions. Our study design allows for
verifying novelty as confounding factor and to ensure stable experi-
ences with MRI and tDCS across participants. All participants attended
three testing sessions, such that inter-session TRT reliability could be
evaluated three times (testing session 1-2, 1-3 and 2-3), including
one evaluation to which novelty aspects do not apply (testing session
2-3). Across groups and measurements, frequency distributions of
novelty-unaffected ICC evaluations (ICC-pair 23) showed large overlap
with ICC evaluations containing the first testing-session (ICC-pair 12
and ICC-pairl3). Hence, ICC levels may be treated as comparable,
suggesting no effect of the first measurement on neither baseline nor
post-tDCS ICC values. Group-level analyses of active-tDCS effects at
each time point also argue against an influence of the first testing
session on ICC levels, because consistently appearing effects were not
limited to the comparison between testing session 2 and 3, but already
were present at first testing session. Taken together, novelty did not
seem to influence ICC evaluations.

TDCS effect at each testing session

‘When discussing our results, we also must take into account the
possibility that the main effect of tDCS on RS fcMRI has been missed.
This consideration is presumably a methodical short-coming that is
hardly avoidable because consistent ROIs across subjects are required
for ICC calculations but are unsuitable for capturing individual
responses to tDCS. However, analyses steps of our approach were
considered thoroughly and relied on reviewed up-to-date literature. For
example, ROIs were placed in regions where F3-F4 stimulation is most
likely to exert an effect according to computational models (Bai et al.,
2014; DaSilva et al., 2015; Nelson et al., 2014; Seibt et al.,, 2015;
Woods et al., 2015). Additionally, our ROIs covered prefrontal regions
where a tDCS effect was reported before (Keeser et al,, 2011; Pena-
Gomez et al., 2012). In order to account for local differences in the
brain's responses to tDCS and thus to increase reliability, regions of
expected effects were subdivided into clusters by means of the Sallet
atlas, which provides a functional-connectivity-based parcellation of
the DLPFC (Sallet et al., 2013). By evaluating a group-tDCS effect
across ROIs in each hemisphere (i.e. the three different ROIs in each
hemisphere were merged) at each testing session, we were provided
with the possibility to roughly test our assumptions. Although compar-
isons between ICC levels and group-tDCS effects at each testing session
is not optimal with this approach, approximations are possible.

With regard to the ROI-based approach, only the right-hemisphere
ROI exhibited an effect after tDCS in terms of increased connectivity at
testing session 1. Concurrently, within-ROI functional connectivity
descriptively showed a clear difference in ICC frequency-distributions
between baseline and post-tDCS measurements of the active group.
This observation may reflect intra-individual variability of tDCS
responses and fits to our group-level findings, showing only one
tDCS effect at one testing session on within-ROI functional connectiv-
ity and thus missing any consistent pattern: When tDCS effects are
highly variable already at an intra-individual level, it is likely that the
effect is even less consistent at an inter-individual level averaged across
groups. Altogether, in the ROI-based approach, reliability values may
mirror the stability of tDCS effects observed at a group level. However,
no definite comparison can be made between ICC levels and tDCS
effects both based on coherent, yet different ROIs.

Therefore, we also followed a whole-brain approach by means of
ICA. Here, more direct comparisons between tDCS effects and ICCs are
possible, because group analyses of tDCS effects at all time points are
available for each RSN separately. Following previous literature, RSNs
showing a tDCS effect were selected (Keeser et al., 2011; Pena-Gomez
et al., 2012). Again, this procedure keeps open the option of missed
effects within another RSN. Still, within each RSN we were able to
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investigate the whole brain in a hypotheses-free way. Here, group-level
analyses revealed several active-tDCS effects. Most of these effects were
unique to the active group (i.e. no overlapping directional contrasts
between the active and sham group) with some of them even being
repeatedly observable across two or three testing sessions. At an intra-
individual level, no clear differences between ICC frequency-distribu-
tions appeared: in both groups distributions of baseline and post
measurements were largely overlapping. Theoretically, tDCS may have
exerted different effects on ICA- versus ROI-derived functional con-
nections. In this case, it may be that comparable baseline and post-
tDCS measurements in the active group, which range within the ICC
levels of the sham group, may reflect a consistent tDCS effect. This
speculation would be in accordance with repeatedly occurring tDCS
effects observed at a group level. However, the uncorrected level, at
which group-tDCS effects were reported, should not be overinterpreted.
Therefore, it may also be that tDCS did not affect ICA networks at all,
resulting in overlapping ICC-distributions for baseline and post-tDCS
measurements similar to the sham group. Finally, it may also be
possible, that low baseline TRT reliability undermined clear differences
between baseline and post-tDCS measurements in the ICA approach.

Unspecific and placebo effects

Multiple factors may contribute to the considerable intra- and inter-
subject variability observed here. For sham tDCS, baseline and post-
tDCS TRT reliability were similar at an individual level. In contrast,
group-level analyses showed differences between connectivity patterns
before and after sham tDCS. Theoretically, it would be interesting to
further analyse this placebo effect and its specific and non-specific
compounds. Usually, an intervention, especially one that is physical
sensible, triggers expectations (positive or negative ones), which
contribute to the measured overall outcome (Gomm, 2009; Supino,
2012). Consequently, to receive the real or true effect induced by the
intervention alone, it is necessary to subtract the specific placebo effect
(including expectation and anxiety) from the effect as measured
following an active intervention. However, we cannot further interpret
our placebo effect because our design with two parallel groups does not
allow discrimination between such placebo-specific effects, and non-
specific overall effects of the intervention or setting. In order to analyse
the effect of sham tDCS itself and its TRT reliability, a third arm
including a second control group, i.e. a no-stimulation control, would
be needed in future studies.

Limitations of the study

There are several methodological limitations of our study. Both
inter- and intra-subject variability may be related to the stimulation
itself. We did not employ a highly standardised or even MRI-guided
electrode positioning system which would serve to minimalize varia-
bility of montages (Seibt et al., 2015). At the same time, tDCS with
electrodes covering an area of 35 cm” is not focal and displacement of
the electrodes by 1 em may not have any significant impact on current
flow (Bai et al., 2014). As we adhered to the EEG 10-20 system during
positioning of the electrodes and always kept a distance of 6 cm
between the sponges, we consider variability between montages within
this range. Still, we cannot exclude influences of electrode positioning
on TRT reliability, particularly because findings on small drifts in
electrode positions are ambiguous and controversially discussed
(Woods et al, 2015). Also, amount of NaCl was not standardised
across participants and sessions, possibly, in the case of oversaturation
of the sponges, leading to diverse stimulation targets due to irrepres-
sible diffusion of the liquid and hence of the current.

Another limitation of our study is the small sample size that
hampers inferences on the general population (Button et al., 2013).
As this study was designed a pilot for further TRT experiments with
larger sample sizes, only 10 subjects were investigated in each group.
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Consequently, our analyses should be considered as exploratory. Still,
each subject was measured three times with two scans each time,
resulting in a total of 120 RS scans.

Further, our study design, which followed practical needs on the
one hand, faces statistical shortcomings on the other hand. We have
chosen a parallel design to control potentially confounding factors.
First, a parallel design allows to keep a sham-tDCS group free of any
active tDCS across different time points and thus avoids carry-over
effects from active to sham conditions. Secondly, subjects participating
in a cross-over study can directly compare active and sham tDCS and
may distinguish both based on subtly different skin reactions or
sensations (Palm et al., 2014). Nevertheless, a crossover designs would
have had statistical advantages, particularly at small sample sizes.

It is also important to emphasize that we investigated the main, i.e.
group effect of tDCS by analysing changes from baseline to post tDCS,
whereas we used only post-tDCS measurements for evaluating the TRT
reliability of tDCS effects, This approach was chosen in order to assure
a similar range of variability and allow comparisons between baseline
reliability and reliability of tDCS responses. When individual contrast
maps, i.e. differences between pre and post scans, are created, active-
tDCS-related but also other variations, i.e. specific placebo as well as
non-specific overall effects, may take effect and may artificially increase
variability for both tDCS conditions. Similarities between post and
baseline are subtracted out, leaving only non-specific and placebo-
related variations in the sham group and a mixture of tDCS-related (if
available) and non-specific changes in the active group. Consequently,
as shown in Inline Supplementary table 5, no differences between
groups in reliability of contrast maps could be found. To minimize the
influence of these factors, we chose post-tDCS measurements as main
output measure reflecting the tDCS response. Post active- and post-
sham tDCS-effects — contrary to pre-post differences— showed rather
distinct ICC values and can be regarded as independent, arguing in
favour of our approach. Still, when comparing group tDCS effects with
intra-individual TRT reliability of post-tDCS measurements, with this
approach, we are examining different dimensions of tDCS responses.

The full extent of tDCS-related variability needs to be systematically
addressed in future studies by including further control conditions
(Atri et al,, 2011; Plichta et al., 2012) into the experimental designs.
Moreover, all efforts should be made to standardise the intervention
(e.g. electrode positioning), individual predispositions (e.g. sleep, stress
associated factors) and setting conditions (e.g. time of the day) as far as
possible.

Conclusion

Reproducibility of data is an important issue in MRI research
(Nichols et al., 2016), but also in combined neuroimaging-stimulation
approaches in order to differentiate variable versus constant compo-
nents of tDCS-induced modulation. Intra- as well as inter-individual
variability in tDCS responses should be considered when evaluating
tDCS as a therapeutic tool. Through identifying sources of this
variability, possible responders could be distinguished from non-
responders and effective treatment protocols with respect to time lag
between stimulations and amount of treatment sessions could be
designed.

This study investigated the TRT reliability of prefrontal tDCS-
induced RS-fcMRI modulation for the first time. The analysis of
individual responses to active tDCS across three testing sessions
revealed none to low reliability, in comparison with baseline RS-
fcMRI measurements and sham tDCS which did not reduce TRT
reliability to such extend. Reduction in reliability from baseline to post
tDCS was most notably for functional networks that also exhibited no
consistent active-tDCS effect across testing sessions at a group level,
suggesting that active tDCS induced additional variability and reduced
TRT reliability. Further studies using a standardised positioning
system and a higher sample size are warranted. Moreover, possible
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sources of intra- and inter-subject variability need to be investigated in
more detail.
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Supplementary Material

Supplementary Figure 1. Prefrontal regions of interest (ROI) selected for the ROIl-based approach.
Selection followed computational models. ROls were extracted from the FSL atlas ‘Sallet Dorsal Frontal
connectivity-based parcellation’ (Sallet et al., 2013) and drawn separately for the right and left
hemisphere. yellow = area 10, green = area 46 dorsal part, red = area 9. Coordinates are given in MNI
(X, Y, z) space. L/R = left/right.
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Supplementary Figure 2. Group analyses of resting-state network time series. Independent-component
analyses (ICA) was run across all individuals and all conditions (baseline and post tDCS). Four networks
were selected: a) left Frontal Parietal Network (FPN), b) right FPN, c) anterior Default Mode Network
(DMN), d) posterior DMN. Coordinates (x, z) are given in MNI space. L/R = left/right.
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Supplementary Figure 3. Graphical illustration of median ICC-values resulting from voxel-wise ICC
evaluations, separately for each measurement (baseline and post tDCS) and group (active and sham).
a) Baseline and post-tDCS ICC-values of both groups (active and sham) resulting from the ROI-based
approach. b) Baseline and post-tDCS ICC-values of both groups resulting from the ICA-based approach.
DMN = Default Mode Network, FPN = Frontal Parietal Network, ICC = intra-class correlation coefficient,
IC = independent component, I/r = left/right, ROI = region of interest, 10 = area 10 of the Sallet-atlas,

46d = area 46/9 dorsal of the Sallet-atlas, 9 = area 9 of the Sallet-atlas (Sallet et al., 2013).
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Supplementary Figure 4. Frequency distributions of voxel-wise ICC calculations within a region of
interest (ROI). Colours represent frequency of ICC levels of ICC-pairs for the following conditions: a) +
b) baseline sham, c) + d) post-tDCS sham, e) + f) baseline active, g) + h) post-tDCS active. ICC = intra-
class correlation coefficient, I/r = left/right, 10 = area 10 of the Sallet-atlas, 46d = area 46/9 dorsal of the
Sallet-atlas, 9 = area 9 of the Sallet-atlas (Sallet et al., 2013).
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Supplementary Figure 5. Frequency distributions of voxel-wise ICC calculations within a resting-state
network (RSN). Colours represent frequency of ICC levels of ICC-pairs for the following conditions: a) +
b) baseline sham, c) + d) post-tDCS sham, e) + f) baseline active, g) + h) post-tDCS active. ant =
anterior, DMN = Default Mode Network, FPN = Frontal Parietal Network, ICC = intra-class correlation
coefficient, I/r = left/right, post = posterior.
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49.2

-2.09

15.8

447

26.9
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FPN |
1) R Precentral Gyrus, R
. 35 6, 6 36.9 -6.74 45.3
Middle Frontal Gyrus
2) L Claustrum, L Thalamus 25 - -25.8 -19.3 17.1
FPN r
1) R Superior Frontal Gyrus,
87 9, 8/9 31.3 47.2 30.3
R Middle Frontal Gyrus
2) L Inferior Parietal Lobule, L
. 81 40, 40 -63.4 -37.8 31.8
Supramarginal Gyrus
3) L Cingulate Gyrus 78 24/32 -7.26 14.6 35.2
4) R Anterior Cingulate, R
Medial Frontal Gyrus, R 75 32,9, 32 14.1 37.7 23.5
Cingulate
5) R Inferior Parietal Lobule,
. . 53 7/39/40, 7 40.5 -56.9 46.8
R Superior Parietal Lobule
6) L Inferior Parietal Lobule, L
. . 46 40,7 -37.7 -562.3 50.4
Superior Parietal Lobule
7) R Middle Frontal Gyrus 37 10 41 45.9 15.6
8) R Inferior Parietal Lobule,
. 36 40, 40 48.1 -39.2 44.9
Supramarginal Gyrus
9) R Precuneus 36 7 12 -51.6 66.3

Supplementary Table 1. Network-specific tDCS effects in the active group at each testing session.
Note. Clusters resulting from second-level random-effects analysis. Regions showing significantly
increased and decreased functional connectivity with regions of interest (ROI) and RSNs after active
stimulation as compared to baseline are listed. Sorting is after number of voxels. Brain regions are
identified for clusters > 20 voxels; collection threshold punc. < .01. Coordinates (X, y, z) are given in MNI
space. Brain regions were assigned after the Talairach atlas and, if for a certain region no label was
available, after the Havard-Oxford (Sub-)Cortical Structural Atlas.

DMN = Default Mode Network, FPN = Frontal Parietal Network, L/R = left/right hemisphere, RH = right-
hemispheric prefrontal ROI, RSN = resting-state network.
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. . Number of Brodman’s Centre of gravity

RSN Brain regions ]
voxels area (MNI coordinates)
X y z

Post sham tDCS > pre sham tDCS

t1
DMN
anterior
1) L Anterior Cingulate 92 24 -3.63 386 1.67
2) R Inferior Frontal Gyrus, R Extra-Nuclear, R Insula 26 47, 13, - 40.7 165 -14.1
3) L Cingulate Gyrus 26 24 -18.3 -149 36.8
4) L Precentral Gyrus, L Postcentral Gyrus 24 5,3 -34.8 -16.6 515
5) L Precentral Gyrus 22 6 -35.1 -6.18 54.1
6) L Postcentral Gyrus 21 1/3 -51 -12.3 54.2
DMN
posterior

1) R Middle Occipital Gyrus, R Cuneus, R Inferior

161 18/19/37,18,- 36.6 -80.6 11.7
Temporal Gyrus

2) R Postcentral Gyrus 130 2 554 -18.2 279

3) L Insula 67 13 -39.9 -245 25
4) L Postcentral Gyrus, L Inferior Parietal Lobule 56 1/2, 40 -54.6 -225 394
5) R Cingulate Gyrus 39 31/24 122 439

0.154
6) L Inferior Temporal Gyrus, L Middle Temporal
34 19/37, 37 -498 -60 353
Gyrus

7) L Cuneus 25 18/29 -139 -91.2 282

8) R Posterior Cingulate 25 30/29/23 488 -60.5 12
9) R Medial Frontal Gyrus 24 6 8.33 -2.83 555

10) L Superior Temporal Gyrus, L Postcentral Gyrus,

22 42, 40, 40 -63.8 -294 20.9

L Inferior Parietal Lobule
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11) L Cuneus, L Posterior Cingulate, L Precuneus

FPN |
1) R Posterior Cingulate
2) L Precuneus
3) R Superior Parietal Lobule, L Precuneus
FPN

1) R Inferior Parietal Lobule, R Postcentral Gyrus

2) L Insula

3) R Middle Occipital Gyrus, R Middle Temporal
Gyrus

4) R Medial Frontal Gyrus, R Cingulate Gyrus, R
Superior Frontal Gyrus

5) L Superior Temporal Gyrus, L Postcentral Gyrus, L
Inferior Parietal Lobule

6) L Precentral Gyrus, L Postcentral Gyrus

7) L Cingulate Gyrus

8) L Inferior Frontal Gyrus, L Precentral Gyrus

9) L Middle Temporal Gyrus

10) L Superior Temporal Gyrus, L Transverse

Temporal Gyrus, L Postcentral Gyrus

11) R Superior Temporal Gyrus, R Insula

12) L Precentral Gyrus

13) R Insula

14) L Precentral Gyrus, L Transverse Temporal

Gyrus, L Postcentral Gyrus

21

32

25

24

264

197

187

140

121

68

50

50

48

44

43

38

36

34

18/23, 30/31,
31

30/23

7,7

40, 2

13

19, 19/39

32/6, 24, 6

42/22, 40, 40

4,3

31

444509, 44

37

41/42, 41, 40

41,13

13

6/4, -, -

3.81

-15.6

23.7

56.7

-36.5

46.6

8.37

-62.6

-25.6

-8.72

-59.9

-50.1

-54.1

45

-41.6

45.2

-64.8

-70.9

-64.3

-56.3

-53.5

-23.5

29.5

-75.6

6.34

-30.9

-23.4

-27.9

11.7

-60.3

-27.8

-33.1

-4.53

9.22

-1.76

18.5

15

56.2

66.3

31.6

7.41

18.9

50.6

23.2

50.9

48.3

141

4.46

13.7

16.6

325

10.6

114
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15) L Transverse Temporal Gyrus, L Postcentral

Gyrus

16) R Cingulate Gyrus

17) L Inferior Parietal Lobule

18) L Middle Frontal Gyrus, L Inferior Frontal Gyrus

19) R Precentral Gyrus, R Inferior Frontal Gyrus

20) R Cuneus, R Precuneus

t2
DMN
anterior
1) L Anterior Cingulate
2) R Precentral Gyrus, R Middle Frontal Gyrus
3) R Middle Frontal Gyrus
4) R Inferior Parietal Lobule
5) R Inferior Parietal Lobule
6) L Cuneus, L Precuneus
DMN
posterior

1) L Precuneus, L Superior Parietal Lobule

2) L Middle Frontal Gyrus

3) L Preceneus, R Sub-Gyral, R Paracentral, R

Superior Parietal Lobule

4) L Sublobar Thalamus

5) R Cingulate Gyrus, R Paracentral Lobule

6) R Inferior Frontal Gyrus

7) L Postcentral Gyrus, L Inferior Parietal Lobule

33

32

30

29

27

23

118

102

51

34

32

27

117

95

7

76

71

63

53

41, 43

32

40

10/46, 46

6, 6/9

19/18/7, 31

24

9, 8/9

40

40

7,7

7,7

6/8

7,40/7,5,7

31/24, 31

47

40, 40

-55.8

13.3

-63.8

-44.8

52.2

17.4

1.37

42.2

37.6

-17.6

44.8

-9.63

-12.9

-24.6

27.3

-6.76

9.21

34.5

-35.5

-15.8

24.7

-33.7

50.1

4.28

-77.7

10.7

29.8

8.59

-38.8

-46.9

-64.8

-49.1

22.9

-41.5

-4.82

-17.3

24.6

-37.9

14.6

26.4

35.1

2.48

36.1

14.7

36.5

43.9

33.6

49.5

38.7

57.8

34.1

57.7

16.7

42.7

-14.4

57.1
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FPN |

FPN r

t3

DMN

anterior

DMN
posterior

FPN |

FPN r

8) R Precuneus, R Cingulate Gyrus, R Paracentral

Lobule

9) R Precuneues, R Praracentral Lobule

10) R Superior Temporal Gyrus, R Inferior Frontal

Gyrus

1) R Precuneus, R Sub-Gral, R Paracentral

2) R Cuneus, R Precuneus

1) L Superior Temporal Gyrus, L Middle Temporal
Gyrus

1) R Thalamus, R Caudate

2) L Superior Frontal Gyrus, R Middle Frontal Gyrus

1) R Cingulate Gyrus

2) Cingulate Gyrus

3) L Thalamus

1) L Precuneus

1) R Precuneus, R Cingulate Gyrus

2) R Precentral Gyrus, R Inferior Parietal Lobule, R

Postcentral Gyrus

33

26

26

82

71

68

53

45

67

50

38

29

71

41

7,31,5

7,5

- 13

7,40/7,7

7,7

38/22, 21

9/8, 9

24

23/24

31

31,31

4, 40, 2/1/3

5.94

10.6

39

25

22.8

-57.7

13.8

-25

8.18

0.76

-27.5

-22.7

22.4

59.6

-34.2

-40.9

6.62

-43.3

-70.2

5.76

-17.1

49.8

7.85

-13.2

-30.9

-73.9

-41.2

-16.3

48.7

60.1

-15.7

57.4

40.7

-8.41

21

32.4

30.8

35.6

2.42

31.2

32.3

39.8
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3) L Caudate 35 - -22.9 -185 247
4) L Precentral Gyrus, L Postcentral Gyrus 31 4,3 40.4 -6.77 35.6
5) L Precentral Gyrus, L Postcentral Gyrus 28 4 -42.4  -14.9 42
6) R Thalamus 21 - 238 -159 -19
Post sham tDCS < pre sham tDCS
t1l
DMN
anterior
1) R Midbrain, L Sub-lobar 99 - - 21 -10.1 -13.2
2) L Sublobar Caudate, L Sub-lobar Lentiform 56 - - -156 16.1 -2.68
3) R Middle Frontal Gyrus 36 9/6/8 53.6 12.6 39.1
4) L Midbrain, L Parahippocampal Gyrus 33 -, 28 -7 -13.2 -13.8
5) L Insula 23 13 -40  -42.2 18.9
DMN
posterior
1) L Middle Frontal Gyrus 58 8 -49.9 173 394
2) R Midbrain, BL Sub-lobar 43 - 0.419 -6.74 -11.3
3) L Parahippocampal Gyrus, L Superior Temporal 3 34, 38 274 - 213
Gyrus 0.364
4) L Midbrain 30 - 29.2 -419 -16.1
5) R Parahippocampal Gyrus 23 36/35 29.2 -232 -20.3
FPNI
1) R Medial Frontal Gyrus, BL Anterior Cingulate 190 11/10, 32/10  6.46 42 -11.5
2) R Inferior Frontal Gyrus, R Middle Frontal Gyrus 138 45/46, 46 514 36.7 255
3) L Inferior Frontal Gyrus, L Middle Frontal Gyrus 109 45/46, 46 -445  41.2 0.275
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4) L Anterior Cingulate, L Medial Frontal Gyrus, L
Cingulate Gyrus

5) L Superior Temporal Gyrus, L Insula

6) R Inferior Frontal Gyrus, Middle Frontal Gyrus

FPNr

1) R Parahippocampal Gyrus

2) L Sublobar, L Parahippocampal Gyrus, L Midbrain,

L Anterior Cingulate

3) R Precuneus

3) BL Sublobar

4) L Sublobar Caudate

5) R Midbrain

6) R Parahippocampal

7) R Medial Frontal Gyrus

t2

DMN

anterior

1) RLingual Gyrus, R Cuneus

2) R Parahippocampal Gyrus

3) R Sublobar Lentiform Nucleus

4) R Midbrain, R Thalamus

5) R Parahippocampal Gyrus

69

63

21

223

115

92

59

51

30

27

24

84

30

30

28

22

32,9, 32

22,22

47,11

30/27

-, 28,-,25

317

18, 17/18/23

36

-8.41

-42.9

26.2

17.9

-3.18

175

2.51

15.2

31.3

0.833

13.1

38.7

14.3

12

23.2

37.4

-25.5

24.5

-41.7

-3.44

-49.2

-3.93

25.1

-9.07

49.7

-77.6

-15.9

2.33

-12.4

-44.4

23

635

-20.6

7.17

-12.3

38

5.56

4.98

-12.3

-19.9

39.5

10.2

-21.3

1.53

-7.14

-10.7
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DMN

posterior

1) L Inferior Parietal Lobule, L Angular Gyrus, L Precuneus, L

Superior Parietal Lobule

2) R Cuneus

3) L Precentral Gyrus, L Middle Frontal Gyrus

4) R Inferior Parietal Lobule

5) L Lentiform Nucleus, L Thalamus

6) R Thalamus

7) L Middle Frontal Gyrus

8) L Cuneus

9) L Parahippocampal

FPN |

1) L Posterior Cingulate

2) L Midbrain, L Parahippocampal Gyrus, L Thalamus

3) R Anterior Cingulate, R Medial Frontal Gyrus, R Superior
Frontal Gyrus

4) R Parahippocampal Gyrus

6) RThalamus

7) R Thalamus, R Lentiform Nucleus

8) R Midbrain

9) R Insula, R Superior Temporal Gyrus

340

67

57

45

37

31

28

22

21

166

107

7

32

32

27

26

23

40/39, 39,
19/39, 7

18

9,8

40

46

17

19

29/30/31/23

-, 27, -

10, 10/6, 10

30

22,22/41

6.27

-45.5

50.8

-23.9

29.5

-46.2

-14

-24.7

-10.5

-4.58

7.27

9.81

9.81

18.5

5.92

44.8

59.2

78.9

28.8

55.5

30.3

55.2

44 .4

44 .4

3.93

17.4

27.8

44.6

24.3

33.6

49

6.49

5.48

14.4

12.5

-2.95

14.4

-2.49

-8.75

187

0.187

8.96

-12.3

3.91
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10) Posterior Cingulate Gyrus

11) L Middle Temporal Gyrus, L Superior Temporal Gyrus

FPN r
1) R Midbrain
2) L Precuneus, L Cuneus
3) R Inferior Parietal Lobule
t3
DMN
anterior
1) Frontal Medial Cortex, Anterior Cingulate
2) L Superior Temporal Gyrus
3) L Postcentral Gyrus, L Inferior Parietal Lobule
4) R Parahippocampal Gyrus
5) L Transverse Temporal Gyrus
6) R Postcentral Gyrus, R Precentral Gyrus, R Inferior Parietal
Lobule
6) R Inferior Frontal Gyrus
DMN
posterior

1) L Insula, L Claustrum, L Superior Temporal Gyrus, L

Transverse Temporal Gyrus

2) L Lingual Gyrus, L Parahippocampal

3) L Cuneus

22

21

37

33

31

45

42

38

33

26

24

23

130

63

54

31/23

21,21

7,19

40

10, 32

41/42

40, 40

35/28

42

40/3/4, 4, 40

9/44

13, -, 41,41

19,19

17/18

0.455

-52.1

12.5

-9.94

52.8

0.311

-61.7

-39.2

21.9

-63.8

36.5

57.7

-24.4

-9.89

29.5

8.19

37.9

73.4

50.8

38.3

24.8

29.3

20.4

135

30.2

7.3

29.3

58.7

85.5

325

-11.6

-15.9

40.8

49.7

-14.6

10.4

50.9

-11.4

9.08

59.7

20.1

9.14

-2.48

171
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4) L Superior Temporal Gyrus

5) R Lingual Gyrus, R Cuneus, R Posterior Cingulate

6) L Inferior Frontal Gyrus

FPN I

1) L Middle Temporal Gyrus, L Superior Temporal Gyrus

2) L Middle Temporal Gyrus

FPN r

1) L Precuneus, L Cingulate Gyrus

2) L Middle Frontal Gyrus

3) L Sublobar Lentiform Nucleus, L Caudate

4) L Superior Frontal Gyrus

37

33

21

53

51

45

39

31

22

41/42

18, 30, 30

46

21/22, 22

21

31,31

11/47

10

-56.9

13.4

-51.7

-64.2

-10.1

-25.6

-19.1

-31

30.4

64.8

36.8

40.9

42.2

47.1

38.7

18.6

57

10.5

9.94

6.23

-7.41

325

-18.8

-4.71

8.45

Supplementary Table 2. Network-specific tDCS effects in the sham group at each testing session.

Note. Clusters resulting from second-level random-effects analysis. Regions showing significantly
increased and decreased functional connectivity with the FPN and DMN after sham stimulation as
compared to baseline are listed. Sorting is after number of voxels. Brain regions are identified for clusters
> 20 voxels; collection threshold punc. < .01. Coordinates (X, y, z) are given in MNI space. Brain regions
were assigned after the Talairach atlas and, if for a certain region no label was available, after the

Havard-Oxford Cortical Structural Atlas.

DMN = Default Mode Network, FPN = Frontal Parietal Network, L/R = left/right hemisphere, RSN =

resting-state network.
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ROI and sham active
hemisphere baseline post baseline post
ICC 12
46 d | 0.43 0.28 0.27 0.19
46 dr 0.50 0.35 0.41 0.30
91 0.39 0.35 0.42 0.42
or 0.64 0.44 0.54 0.34
101 0.24 0.01 0.42 0.24
10r 0.36 0.40 0.49 0.37
ICC 13
46 d | 0.39 0.23 0.37 -0.12
46 dr 0.46 0.34 0.45 -0.34
9l 0.09 0.26 0.47 -0.02
or 0.33 0.56 0.52 -0.24
101 -0.07 0.07 0.43 -0.27
10r 0.17 0.43 0.38 -0.25
ICC 23
46 d | 0.55 0.29 0.37 -0.06
46dr 0.54 0.37 0.49 0.08
91 0.44 0.38 0.26 0.05
or 0.48 0.49 0.48 0.09
101 0.32 0.19 0.24 -0.11
10r 0.33 0.33 0.44 0.04

Supplementary Table 3. Inter-session test-retest reliability of ROIs between two testing sessions.

Note. Test-retest reliability of connectivity within ROIs, separately for both groups (active vs. sham) and
both conditions (baselines and post tDCS). Test-retest reliability is expressed as median of voxel-wise
intra-class correlation coefficients (ICC) for the following ICC pairs: t1 and t2 (first block), t1 and t3
(second block) and t2 and t3 (third block). d = dorsal, I/r = left/right, ROl = region of interest, 12/13/23 =
pairs of ICC evaluation, 10 = area 10 of the Sallet-atlas, 46d = area 46/9 dorsal of the Sallet-atlas, 9 =
area 9 of the Sallet-atlas (Sallet et al., 2013).
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sham active
RSN

baseline post baseline post

ICC 12
DMN anterior 0.27 0.30 0.33 0.15
DMN posterior 0.32 0.15 0.32 0.15
FPN | 0.32 0.20 0.33 0.12
FPN r 0.31 0.05 0.29 0.26

ICC 13
DMN anterior 0.07 0.22 0.40 0.01
DMN posterior 0.21 0.03 0.27 0.11
FPN | 0.25 0.20 0.31 0.04
FPN r 0.22 0.20 0.35 0.06

ICC 23
DMN anterior 0.33 0.33 0.35 0.02
DMN posterior 0.30 0.19 0.26 0.26
FPN | 0.35 0.40 0.35 0.26
FPN r 0.33 0.29 0.25 0.23

Supplementary Table 4. Inter-session test-retest reliability of RSNs between two testing sessions.

Note. Test-retest reliability of ICA-based RSNs, separately for both groups (active vs. sham) and both
conditions (baselines and post tDCS). Test-retest reliability is expressed as median of voxel-wise intra-
class correlation coefficients (ICC) for the following ICC pairs: t1 and t2 (first block), t1 and t3 (second
block) and t2 and t3 (third block). DMN = Default Mode Network, FPN = Frontal Parietal Network, ICA =
independent component analysis, I/r = left/right, RSN = resting-state network, 12/13/23 = pairs of ICC

evaluation.
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Approach ROl or RSN sh?m actrlve
ROI
46 d | 0.05 -0.15
46 dr -0.01 -0.10
91 0.08 0.04
or 0.02 -0.08
101 0.01 -0.05
10r -0.05 -0.04
ICA
DMN anterior -0.07 0.12
DMN posterior 0.02 0.06
FPN | -0.01 0.07
FPN r -0.08 0.09

Supplementary table 5. Inter-session test-retest reliability of contrasts (post-pre maps).
Note. Test-retest reliability of connectivity within ROIs as well as of ICA-analyses-based RSN
connectivity, separately for both groups (active vs. sham). Only contrasts (post tDCS — baseline) are
shown. Test-retest reliability is expressed as median of voxel-wise intra-class correlations (ICC)
between all testing sessions (t1, t2, t3). Confidence intervals are indicated by bracketed values. d =
dorsal, DMN = Default Mode Network, FPN = Frontal Parietal Network, ICA = independent component
analysis, I/r = left/right, LB = lower bound, r = correlation coefficient, ROl = region of interest, RSN =
resting-state network, UB = upper bound, 10 = area 10 of the Sallet-atlas, 46d = area 46/9 dorsal of the
Sallet-atlas, 9 = area 9 of the Sallet-atlas (Sallet et al., 2013).
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Background: Transcranial direct current stimulation (tDCS) of the prefrontal cortex (PFC) has been widely
applied in cognitive neurosciences and advocated as a therapeutic intervention, e.g. in major depressive
disorder. Although several targets and protocols have been suggested, comparative studies of tDCS pa-
rameters, particularly electrode montages and their cortical targets, are still lacking.
Objective: This study investigated a priori hypotheses on specific effects of prefrontal-tDCS montages by
using multimodal functional magnetic resonance imaging (fMRI) in healthy participants.
Methods: 28 healthy male participants underwent three common active-tDCS montages and sham tDCS
in a pseudo-randomized order, comprising a total of 112 tDCS-fMRI sessions. Active tDCS was applied at
2 mA for 20 min. Before and after tDCS, a resting-state fMRI (RS fMRI) was recorded, followed by a task
fMRI with a delayed-response working-memory (DWM) task for assessing cognitive control over
emotionally negative or neutral distractors.
Results: After tDCS with a cathode-F3/anode-F4 montage, RS-fMRI connectivity decreased in a medial
part of the left PFC. Also, after the same stimulation condition, regional brain activity during DWM
retrieval decreased more in this area after negative than after neutral distraction, and responses to the
DWM task were faster, independent of distractor type.
Conclusion: The current study does not confirm our a priori hypotheses on direction and localization of
polarity-dependent tDCS effects using common bipolar electrode montages over PFC regions, but it
provides evidence for montage-specific effects on multimodal neurophysiological and behavioral
outcome measures. Systematic research on the actual targets and the respective dose-response re-
lationships of prefrontal tDCS is warranted.

© 2018 Elsevier Inc. All rights reserved.

Introduction

cellular, microcircuit, and network levels. Bidirectional effects of
tDCS have been suggested depending on polarity, i.e. facilitatory or

Transcranial direct current stimulation (tDCS) is a non-invasive inhibitory effects are associated with the anode or cathode, respec-
brain-stimulation (NIBS) technique that exerts non-focal effects on tively [1—3]. TDCS of the prefrontal cortex (PFC) may improve higher-

* Corresponding author.

order cognitive processes (for review see [4,5]), such as cognitive
control (CC) [6], which is a crucial faculty for maintaining perfor-
mance during distractive stimuli and which is impaired in major

E-mail address: Jana.Woersching@med.uni-muenchen.de (J. Woérsching).
! both authors contributed equally to this work.

https://doi.org/10.1016/j.brs.2018.05.001

1935-861X/© 2018 Elsevier Inc. All rights reserved.

depressive disorder (MDD) [7—9]. In a recent study, deficits in an
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emotionally loaded working-memory (WM) task in MDD were
normalized after anodal tDCS over the left dorsolateral PFC (DLPFC)
[10], pointing towards a potential clinical use.

For therapeutic applications in psychiatry, several tDCS pro-
tocols have been developed that are now widely used in preclinical
and clinical research (for reviews see [11,12]). In MDD, repeated
bifrontal tDCS has been shown to exert antidepressant effects su-
perior to those of placebo [13,14]. Although these findings are
promising, fundamental questions regarding dosage for devices
and spatial distribution of stimulation effects remain unanswered
[15]. Because tDCS can be more readily combined with functional
magnetic resonance imaging (fMRI) than other NIBS methods, e.g.
repetitive transcranial magnetic stimulation, imaging tDCS with
multimodal approaches represents an ideal tool to reveal specific
stimulation-brain interactions [ 16—18]. Only a few combined fMRI-
tDCS studies are available for PFC targets, however, and previous
studies have not made full use of multimodal neuroimaging and
designs to compare stimulation parameters, e.g. electrode mon-
tages, and investigate the specificity of action (for review see [19]).

Therefore, this study used multimodal fMRI (resting state [RS]
and task: CC in a WM paradigm) to investigate the specificity of
target sites for effects mediated by prefrontal tDCS. For two of the
active conditions, we used montages for anodal left DLPFC stimu-
lation that are commonly used in MDD [13,14,20,21]. As the third
active condition, we applied a cathodal left-DLPFC montage to
further investigate polarity-dependent tDCS effects. By systemati-
cally varying tDCS electrode positions, we investigated two main
hypotheses based on previous studies investigating effects of pre-
frontal tDCS on fMRI measures [22—24] and CC[10,25]: (1) Polarity-
specific facilitatory and inhibitory effects of the anodal and cath-
odal condition, respectively, can be observed compared with sham
tDCS in multimodal fMRI and on behavioral levels; (2) the two
anodal conditions show similar effects but strongly differ from the
cathodal condition (for review see [26]).

Material and methods
Description of the sample

The study was approved by the local ethics committee (Faculty
of Medicine, Ludwig-Maximilians-University, Munich, Germany).
All participants gave their written informed consent for participa-
tion in this study.

We studied 32 healthy male participants in a total of 128 tDCS-
fMRI sessions (4 sessions per participant). All participants had to be
right-handed according to the Edinburgh Handedness Question-
naire (EHQ; [27]); one participant had trained to use his right hand
but was left-handed according to the EHQ and therefore excluded
from analyses. The data of an additional three participants were
excluded because of technical problems during recording, leaving
28 participants (i.e. 112 tDCS-fMRI sessions) in the final sample
(age: M = 26 years, range = 21—32 years). A priori exclusion criteria
were a history of neurological or psychiatric diseases, the intake of
neuroactive medication, and smoking or drug consumption during
the past 6 months.

Experimental procedure

This study was placebo-controlled and followed a single-blinded
design with partially blinded operators (see Fig. 1A). Further details
on blinding are provided in the supplementary information (see Sup.
Info. A.1). All participants underwent four consecutive testing ses-
sions in a pseudorandomized order, such that all 24 possible ran-
domizations sequences were covered. Sessions differed only with
respect to the stimulation condition and were separated by at least

seven days to avoid carry-over effects. For each participant, mea-
surements were performed at the same hour of the day across all
testing sessions. Participants were asked to abstain from alcohol the
day before and from caffeine the morning of the measurement.

At each testing session, participants received 20 min of one of
three active-tDCS montages (anode F3, cathode F4; anode F3,
cathode in proximity to the contralateral orbit; cathode F3, anode
F4) or sham tDCS in the MRI scanner.

RS fMRI was recorded before tDCS (baseline measurement;
10 min recording time), during tDCS (20 min), and after tDCS (post-
tDCS measurement; 10 min). Participants were asked to keep their
eyes closed during RS fMRI and to not fall asleep, to think about
nothing in particular and to avoid moving. After RS fMRI, partici-
pants performed a CC delayed-response WM (DWM) task in the
scanner; instructions were given on the screen inside the scanner
before the task-fMRI sequence started.

To control for confounding variables and safety, two question-
naires were collected at each testing session: The Positive And
Negative Affect Schedule and the Comfort Rating Questionnaire.
Detailed information on each questionnaire and its outcome are
provided in Sup. Info. A.2, A.5 & B.1. Research questions on online
RS measurements (i.e. RS fMRI during tDCS) are not presented here
and will be addressed in a further publication.

Cognitive control — delayed working-memory task

After the three RS measurements (baseline and during and post-
tDCS), fMRI was recorded while participants completed a DWM task
with emotional distraction (CC-DWM task), adapted from Plewnia
and colleagues [6]. Participants performed 60 trials of the CC-DWM
task at each session. Each trial included an encoding phase in which a
row of 6 letters was presented; a distraction phase, during which
pictures were shown; and a recall phase comprising three succes-
sively presented letters. We used two types of trial, negative and
neutral, in which a picture of negative or neutral valence was shown
during the distraction phase. In the recall phase, participants had to
indicate whether they detected a target (letter present in the row
shown in the encoding phase) or a foil (letter absent in the encoding
phase); participants indicated their response by pressing either a
button below the index finger or one below the middle finger of their
right hand. They were instructed to respond to each of the three
target stimuli as quickly and accurately as possible. For each
response, reaction time (RT) and response type (hit, miss, incorrect)
were recorded. Trials were separated by a variable inter-trial interval.
The task sequence is illustrated in Fig. 1B. For detailed information on
stimulus presentation, see Sup. Info. A.3.

Transcranial direct current stimulation (tDCS)

TDCS was applied via two saline-soaked surface sponge-elec-
trodes (area=7 x 5cm?) that were connected to an Eldith stimu-
lator MR (neuroCare Group GmbH, Munich, Germany). To target the
DLPFC, we used three different bipolar montages (see Fig. 1A):
atDCS-A (anode over F3, cathode over F4), atDCS-B (anode over F3,
cathode over Fp2), and ctDCS (anode over F4, cathode over F3); for
sham tDCS, we randomly selected one of the three active montages.
Operators and participants were kept blind to treatment conditions.

Electrodes were positioned with a standardized system — as
previously described by Padberg and colleagues [28] — that is based
on the international 10—20 system. TDCS was delivered for
20 min at an intensity of 2mA (15s ramp in and 15s ramp out),
which is a protocol often used in experimental fMRI studies
[22,24,29-33] as well as in pivotal clinical trials [20,21,34—36] of
prefrontal tDCS; impedance was kept below 10 kQ. For sham tDCS,
the built-in study-mode was used that delivers a brief 2 mA DC
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Fig. 1. Experimental procedure. A) The experimental protocol included four testing sessions. At each testing session, active or sham tDCS was preceded (baseline) and followed
(post-tDCS) by a resting-state (RS) fMRI-scan. The post-tDCS RS-fMRI sequence was further followed by a delayed working-memory task requiring cognitive control (CC-DWM) with
concomitant fMRI recordings (task fMRI). Between testing sessions, only stimulation differed, which was one out of four pseudorandomized tDCS conditions: 2x anodal tDCS
(atDCS-A/B), cathodal (ctDCS), sham tDCS. The head models show the three different tDCS montages and were created with Matlab/Comets [91]. B) Sequence of the CC-DWM task.
In each trial, six red letters or probe stimuli were presented for 3 s and had to be memorized. Next, either a neutral or a negative picture was shown for 5s. Then, three times in
succession a green letter was presented for 2 s on the screen. For each green letter, participants had to indicate via button press as fast and accurately as possible whether they saw a
target (letter present in the row before) or a foil (letter absent in the row before). Trials were separated by a variable inter-trial interval (ITI), during which a fixation cross was

shown.

plateau of 40s (also 15s ramp up and 15s ramp down) at the
beginning, followed by impedance measurements with impulses
applied every 0.5 s of about 150 pA and 5 ms duration.

FMRI data processing

FMRI Data Pre-processing. For information on fMRI-data
acquisition, see Sup. Info. A.4. The pre-processing steps for RS im-
ages have been described previously [30]. Task-fMRI images were
pre-processed with the FEAT software tool implemented in FSL
5.0.9 (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki). All raw functional time-
series were slice-time corrected, reoriented, motion corrected, and
linearly and nonlinearly spatially normalized to a standard EPI
template in Montreal Neurological Institute (MNI) space and
spatially smoothed with a 5mm FWHM Gaussian kernel.

15%-level Analysis of Resting-State fMRI-Data. Single-subject
RS-fMRI data were processed with two different approaches, i.e.
functional connectivity was determined within specific regions-of-
interest (ROI) and within resting-state networks (RSN). Three
different ROIs (area 9/46 dorsal, area 9, and area 10; see Sup. Fig. 1)

were positioned within the PFC by means of the Sallet Atlas [37]
and drawn separately for each hemisphere. In addition to areas
beyond the stimulation electrodes, the ROIs covered areas
receiving the highest current density according to computation
models of a bipolar-prefrontal tDCS montage [38—42]. In a next
step, functional-connectivity values for the resulting hemisphere-
specific ROIs were generated for each participant, stimulation
condition, and RS measurement by cross-correlating RS time-
series within each ROI (within-ROI functional-connectivity).
RSNs were determined by the MELODIC (Multivariate Explor-
atory Linear Optimized Decomposition into Independent Compo-
nents) routine, version 3.14, implemented in FSL [43], across all
participants, stimulation conditions, and RS measurements. Four
group-level independent-components (IC) were selected for
further analyses: The Default Mode Network (DMN), the left
Frontal Parietal Network (FPN), the right FPN, and the Executive
Control Network (ECN) (see Sup. Fig. 2). All ICA-derived group-
level ICs containing the four RSNs of interest were reconstructed
into individual ICs by dual regression [44—46]. To only include
activation within ICA-derived RSNs in the second-level analyses,
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we masked individual ICs with an RSN template derived from
binarization of group-level ICs.

15t-level Analysis of Task-fMRI Data. Subject-specific task-fMRI
images were processed with FEAT (https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FEAT). Each recall phase was modelled as an event, sepa-
rately for each trial type (neutral or negative), by convolving it with
the FSL canonical hemodynamic response function. By means of a
general-linear model, resulting parameter estimates were calcu-
lated for voxels within the same ROIs as used for RS analyses. For
further analyses, standardized average z-scores were extracted
within each ROI by using FEATQuery.

Statistical analyses

At the second level, individual RS functional-connectivity maps
of both baseline and post-tDCS measurements were compared
across stimulation conditions by means of a one-way repeated-
measures ANOVA with 4 levels of the factor stimulation condition.
Voxel-wise nonparametric statistical contrasts (with 10,000 per-
mutations) between all stimulation conditions were determined
with PALM alphal05 (Permutation Analysis of Linear Models;
[47,48]; Linear Models, http://fsl.fmrib.ox.ac.ulk/fsl/fslwiki/PALM/).
Effects were considered significant at a false-discovery rate (FDR)
corrected pppr <.05 (cluster size>30 voxels). Because of the
exploratory character of our study, trends towards significance at
Pror < .1 were also reported.

We quantified the effects of the four stimulation conditions
and the trial type (neutral or negative) on both ROI activation
during retrieval and task-performance (RT for all responses, i.e.
hits and incorrect responses, and accuracy) with linear-mixed-
model analyses. This method of modelling was preferable
because of its capacity to integrate missing-data cases (for further
information see Sup. Info. A.6) and hence retain comparability
between the behavioral and the RS-fMRI analyses. Task accuracy
was not further analyzed because of ceiling effects (invariance) in
participants’ performance. Effects are reported as significant at
p <0.05. For detailed information on linear-mixed-model ana-
lyses, see Sup. Info A.6.

Table 1

Results
Resting-state-fMRI connectivity

Testing session (i.e. stimulation condition) had no effect on
baseline RS functional-connectivity for either the ROI- or the ICA-
based approach. Post-tDCS RS-fMRI measurements showed
several montage-specific effects on functional connectivity within
ROIs (see Table 1 and Fig. 2). RS functional-connectivity decreased
in the left area 10 after ctDCS as compared with atDCS-A (p =
0.023), atDCS-B (p = 0.087), and sham tDCS (p = 0.053). Also, after
ctDCS, RS functional-connectivity decreased in the left area 9 as
compared with atDCS-B (p = 0.095) and in the right area 9 as
compared with both atDCS-A (p = 0.053) and atDCS-B (p = 0.045).
Both the right (p = 0.030) and left area 9/46 dorsal (p = 0.008)
showed an increase in RS functional-connectivity after ctDCS as
compared with atDCS-B. The stimulation condition had no effect on
post-tDCS RS-fMRI within ICA-derived RSNs.

Task-fMRI activity and task performance

Mixed-effect models of participants’ brain activity in the
retrieval phase showed a significant main effect for trial type in the
left area 10 (see Fig. 3A) and the right area 9/46 dorsal (see Fig. 3B)
and a significant disordinal interaction effect for stimulation con-
dition and trial type in the left area 10 (see Fig. 3A). Although main
effects should not be interpreted after significant disordinal inter-
action [49], stronger activation was generally observed after
negative pictures (t(112)=-2.79, p =0.006). Pairwise contrasts
between factor levels revealed significantly different disordinal
interaction between ctDCS and sham tDCS (t(112)= —2.04,
p=0.043).

In modelling participants' RTs, we found a significant interac-
tion effect for stimulation condition and trial type (see Fig. 4).
Pairwise contrasts revealed significantly different disordinal in-
teractions, with crossover between atDCS-A and ctDCS
(¢107.01) = —-2.31, p=0.022), and between atDCS-A and sham
tDCS (t(107.01) = —2.45, p = 0.015).

For information on model comparisons, see Sup. Info. B.2.

Location coordinates of fMRI clusters within regions-of-interest showing an effect of stimulation condition on post-tDCS resting-state connectivity-maps at different sig-

nificance levels (cluster size > 30 voxels).

Regions (Talairach atlas) Brodmann area Center of mass (MNI space) No. Voxels Contrast

X y z
Left hemisphere
Area 9/46 dorsal*
Middle/Superior Frontal Gyrus” 8,9 -30 34 26 193 ctDCS > atDCS-B
Area 9°
Medial/Superior Frontal Gyrus® 9,10 -14 60 12 224 atDCS-B > ctDCS
Area 10°
Anterior Cingulate, Medial/Middle/Superior Frontal Gyrus® 9, 10, 32 -8 58 -16 1230 atDCS-A > ctDCS
Medial/Superior Frontal Gyrus® 9,10 -8 58 -16 364 atDCS-B > ctDCS
Anterior Cingulate, Medial/Superior Frontal Gyrus® 9,10, 32 -10 60 -16 966 sham > ctDCS
Right hemisphere
Area 9/46 dorsal®
Middle/Superior Frontal Gyrus, Sub-Gyral” 8,9 34 40 26 158 ctDCS > atDCS-B
Area 9°
Medial/Superior Frontal Gyrus® 6,8,9 10 58 30 147 atDCS-A > ctDCS
Medial/Superior Frontal Gyrus” 6,8,9 62 26 137 atDCS-B > ctDCS
2 pror<.1.
° Prpr <.05.

¢ Regions-of-interest selected from the FSL atlas ‘Sallet Dorsal Frontal connectivity-based parcellation’ [37].
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ctDCS > atDCS-B

atDCS-A > ctDCS

atDCS-B > ctDCS

o8

p<0.01

FDR corrected

X

Discussion

In this study, we investigated the effects on RS-fMRI functional-
connectivity and DWM-task fMRI of a standard tDCS protocol with
common electrode montages that were recently used in healthy
volunteers and MDD patients. Our hypotheses were based on
general assumptions in the field and on previous studies investi-
gating effects of prefrontal tDCS on fMRI measures (for review see
19) and CC (for review see 6). Whereas our a priori hypotheses on
the direction and localization of polarity-specific tDCS effects were
not confirmed, we observed montage-specific effects of prefrontal
tDCS across monitoring levels.

tDCS effects on RS fMRI

RS fMRI showed several changes in functional connectivity
after tDCS but not between any of the baseline measurements,
indicating that baseline functional-connectivity was stable across
sessions and did not affect our results. Because post-tDCS
changes were always associated with ctDCS, it is plausible that
this electrode montage mediated the effects. In particular, RS
functional-connectivity decreased (statistical trend) after ctDCS

Area 9

LH

ctDCS > atDCS-B

O @ Area 9/46 dorsal

atDCS-B > ctDCS

atDCS-A > ctDCS

atDCS-B > ctDCS

sham > ctDCS

08

Fig. 2. Spatial distribution of fMRI clusters within regions-of-interest showing significant changes in post-tDCS resting-state connectivity for comparisons between stimulation
conditions. Location of effects are given in Table 1. LH = left hemisphere, RH = right hemisphere.

in an anterior-medial part of the left PFC (area 10) compared with
sham tDCS. Assuming that sham tDCS had no effects [50—54], the
finding that RS functional-connectivity within the same left-PFC
area was significantly higher after atDCS-A and higher (statistical
trend) after atDCS-B than after ctDCS was likely driven by a
reduction after ctDCS. In addition, RS functional-connectivity
significantly declined after ctDCS as compared with both
atDCS-B in a left (statistical trend) and right (significant) dorso-
medial part of the PFC (area 9) and atDCS-A in the right area 9
(statistical trend). Taken together, most ctDCS-related reductions
of RS functional-connectivity were observed within the left
medial PFC.

A reduction in left-hemispheric RS functional-connectivity by a
montage with the cathode placed over the left hemisphere is
consistent with the assumption of cathodal-tDCS-induced neural
inhibition as shown in motor-cortex studies [1,3,55]. However, for
prefrontal tDCS in combination with RS fMRI, potential tDCS effects
may substantially differ from tDCS effects observed at motor re-
gions. Pilot studies combining fMRI and tDCS showed an increase in
RS functional-connectivity after anodal stimulation of the left
DLPFC and concomitant cathodal stimulation above the right orbit
as compared with a sham condition [22—24,50]. In the present
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Fig. 3. Two-way interaction plot of brain activity in the retrieval phase for each stimulation condition and trial type. A) Activity in the left area 10. B) Activity in the right area 9/46
dorsal. Asterisk (*) indicates significant differences in contrasts between interaction effects of each factor level. Effects were considered significant at a = 0.05.

study, we were not able to replicate such an anodal-tDCS-related
increase in RS functional-connectivity, potentially as a result of
diverse analyses methods. For example, in a previous study from

our group [22], ROIs were determined based on electrode positions
and not on computational models and the Sallet atlas, both of
which were not available that time. However, also ICA-based
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Fig. 4. Two-way interaction plot of mean reaction time (RT) in the behavioral task for each stimulation condition and trial type. Asterisk (*) indicates significant differences in
contrasts between interaction effects of each factor level. Effects were considered significant at « = 0.05.
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analyses comparable to the analysis in our previous study [22], did
not show such effects of tDCS on RSNs. In this context, the test-
retest reliability of tDCS effects is currently a matter of debate in
the NIBS field and tDCS appears to induce additional variability
compared to sham stimulation [30,56—60]. Interestingly and also
contrary to expectations, RS functional-connectivity significantly
increased bilaterally after ctDCS as compared with atDCS-B in the
DLPFC (area 9/46 dorsal).

tDCS effects on task fMRI

In task fMRI, both stimulation condition and trial type affected
brain activity during retrieval and again effects were found in the
anterior-medial part of the left PFC (area 10) and the right DLPFC
(area 9/46 dorsal). In both areas, activity was overall higher after
the presentation of emotionally negative pictures than after
emotionally neutral pictures. Differential patterns of activity be-
tween negative and neutral distractors within medial and dorso-
lateral parts of the PFC is consistent with the model of affective-
cognitive interaction [61], suggesting two brain systems repre-
senting CC [62]: one dorsal brain system, including the DLPFC, that
is responsible for executive processing, such as maintaining goal-
directed information in WM [63—68]; and one ventral system,
comprising the medial PFC, which is involved in emotional pro-
cessing [69—72]. Thus, activity patterns overserved within the left
medial PFC and the right DLPFC may reflect both an enduring af-
fective response to negative pictures and a greater need for main-
tenance of performance after negative than after neutral
distractors. Strikingly, the affective response within the left medial
PFC was diminished and even slightly reversed after ctDCS as
compared with sham tDCS. Given that the medial PFC is part of a
brain system subserving emotional processing, an alignment in
activity during retrieval between negative and neutral trials after
ctDCS may be consistent with the concept of neural facilitation
[31]: A ctDCS-induced downregulation of the affective response
may result in reduced distractibility [61]. Moreover, reduced ac-
tivity in the ventral emotional system has been proposed to be
accompanied by enhanced activity in the dorsal executive system
[61,73—75]. In line with this assumption, the difference in activity
in the right DLPFC between negative and neutral trials did not
change after ctDCS.

tDCS effects on behavioral performance

In the CC-DWM task, we again found an effect of trial type, such
that RTs were overall slower after negative trials than after neutral
trials. This effect, referred to as negativity bias (NB), has been
previously reported in MDD [9,76], and in one study was neutral-
ized after anodal tDCS over the left DLPFC [10]. In our study, a NB
was no longer present after ctDCS as compared with atDCS-A and
reversed after atDCS-A as compared with sham tDCS (i.e. RTs were
faster after neutral than after negative pictures). Improved RTs
among healthy volunteers was previously reported for neutral
pictures after anodal tDCS over the left DLPFC [10], possibly indi-
cating an effective modulation of NB by atDCS-A. In addition,
Plewnia and colleagues found an induction of a NB in healthy
volunteers after cathodal tDCS over the left DLPFC [25], which is
contrary to our finding that the fastest RTs were observed after
ctDCS independently of the trial type. However, the montages and
parameters used in both studies were fundamentally different:
Plewnia and colleagues used extracephalic targets (i.e. deltoid
muscle) for the second electrode and applied tDCS at 1 mA for
20 min [10,25], whereas we used bipolar-cephalic targets for both
electrodes and applied tDCS at 2 mA for 20 min. Current intensity
may indeed be critical as motor-cortex studies suggest that the

effects of cathodal tDCS on amplitudes of motor-evoked potentials
may be abolished or even inverted from inhibition to facilitation as
intensity in increases from 1 to 2 mA [77,78].

Role of electrode montages

Contrary to classical assumptions derived from motor-cortex
studies [1,3,79] and to findings of previous fMRI-tDCS studies
[22—24,50], the most commonly applied active prefrontal-tDCS
montages [28,34] did not differ from sham tDCS in the present
study. Only the ctDCS montage seems to have been effective in that
it showed a marginal difference from sham in addition to de-
viations from other tDCS conditions. Moreover, ctDCS-associated
downregulations on a neurophysiological level were associated
with excitatory effects on a behavioral level. At the same time, the
direction of ctDCS effects changed across anatomical subdivision of
the PFC (medial vs. dorsolateral parts), though F3-F4 electrode-
positions have originally been chosen to stimulate DLPFC regions.
A recent simulation study indicates that bipolar-frontal tDCS
montages may lead to stimulation of the medial surface of the PFC
at a similar magnitude as over the DLPFC [80]. Other computational
models have shown that, for such montages, the electric field varies
from medial to lateral parts of the PFC [38—42].

In sum, our findings argue against one-to-one translational as-
sumptions, i.e. it seems to be difficult to transfer basic assumptions
derived from motor-cortex studies to PFC stimulation conditions —
just as it may be incorrect to transfer effects observed in healthy
subject to psychiatric patients. So far, effects of prefrontal tDCS have
been reported based on comparisons of one active-tDCS condition
with sham tDCS or with an inversed electrode montage (often
specified as atDCS vs. ctDCS) and not based on a range of compar-
ator montages (for review see 19). There is a clear need to sys-
tematically test assumptions on electrode positions, also requiring
modelling studies. Vice versa, multi-dimensional fMRI measure-
ments (for review see 19) and other neurophysiological measures
[81] will allow to experimentally validate computational models.

Limitations

The rigorous design in terms of control and comparator condi-
tions for tDCS is a strength of this study. Nevertheless, it has some
limitations that need to be considered when interpreting the data.
Thirty-two participants underwent a total of 128 fMRI-tDCS ses-
sions, which constitutes the largest number of fMRI scans in a
single study in the tDCS-fMRI field to date. Still, higher sample sizes
may be necessary for robust and reproducible results [82]. This is
why we consider our study as exploratory and also reported find-
ings that just reached a statistical trend. Consequently, our con-
clusions have to be regarded as preliminary and replications are
warranted. At the same time, the striking difference between stable
baseline versus changing post-tDCS RS-measurements points to the
informative value of our findings. Moreover, several marginally
significant results were close to a p-value smaller than 0.05 and
therefore are likely to reach significance at a higher sample size.
Beyond, the recently detected high inter- and intra-individual
variability of tDCS responses [30,56,57,60,83—85] warrants the
use of novel approaches based on analyses of individual data
[84—86]. In this context, individual modelling of the electrical field
may be of interest and is lacking in both this and previous studies.

A further shortcoming of our study concerns the selection of
electrode montages. While we chose two montages for atDCS over
the left DLPFC, both of which are commonly used for MDD, we
included only one, exploratory montage for ctDCS over F3. In
addition, we used only bipolar-cephalic montages and not an extra-
cephalic montage, as used by Plewnia and colleagues [6]. The two
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types of montage may differ significantly in terms of current dis-
tribution induced by prefrontal tDCS [87]. Noteworthy in this
context is that the electrode montages used in randomized-
controlled trials in MDD have also varied [13,14,20,21,35,88,89].
To date, it remains unclear whether differences in outcomes across
studies may be related to differences in electrode montages. Future
studies need to define dosages at stimulation sites and systemati-
cally establish optimal electrode positions for different cortical
targets.

Finally, RS- and task-fMRI measures were acquired sequentially,
i.e. they do not represent neurophysiological changes parallel in
time. Although sustained effects of tDCS have previously been
shown [2], tDCS mechanisms of action may change over time
[77,90].

Conclusions

In this study, we were not able to prove our priori hypotheses on
the localization and polarity-specificity of anodal versus cathodal
tDCS on RS and DWM-task fMRI in healthy volunteers. We provide
evidence, however, that prefrontal-tDCS effects depend on elec-
trode montages. Thus, the effects of tDCS in experimental para-
digms and clinical applications may be difficult to predict. The
further development of prefrontal tDCS towards an effective ther-
apeutic intervention requires systematic research on the actual
targets (medial and dorsolateral PFC regions) and the respective
dose-response relationships (e.g. based on electric field models) of
prefrontal tDCS.
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Supplementary Material

Supplementary Information
Methods and Materials

1. Experimental Procedure

Due to the difference in electrode positions across conditions, the design was not fully
blinded to the experimenters. Operators were aware that only one sham condition was delivered,
and therefore could realize that one of those two sessions, for which the electrodes have been
placed in the same scalp locations, must be the sham condition, while the remaining two
sessions must be active. By contrast, participants were not informed about the design and

therefore were fully blinded.

2. Questionnaires

To measure the impact of tDCS on emotions, participants filled in the state scale of the
Positive And Negative Affect Schedule (PANAS, missing the item “enthusiastic” on the
positive affect scale) (Krohne et al. 1996; Watson et al. 1988) at the beginning and end of each
testing session. After each tDCS-fMRI session, the Comfort Rating Questionnaire (CRQ; Palm
et al. 2014) was completed to control for potential side effects that could result in unblinding
of the participants. In addition, at the first testing session, the Edinburgh Handedness
Questionnaire (EHQ; Oldfield 1971) and a questionnaire for sociodemographic data were
administered. Questionnaire data were collected using an in-house programmed software on a

digital 10-inch Android tablet system (Padberg et al. 2017).

3. Cognitive Control — Delayed Working Memory task

Stimuli were presented using Presentation version 18.0 (https://www.neurobs.com/) on a

MRI compatible 40~ NordicNeuroLab screen
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(http://www.nordicneurolab.com/products/InroomViewingDevice.html). In total, the paradigm

continued for approximately 20 min and consisted of 60 trials. Half of the trials contained a
neutral picture (neutral trials) and the other half a negative picture (negative trials). Pictures
were taken from the International Affective Picture System (IAPS; Lang et al. 2008); negative
pictures with a high valence/arousal according to normative ratings were chosen. Participants
were instructed to always look at the pictures even if they contained severely injured or dead
bodies. Trial type was presented in a pseudorandomised order: maximal three equal trials were
allowed to appear in succession. The experiment was triggered by the 6" volume of the fMRI
sequence and began with an inter-trial interval (IT1). During the ITI, randomly lasting between
4 and 12 s plus a randomly added jitter between 0 and 0.99999 s, a white fixation cross on a
black background was visible and participants were instructed to fixate this cross. The
subsequently appearing probe stimuli, presented horizontally in the center of the screen, were
randomly chosen from the alphabet with no letter being allowed to appear twice within one
row. Regarding required responses, the mapping between buttons and target type was
counterbalanced across participants; target type (targets and foils) was counterbalanced across
trials. Responses were given via a Diamond 4 button response system

(http://www.curdes.com/mainforp/responsedevices/hhsc-1x4-d.html). At the first testing

session, before participants went into the MRI scanner, they completed a practice run outside
the scanner, consisting of 10 trials and containing only neutral pictures, which did not appear

again during the main experiment.

4. FMRI-Data Acquisition

Brain imaging was performed on a 3-Tesla MR-scanner (Magneton Skyra, Siemens
Healthineers, Erlangen, Germany) with a 20-channel head-coil. To acquire functional whole-
brain images, we employed a T2*-weighted echo-planar-image (EPI) sequence with the

following parameters: repetition time (TR), 2000 ms; echo time (TE), 30 ms; flip angle (FA),
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80° for RS- and 87° for task-fMRI sequences; spatial resolution, 3 x 3 x 3 mm?. For anatomical
reference, a high-resolution MPRAGE sequence was performed. Participants were lying in the

scanner in a head-first supine position and their head was fixed using plastic foam.

5. Statistical Analyses of Questionnaires

Behavioral data derived from the surveys and the CC-DWM task were analyzed using R
(R Development Core Team (2008). R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL

http://www.R-project.org). Cumulative negative and positive values of the PANAS state were

evaluated with a repeated-measures ANOVA with the within-subject factors stimulation
condition (4 stages: atDCS-A, atDCS-B, ctDCS, sham tDCS) and RS measurement (2 stages:
baseline and post-tDCS). For CRQ analyses, participant-specific sum scores were created and
compared between stimulation conditions by means of a repeated-measures ANOVA. Because
of missing values resulting from incomplete data entry, only five items related to sensations of
side effects during stimulation (pain, tingling, burning, fatigue, headache) and four items related
to sensations after stimulation (pain, tingling, burning, fatigue) could be included in the
analyses. The item “discomfort” was separately analyzed. For comparisons of side effects
during versus after tDCS, paired t-tests were conducted separately for each stimulation
condition and only for the four items (pain, tingling, burning, fatigue) available for both

observation periods (during and after stimulation).
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6. Statistical Analyses of Task Data

The effects of the four types of stimulation condition and the trial type (neutral and
negative) on the participant’s task-performance measures (reaction time [RT]) were quantified
using linear-mixed-model analyses, in order to efficiently handle inter-individual variability in
the data. This method of modelling was also preferable due to its capability to integrate missing-
data cases and hence retain comparability between the behavioral and fMRI analyses. Missing-
data cases only emerged for behavioral readouts and originated from a communication problem
between the response system and the recording device (computer). This problem was present
in five participants (1, 15, 22, 23, 26) in one testing session / stimulation condition (t4: atDCS-
B, t2: sham, t4: atDCS-A, t4: ctDCS, t1: sham). Because missing data were derived from
technical difficulties in the measurement process and never appeared twice in one participant,

missing cases were considered to be missing at random.

Subject-specific ROl-activity and RTs and interpersonal differences in the reaction to the
different stimulation conditions were accounted for by treating both the model intercept and the
stimulation-based change rate as random factors. Superior model-fit of the random-effects
models was assessed by y2-likelihood-ratio tests. Model parameters were calculated with
maximum-likelihood (ML) estimations rather than restricted maximum-likelihood estimations
because MLs produce more accurate estimates for fixed regression parameters (Twisk 2006)
and allow for model comparisons. Models were fit by Satterthwaite approximations to degrees
of freedom. All regression-based calculations were carried out with the R package Ime4 (Bates

et al. 2014).
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Results

1. Questionnaires

Neither negative nor positive emotional affect as investigated with the PANAS state-scale
changed significantly between testing sessions (F(3,81) = .89, p = .448) or between RS

measurements (F(1,27) = 3.01, p =.094).

Sum score analyses of CRQ showed that tDCS-related side-effects and discomfort was low
independent of the stimulation condition, indicating blinding integrity. During sham tDCS,
mean sum score of side effects was 7.25 + 4.51, after sham tDCS 1.57 + 3.32. During atDCS-
A, mean sum score of side effects was 8.21 + 5.35, after atDCS-A .89 + 1.37. During atDCS-
B, mean sum score of side effects was 8.57 + 5.80, after atDCS-B 1.61 + 2.62. During ctDCS
stimulation, mean sum score of side effects was 7.29 + 5.16, after ctDCS stimulation 1.43 +
2.67. Repeated measures ANOVA showed no significant difference between mean sum scores
during any of the active stimulations and the sham stimulation (F(3,81) = 1.84, p = .146) and
between mean sum scores after any of the active stimulations and the sham stimulation (F(3,81)
= 1.15, p = .336). Phosphenes were not reported by any participant. Also, general discomfort
showed no statistically significant difference between active (anodal: 1.5 £ 1.37; cathodal: 1.75
+ 1.65; supraorbital: 1.75 = 1.80) and sham (1.25 + 1.38) stimulation (F(3,81) = 1.61; p =.195).
Side effects were significantly lower after stimulation compared to during stimulation in the
atDCS-A (t(27) = 6.97; p < 0.001), atDCS-B (t(27) = 8.24; p < 0.001), ctDCS (t(27) = 7.17; p

<0.001), and in the sham condition (t(27) = 10.24; p < 0.001).
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2. Task-fMRI activity and task performance

We used y?-likelihood-ratio tests to compare models that allowed the change rate to vary
with models that assumed a fixed change rate for all participants. The results were significant
for the left area 10 in the retrieval phase (AAIC = 20;Adf= 9;p< .001)and for the
RTs (AAIC = 50.3; Adf = 9; p< .001), indicating that allowing for individual differences
between the participants sufficiently improved model-fit to the data.
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Supplementary Figures

z2=24 X=8

Supplementary Figure 1. Prefrontal regions-of-interest (ROI) within each hemisphere. ROIs were
selected from the FSL atlas ‘Sallet Dorsal Frontal connectivity-based parcellation’ (33) such that parts
of the prefrontal cortex were covered, which are most likely stimulated by a bilateral prefrontal-tDCS
montage according to computational models: yellow = area 10, green = area 9, blue = area 9/46 dorsal.
Coordinates are given in MNI (x, y, z) space.
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Supplementary Figure 2. Resting-state (RS) networks (RSN) resulting from group independent-
component analysis (ICA). ICA was run across all individuals, all stimulation conditions and all RS
measurements (baseline and post-tDCS). RSN selection was oriented towards previous findings and
anatomical targets (regions within the DLPFC), resulting in four RSNs of interest: A) Default Mode
Network (DMN), B) Executive Control Network (ECN), C) left Frontal Parietal Network (FPN), D) right
FPN. Coordinates (X, z) are given in MNI space.
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