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Abstract

Background—High definition transcranial direct current stimulation (HD-tDCS) has been 

administered over single brain regions for small numbers of sessions. Safety, feasibility and 

tolerability of HD-tDCS over multiple brain regions, multiple daily stimulations and long periods 

are not established.

Objective—We studied safety, feasibility and tolerability of daily HD-tDCS over 2–4 brain 

regions for 20 sessions in healthy adults.

Methods—Five healthy adults underwent physical and neurological examination, 

electrocardiogram (EKG), electroencephalogram (EEG) and cognitive screening (ImpACT) 

before, during and after HD-tDCS. Four networks (left/right temporoparietal and frontal) were 

stimulated in sequence (20 min each) using HD-tDCS in 20 daily sessions. Sessions 1–10 included 

sequential stimulation of both temporoparietal networks, sessions 11–15 stimulations of 4 

networks and sessions 16–20 two daily stimulation cycles of 4 networks/cycle (1.5 mA/network). 

Side effects, ImpACT scores and EEG power spectrum were compared before and after HD-tDCS.

Results—All subjects completed the trial. Adverse events were tingling, transient redness at the 

stimulation site, perception of continuing stimulation after end of session and one self-resolving 

headache. EEG power spectrum showed decreased delta power in frontal areas several days after 

HD-tDCS. While at the group level ImpACT scores did not differ before and after stimulations, we 

found a trend for correlation between decreased EEG delta power and individual improvements in 

ImpACT scores after HD-tDCS.

Conclusion—Prolonged, repeat daily stimulation of multiple brain regions using HD-tDCS is 

feasible and safe in healthy adults. Preliminary EEG results suggest that HD-tDCS may induce 

long lasting changes in excitability in the brain.
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Introduction

Transcranial direct current stimulation (tDCS) is a method which enables noninvasive 

electrical stimulation of the cortex via electrodes placed on the subject’s head (Paulus, 2011; 

Schlaug and Renja, 2008). Anodal stimulation facilitates and cathodal stimulation inhibits 

spontaneous neuronal activity in the underlying cortical area (Nitsche et al., 2008; Priori et 

al., 2009). tDCS does not induce neuronal firing, but modulates spontaneous neuronal 

network activity (Bindman et al., 1964a; Nitsche and Paulus, 2000; Purpura and McMurty, 

1965). Changes in excitability are reflected in spontaneous firing rates and responsiveness to 

afferent synaptic inputs (Bindman et al., 1964b; Creutzfeldt et al., 1962).

tDCS also elicits a variety of after-effects; it modifies the synaptic microenvironment, 

modifies synaptic strength in an NMDA-receptor dependent fashion (similar to long-term 

potentiation), modulates intracortical and corticospinal neurons and may cause transient 

changes in the density of protein channels in neuronal membranes (Liebetanz et al., 2002; 

Nitsche et al., 2003a; Stagg et al., 2009). An interesting after-effect of tDCS is modulation 

of spontaneous neuronal oscillations (Ardolino et al., 2005). Remarkable is also the fact that 

constant electrical fields influence vessels and connective tissue, inflammation, cell 

migration, vascular motility and cellular structures (Merzagova et al., 2010).

tDCS has been used to modify and study cognitive functions in healthy humans and in 

patients with neuropsychiatric conditions. Anodal and cathodal tDCS modulate visual 

working memory but can also disrupt practice-dependent improvement during a verbal 

working memory task when the cerebellum is stimulated (Ferrucco et al., 2008). Anodal 

tDCS to the anterior temporal lobes influences memories, improves decision making, 

attention, learning, language and memory consolidation (Barham et al., 2016; Brunoni et al., 

2012; Cappon et al., 2000; Fregni et al., 2015; Mattai et al., 2011; Paulus, 2011; Varga et al., 

2011; Young et al., 2013). However, all of these phenomena are transient. The effects of 

repeated applications of tDCS and the potential of this technique to lead to lasting 

neurocognitive improvements remain unexplored.

High definition tDCS (HD-tDCS) results in more focal stimulation of selected brain regions 

(DaSilva et al., 2015; Dmochowski et al., 2011; Donnell et al., 2015; Edwards et al., 2013; 

Garnett et al., 2015; Kuo et al., 2013; Villamar et al., 2013a). HD-tDCS employs more than 

two small electrodes. One of the most frequently used HD-tDCS montages is the 4×1 ring 

set-up which employs a central electrode surrounded by four return electrodes arranged in a 

circle around the central electrode (Dmochowski et al., 2011; Edwards et al., 2013; Villamar 

et al., 2013b). HD-tDCS enhances motor cortex excitability (Caparelli-Daquer et al., 2012) 

similar to conventional tDCS, significantly improves verbal learning and working memory 

in healthy individuals (Nikolin et al., 2015), improves language in patients with stroke 

(Richardson et al., 2015), and is well tolerated (Borckhardt et al., 2012; Brunye et al., 2014; 

Kuo et al., 2013; Garnett et al., 2015; Richardson et al., 2015). As with tDCS, HD-tDCS 
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studies have also been designed to stimulate one brain area for a small number of sessions 

(1–10).

Given the neuromodulatory and disease modifying potential of HD-tDCS and traditional 

tDCS, the question is posed whether stimulation of multiple cortical areas over months or 

years might favorably and permanently influence neurocognitive function. This might have 

therapeutic value for subjects with intellectual disabilities, for which no effective treatments 

currently exist, as well as neuropsychiatric disorders and dementia syndromes. Multiple 

clinical phase I and phase II trials with HD-tDCS have been performed with stimulation of a 

single cortical area at each session and a limited total number of stimulations (up to 10 daily 

sessions). It is therefore unknown whether daily stimulations of multiple cortical areas over 

a prolonged period of time (months or years) is feasible, well tolerated and safe.

The purpose of this trial was to study feasibility, tolerability, and safety of HD-tDCS 

administered daily over four different cortical regions for a total of 20 sessions to healthy 

adult subjects. We designed the stimulation protocol with the aim to generate electrical fields 

over the prefrontal cortex and the temporoparietal regions of both hemispheres. This design 

was chosen because our future goal is to attempt to modulate cognitive functions represented 

in these regions. The prefrontal cortex is known to be an area for executive control and has 

dense anatomical connections to posterior association cortices, limbic cortices and 

subcortical structures (Fuster, 2015). Within the temporoparietal cortex, language, attention, 

calculation, working memory, auditory processing and attention, visual/spatial orientation 

are represented, all of which comprise key components of human intelligence (Nieuwenhuys 

et al., 2008). We also collected pilot data on the effects of prolonged, multi-field HD-tDCS 

stimulation on EEG frequency distribution, in order to identify possible long-lasting changes 

in brain excitability induced by HD-tDCS.

Materials and Methods

Study design and statistical considerations

The study design was an open label pilot trial. The study conformed to the ethical standards 

of the Helsinki Declaration (1964) and was approved by the Institutional Review Board of 

the University of Wisconsin Madison. All patients provided written informed consent and 

the study took place at the Neurophysiology laboratories of the Department of Neurology. 

The trial is listed under www.clinicaltrials.gov.

The primary objective was to assess feasibility, tolerability and safety of HD-tDCS, 

administered for a total of 20 sessions in healthy adult subjects (Moore et al., 2011). The 

chosen sample size was 5 subjects. This decision was based on published recommendations 

about the design of pilot studies, the aims of which are defined in terms of a binary outcome 

such as compliance with a protocol or occurrence of adverse events. For planning these 

types of studies, anticipated confidence interval widths can be considered for potential 

sample sizes. Confidence intervals based on binomial theory are able to convey the realistic 

level of uncertainty about such point estimates when planning these studies (Carter, 2004). 

For example, if n = 5 participants are observed to experience 0 serious adverse events, the 

90% exact upper limit for the serious adverse event rate would be 37%, i.e., CI is [0%, 

Turski et al. Page 3

Restor Neurol Neurosci. Author manuscript; available in PMC 2017 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.clinicaltrials.gov


37%]. We decided that this level of precision was acceptable based on consideration of the 

stage of the investigation, time for study completion and costs of the study and that this 

sample size would provide enough confidence for the design of subsequent larger Phase I 

clinical trials using this protocol.

Only one session was performed in each 24 hrs period. There were 1 or 2 stimulation cycles 
in each session. During each cycle, 2–4 networks were stimulated sequentially for 20 min 

each. During sessions 1–10 participants were subjected to one cycle including stimulation of 

2 networks. During sessions 11–15 they were subjected to one cycle consisting of 

stimulation of 4 networks. Finally, sessions 16–20 consisted of 2 cycles and during each 

cycle 4 networks were stimulated in sequence. A minimum of 60 min was allowed to 

subside between the end of cycle 1 and the beginning of cycle 2. Networks were stimulated 

sequentially for 20 min each.

Intensity of each network stimulation was 1mA during sessions 1–5 and 1.5 mA for the 

remainder of the study. The study design is shown in figure 1 and table 1.

The study was defined to be positive if 5 healthy adults were accrued within a study period 

of 12 months and at least 4 of 5 participants had successful completion. Tolerability was 

measured as the proportion of subjects able to complete 20 sessions on the assigned 

treatment within 6 weeks. Procedures to monitor subject safety included vital signs 

measurements, physical/neurologic examinations, electrocardiograms and 

electroencephalograms. Clinically significant changes in the safety measures were 

documented as adverse events.

The secondary objective was to collect pilot data on feasibility of efficacy endpoints. We 

studied impact of our HD-tDCS protocol on EEG amplitudes and coherences in the lower 

(<8Hz) and higher (>9Hz) frequency ranges and coherences in the lower (<8Hz) and gamma 

(30–80 Hz) frequency ranges in healthy adults.

Research participants

Following approval by the University of Wisconsin Health Sciences Institutional Review 

Board (IRB) and the Federal Drug Administration (FDA, IDE G120203/S001), study 

subjects were recruited from the Madison Metropolitan Area. Information was placed on the 

University webpage, and flyers within UW Madison Campus and UW Hospital and Clinics. 

The subjects entered the study within a period of 12 months, they had to be ≥ 18 and ≤ 45 

years of age at the time of enrollment, be able to consent, have a normal physical and 

neurologic examination, normal electrocardiogram (EKG) and electroencephalogram (EEG). 

They had to either be enrolled in college or have a bachelor’s or higher degree to ensure that 

they have a normal IQ. Exclusion criteria were previous or current medical history of 

epilepsy, neurologic, cardiac, endocrinologic, renal, chronic infectious, metabolic, 

psychiatric disease or cancer, abnormal EEG or EKG.

Electrode montage and design

When conducting HD-tDCS, specially designed insets, electrodes, stimulation protocols, and 

conductive gels are used. Appropriate instrumentation, electrode design, and protocols are 
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considered important for HD-tDCS safety and comfort. All materials were purchased from 

Soterix Medical (New York, USA). A flexible plastic EEG cap was placed on each 

participant’s head and held in place with a chin strap. The HD-tDCS anode casings were 

placed as outlined in figure 2. The electrode casings were secured in the EEG cap and were 

injected with 3 mL of Signa Gel (Parker Laboratories, NJ), with more applied if needed. The 

electrodes were then placed into the gel solution inside the casings and held in place with the 

casing caps. Impedance values were examined for each of the 5 electrodes and were all 

verified to be <2 quality units. The HD-tDCS device was attached to a 1×1 low-intensity DC 

stimulator (Soterix Medical, New York, USA) and the device was ramped to 1 or 1.5 mA 

and maintained at this current for 20 minutes.

For each stimulation the target was identified by a standard 10/10 EEG coordinate, and was 

found on the head using a tape measure. The center active electrode (anode) was placed over 

this target site within the EEG cap, while the remaining electrodes (cathodes) were 

positioned to surround the target electrode as shown in figure 2. The result was focal 

neuromodulation under the area surrounding the active anodal electrode which was also the 

target.

With the selected electrode placement we aimed to generate electrical fields over the 

prefrontal cortex and the temporoparietal regions of both hemispheres. We used an 

approximate 4×1 set-up with the anode placed over the centroparietal cortex and a set-up 

consisting of an anodal electrode over the frontopolar region and 3 cathodal electrodes over 

the parietal cortex to stimulate 4 networks, left and right temporoparietal and left and right 

frontal (Fig 2). Networks were stimulated in sequence and each network was stimulated for 

20 min at a time.

All procedures were conducted at the University of Wisconsin Hospitals and Clinics. The 

electrodes were placed every day and the stimulation sessions were monitored by trained 

study personnel who remained on site. Subjects were evaluated in person in the UW 

Hospitals and Clinics by a health professional at screening and at weeks 4 and 8. A study 

member was on call and available to the study participants 24/7.

Neuropsychological battery to assess cognitive abilities

Participants underwent Immediate Post Concussion Assessment and Cognitive Testing 

(ImpACT) (Lovell et al., 2006) at the screening visit and at conclusion of the study. ImpACT 

is a brief (~20 minute) computerized cognitive screening battery that assesses verbal 

memory, visual memory, reaction time, and impulsivity. ImpACT is designed for short test-

retest intervals and is routinely used to assess cognition in the context of traumatic brain 

injury. This test is not designed to evaluate specific networks, it is merely used to screen for 

a global encephalopathy as it occurs following traumatic brain injury. Our purpose in using 

this test was to screen for an encephalopathy triggered by our extended multiple field HD-

tDCS protocol.

EEG acquisition, data preprocessing and statistical analysis

Electroencephalograms (EEGs) were standard 20 minute clinical EEGs acquired without 

sedation and sampled at 1024 Hz. Electrodes were placed in the standard 10–20 arrangement 
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and saved in referential montage with linked ears as the reference. Up to 32 channels of 

reformatted EEG were displayed in several bipolar and referential montages. EEGs were 

performed in the Neurophysiology laboratories at the University of Wisconsin Hospital and 

Clinics.

EEG analysis used EEGlab software (https://sccn.ucsd.edu/eeglab/) and in-house Matlab 

code. First, EEG data were filtered between 1 and 40 Hz. Artifact rejection was performed 

by visual inspection of the EEG to exclude bad channels as well as epochs with eye 

movement and muscle activity contamination (Landness et al., 2011).. EEG data were then 

average referenced and delta power was computed at each channel computing the root-

mean-square of the signal in the 1–4 Hz band (Murphy et al., 2011).

We conducted statistical comparisons between the 1st and 4th EEGs. The 1st EEG session 

was performed before study begin in all subjects. The 4th EEG session was performed 

several days after the last HD-tDCS session in 3 subjects and after an HD-tDCS session 

during week 4 in 2 subjects. Statistical analysis was performed using both statistical 

parametric mapping (SPM, http://www.fil.ion.ucl.ac.uk/spm) and statistical non-parametric 

mapping (SNPM, http://warwick.ac.uk/snpm). Topographical values of changes in delta 

power between 1st and 4th EEG sessions (before and after HD-tDCS intervention) were 

converted to two dimension images using a 32×32 grid (Kilner and Friston, 2010). Random 

effects analyses modeled the group effect for a delta power change between sessions 1 and 4, 

with the change in ImpACT scores before and after study entered as a covariate. Results 

were thresholded at p<0.05 corrected for multiple comparisons using family-wise error at 

the voxel- or cluster-level (with uncorrected parametric p=0.05 as cluster forming threshold) 

(Boly et al., 2017). We restricted the parametric correction for multiple comparisons for 

correlation between delta power and ImpACT score changes to regions showing a significant 

change in delta power change between session 1 and 4 at uncorrected p<0.05 (small volume 

correction) (Worsley et al., 1996). In order to further ensure that outliers did not drive our 

results, confirmatory non-parametric statistics were performed for all results (Boly et al., 

2017).

Results

From September 2015 until March 2016 we recruited 6 adults who consented of whom five 

were eligible to participate in this trial. Mean age of participants was 23.2 years (SD 4.2, 

min 19.0 years, max 30 years). There were 2 female and three male participants, 4 white and 

1 African American, all subjects were non-hispanic. Three subjects were attending college, 

one had completed undergraduate education and one had a master degree.

Mean duration of participation in the study for the five participants was 91.6 days (SD 9.7 

days, min 77 and max 101 days). This included the time from signing the consent until a 

final phone contact 30 days after the last stimulation session.

The participants completed the 20 HD-tDCS sessions within 34.4 days (SD 5.177 days, min 

30 and max 41 days).
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Adverse events

There were no serious adverse events during this trial. All adverse events reported are listed 

in table 2, they were mild and resolved without intervention.

All subjects experienced a tingling sensation at the site of stimulation which included the 

anodal and cathodal electrodes. This feeling was described as mild discomfort with intensity 

of 2–3/10 at the beginning of stimulation and 1–2/10 after 2–3 min. Skin irritation under the 

anodal electrode was reported in 2 subjects during 3 sessions. One subject developed a 

headache during stimulation which resolved when the stimulation ended. One subject 

reported having the perception of continuing stimulation lasting 3 hrs after end of one 

session. Poor sleep for 2 nights was reported by one subject but was thought to not be related 

to the stimulation.

Tolerability and feasibility

All enrolled participants completed the trial within the required period of six weeks. 

Unpleasantness and pain induced by the respective montages and stimulation conditions 

were rated as mild.

Neurocognitive performance

We performed the computerized immediate post concussion assessment and cognitive 

testing (ImPACT) which is the most widely used concussion assessment tool. The purpose of 

this test was not to perform a detailed assessment of neurocognitive abilities of the enrolled 

subjects but to screen for possible adverse effects of repeat multifield HD-tDCS stimulation 

on aspects of cognition which include verbal and visual memory, visual motor speed, 

reaction time and impulse control. We did not detect significant score differences within 

these 5 areas of cognition between the two assessments (fig. 3).

EEG analysis

EEG power shifts from low to high oscillatory frequencies are known to reflect increases in 

neuronal excitability (Steriade et al., 2001). We thus hypothesized that decreases in EEG low 

frequencies could track long-lasting changes in excitability induced by HD-tDCS. At the 

group level, our subjects indeed showed decreased delta power over a set of frontal scalp 

regions several days after HD-tDCS ended, while no regions showed a significant delta 

increase (Fig. 4, top panel & Table 3). Moreover, Fig 4 (bottom panel) and Table 4 show that 

the decrease in delta power displayed a trend for a correlation with individual improvements 

in ImpACT scores after HD-tDCS.

All obtained electrocardiograms were normal.

Discussion

Here we present evidence that extended multiple-field HD-tDCS is feasible, well tolerated 

and safe in healthy adults when it is applied daily over four brain regions for a total of 20 

sessions.
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All enrolled subjects completed the 20 stimulation sessions within the required period of 6 

weeks. Moreover, our preliminary EEG results suggest that this HD-tDCS procedure may 

induce long lasting changes in excitability in the human brain. EEG power spectrum showed 

decreased delta power in frontal areas several days after HD-tDCS sessions ended. 

Furthermore, we found a trend for correlation between decreased EEG delta power and 

individual improvements in ImpACT scores after HD-tDCS.

The maximal dose used in our study consisted of two daily cycles of stimulation for 5 

sessions. Adverse events were mild and did not differ from those reported in previous studies 

where only one brain area was stimulated daily for up to 10 sessions.

Our results are in line with previous studies that employed the standard 4 × 1 HD-tDCS set-

up (Kuo et al., 2013; Nikolin et al., 2015; Borckardt et al., 2012; Villamar et al., 2013a, b). 

Only mild and self-resolved adverse effects were reported after the end of each stimulation 

session.

TDCS dosage is defined by current dosage (measured in amperes), duration of stimulation 

and electrode montage (size and position of all electrodes). Current density (current dose 

divided by electrode size) is also an important parameter in considering dosage; especially 

for defining safety (Nitsche et al., 2007; Miranda et al., 2009). In our trial, the total dose 

multiplied with duration of stimulation applied within 6 weeks was 2,300 mA × min. In 

comparison, a traditional tDCS trial with ten 20 min long stimulation sessions at 2 mA over 

one brain region delivers a total dose of 400 mA × min which is 17.4% of the total dose we 

administered. The current density in our study was with 13.3 A/m2 (1.5mA / 1.13 cm2) also 

higher than in traditional tDCS studies which use large sponge electrodes.

The design of the stimulation parameters and length of individual sessions we chose was 

based on previously published literature. We selected a total current intensity of 1.5 mA/

session which is slightly below that used in children with childhood onset schizophrenia. In 

a study by Mattai et and colleagues (2011), 20 min long tDCS sessions were administered 

daily over a period of 2 weeks and were found to be safe and well tolerated. Intensity of 

stimulation in that study was 2 mA but only one area was stimulated.

Our decision to administer daily stimulation sessions and stimulate each network for 20 min 

is based on findings of other investigators about the duration and quality of after effects of 

tDCS. Given findings by Paulus (2011) that anodal tDCS applied for more than 26 min will 

initially cause excitation but later on will cause cortical inhibition, we chose to limit 

stimulation of each network to 20 min because we wanted to achieve depolarization over the 

stimulated cortical areas and not inhibition. On the other hand, we did not want to use 

shorter periods of stimulation because our goal was to elicit longer lasting after-effects. It is 

known from previous work that short applications (i.e., seconds to few minutes) of anodal/

cathodal tDCS result in excitability shifts during stimulation but no after-effects. In contrast, 

ten minutes or more of stimulation can elicit prolonged after-effects, which can be sustained 

for over an hour (Ardolino et al., 2005; Nitsche et al., 2000; 2008). The exact duration of 

effects depends on the targeted cortical area and on the type of variables assessed. For 

clinical purposes, longer-lasting effects are crucial.
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Single-dose tDCS interventions have relatively short-lived after-effects. However, multiple 

stimulation sessions can induce a significant manipulation in synaptic efficacy (Froc et al., 

2000; Monte-Silva et al., 2011). In fact, repeated sessions of tDCS may have cumulative 

effects associated with greater magnitude and duration of behavioral effects. For example, 

cathodal tDCS applied over 5 consecutive days is associated with cumulative motor function 

improvement lasting up to 2 weeks after the end of stimulation. This is an effect which is not 

observed when sessions are applied weekly (as opposed to daily) (Boggio et al., 2007). 

Alonzo and colleagues (Alonzo et al., 2012) also reported that daily stimulation achieves 

superior effects on synaptic plasticity than second daily stimulation. Thus, we aimed to 

perform 5 daily stimulation sessions without interruptions during each week.

It is currently unknown whether and how maximization and stabilization of the 

electrophysiologic effects of tDCS can be achieved. The optimal repetition rate and duration 

to promote tDCS-induced plasticity remains to be determined. In animal experiments, 

repetition of tDCS during the after-effects of a first stimulation session enhances efficacy 

(Bindman et al., 1964). On the other hand, repeated plasticity induction may result in 

antagonistic effects (Siebner et al., 2004).

Monte-Silva and colleagues (Monte-Silva et al., 2011) compared the effects induced by 

single sessions of cathodal tDCS over the motor cortex to the effects of repetitive stimulation 

during or after the after-effects of the first stimulation. The results showed that increasing 

cathodal tDCS duration (1 mA, with no inter-stimulation interval) resulted in longer lasting 

after-effects, typically over 1 hour (tDCS duration from 9 to 18 min prolonged the after-

effects from 60 to 90 min). Interestingly, when the second stimulation was performed during 

the after-effects of the first, a prolongation and enhancement of tDCS-induced effects for up 

to 120 min after stimulation was observed. In contrast, when the second session was 

performed 3 or 24 hours after the first, tDCS effects on cortical excitability were mixed. 

Thus, there is stimulation timing–dependent plasticity regulation in the human motor cortex. 

On the days we administered 2 cycles of HD-tDCS, we chose to allow an interval of 2 hrs 

between stimulation of each network to allow for after-effects to subside. Our finding of 

decreased delta power in the frontal EEG several days after the end of the HD-tDCS 

procedure indeed suggests that our experimental procedure was successful to induce long-

lasting changes in excitability in human brains.

Although tDCS and HD-tDCS differ in many aspects from other non-invasive 

neuromodulatory therapies in that they do not induce neuronal action potential and use weak 

electric currents, there still are safety concerns. If the materials contact the skin, skin 

irritation may occur; tissue heating may induce skin burning (Palm et al., 2008) – although 

mild redness is more likely related to local, vasodilatation skin changes rather than skin 

damage (Fregni et al., 2007). Preclinical work suggests no significant temperature increases 

for typical tDCS protocols (Datta et al., 2009; Minhas et al., 2010; Nitsche and Paulus, 

2000). TDCS has been tested in thousands of subjects worldwide with no evidence of toxic 

effects to date. A large retrospective study (Poreisz et al., 2007) reviewed adverse effects in 

77 healthy subjects and 25 patients who underwent a total of 567 1mA stimulation sessions. 

Results show that the most common effects were mild tingling sensations (75%), light 

itching sensation (30%), moderate fatigue (35%), and headache (11.8%); and most of these 
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effects did not differ from those of placebo stimulation. In another study, 164 sessions of 

stimulation were analyzed. Other studies (Boggio et al., 2007; Ferrucci et al., 2009; Fregni et 

al., 2006; Loo et al., 2009; Nitsche et al., 2003a, b; Rigonatti et al., 2008; Tadini et al., 2011) 

also reported only mild and transient side effects. The most severe adverse event ever 

reported is skin lesions on the site of electrode placement (Palm et al., 2008).

In our trial we excluded subjects with any type of disease and screened before and during the 

study for epileptiform discharges in the EEG. The appearance of epileptiform discharges 

would lead to termination of participation of that particular subject. In published literature 

emphasis is placed on excluding subjects with epilepsy from tDCS trials. However, epileptic 

seizures have not been observed in a pilot trial with patients with active epilepsy who 

received tDCS (Fregni et al., 2006) and epileptic seizures have not been a complication of 

any tDCS or HD-tDCS trial ever conducted. Thus, the risk of tDCS and HD-tDCS inducing 

a clinical seizure, subclinical seizures or inducing other EEG abnormalities remains a 

theoretical one.

Although our ultimate intention with prolonged and multifield HD-tDCS is to improve 

cognitive abilities, the possibility that we might actually compromise cognition with this 

intensive protocol was a concern and we therefore performed the ImpACT battery before 

and after completion of the 20 HD-tDCS sessions to screen for a decline in cognitive 

function. As fig. 3 shows, there is no such indication, as the individual scores in the ImpACT 

test before and after stimulation did not differ. On the contrary, our preliminary results – 

with a trend for a correlation between decreased EEG delta power and improvements in 

ImpACT scores after HD-tDCS - suggest that HD-tDCS may rather have positive cognitive 

effects.

We believe that demonstrating safety, feasibility and tolerability of this intensive protocol 

will allow exploration of neuromodulatory potential of prolonged and multifocal HD-tDCS 

or tDCS. Demonstrating safety of the protocol is essential to justify application of the 

method for prolonged periods of time to vulnerable populations (e.g. intellectual disabilities, 

neuropsychiatric disorders with cognitive consequences).

It should be acknowledged that the baseline cortical excitability may be different in children 

and in people using pharmacotherapy or presenting with neuropsychiatric disorders. Some 

single-patient studies report that tDCS can induce mania/hypomania in patients with major 

depression (Arul-Anandam et al., 2010; Baccaro et al., 2010; Brunoni et al., 2011). This 

issue is likely to interfere with the chosen dosage and may also influence the type and 

severity of adverse events. Thus, despite successful completion of this trial, great caution 

should be exercised as we move towards exploring the therapeutic potential of intensive HD-

tDCS protocols in vulnerable patient populations.
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Fig 1. Diagram of HD-tDCS stimulation protocol and timing of ancillary studies
A: left temporoparietal network; B: right temporoparietal network; C: left frontal network; 

D: right frontal network.

Turski et al. Page 15

Restor Neurol Neurosci. Author manuscript; available in PMC 2017 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 2. Diagram of stimulation principle and outline of the HD-tDCS stimulation session design. 
There were four networks applied as noted on the diagram
Networks were stimulated sequentially in the sequence left temporoparietal (20 min), right 

temporoparietal (20 min), left frontal (20 min), right frontal (20 min). Total duration of one 

full HD-tDCS cycle was 80 min. Only 1 daily cycle was applied in sessions 1–15, and 2 

daily cycles in sessions 16–20.
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Fig 3. 
ImpACT scores before and after 20 sessions of HD-tDCS, applied as outlined in figure 1 and 

table 1. Columns depict mean scores ± SD in n=5 participants. No statistically significant 

differences were detected when before and after treatment scores were compared using 

Student’s t-test.
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Fig 4. EEG power topographies
Upper panel: Changes in EEG delta power after HD-tDCS treatment. From left to right: 

average referenced EEG delta power topographies before (EEG #1) and after (EEG #4) HD-

tDCS, differences between the two, and SPM and SNPM T maps. T maps are thresholded 

for display at uncorrected p<0.05. A rainbow color scale is used for SWA, and a hot color 

scale for T values. Lower panel: Correlation between changes in EEG delta power and 

improvements in ImpACT scores after HD-tDCS. From left to right: slope of multiple 

regression between changes in EEG delta power and improvements in ImpACT scores; SPM 

and SNPM T maps; and distribution plot for the statistical peaks of correlation analysis. T 

maps are thresholded for display at uncorrected p<0.05. A rainbow color scale is used for 

regression slope values, and a hot color scale for T values.
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