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Abstract
The capacity to selectively focus on a particular speaker of interest in a complex acoustic environment with multiple persons 
speaking simultaneously—a so-called “cocktail-party” situation—is of decisive importance for human verbal communica-
tion. Here, the efficacy of single-dose transcranial direct-current stimulation (tDCS) in improving this ability was tested in 
young healthy adults (n = 24), using a spatial task that required the localization of a target word in a simulated “cocktail-
party” situation. In a sham-controlled crossover design, offline bihemispheric double-monopolar anodal tDCS was applied 
for 30 min at 1 mA over auditory regions of temporal lobe, and the participant’s performance was assessed prior to tDCS, 
immediately after tDCS, and 1 h after tDCS. A significant increase in the amount of correct localizations by on average 3.7 
percentage points (d = 1.04) was found after active, relative to sham, tDCS, with only insignificant reduction of the effect 
within 1 h after tDCS offset. Thus, the method of bihemispheric tDCS could be a promising tool for enhancement of human 
auditory attentional functions that are relevant for spatial orientation and communication in everyday life.

Keywords  Sound localization · Cocktail-party effect · Selective spatial attention · Auditory segregation · Bihemispheric 
transcranial direct-current stimulation

Introduction

Currently, increasing efforts are being made to explore 
effects of non-invasive brain stimulation (NIBS), such as 
transcranial direct-current stimulation (tDCS) and transcra-
nial magnetic stimulation (TMS), with the goal not only to 
apply these techniques in treatment and rehabilitation of 
neurological and psychiatric patients, but also preserve or 
enhance cognitive functions of healthy individuals suffer-
ing from age-related impairments. With regard to the latter 
aspect, previous studies have mainly focused on effects of 
NIBS on attention, learning, memory, reasoning, or execu-
tive functions (for review, see Perceval et al. 2016; Tatti et al. 

2016). However, little is known about the possibilities for 
enhancing auditory capacities, the decline of which is one of 
the most common health problems associated with aging. A 
few studies have used application of tDCS, a NIBS technique 
that delivers weak electrical currents to the brain via anodal 
and cathodal electrodes attached to the scalp, over auditory 
cortex in order to modulate auditory spectrotemporal analy-
sis. The results were partially inconsistent, as anodal tDCS 
was found to lead to improvement (Ladeira et al. 2011) or 
deterioration (Tang and Hammond 2013; Heimrath et al. 
2014), while cathodal tDCS always induced deterioration 
(Loui et al. 2010; Mathys et al. 2010; Ladeira et al. 2011). 
Also, anodal tDCS was shown to enhance amplitudes of 
components of the auditory event-related potential, such as 
P1 (Zaehle et al. 2011), N2 (Hanenberg et al. 2017), and 
mismatch negativity (Heimrath et al. 2015; Impey and Knott 
2015). Although previous results were far from being con-
clusive, the majority of studies thus suggested that anodal, 
rather than cathodal, tDCS may enhance auditory process-
ing. Wöstmann et al. (2018) found that online transcranial 
alternating current (tACS) at alpha (10  Hz) or gamma 
(47 Hz) frequencies over left temporo-parietal cortex modu-
lated the performance in a dichotic listening task requiring 
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participants to attend to spoken numbers presented to one 
ear, while ignoring numbers on the other ear: the recall of 
attended targets at the right ear was decreased by alpha-
tACS and was increased by gamma-tACS.

In a recent study, tDCS was employed in combination 
with a task requiring spatial analysis of an auditory scene 
composed of multiple concurrent sound sources (Lewald 
2016). This task simulated a so-called “cocktail-party” situ-
ation (Cherry 1953), in which an auditory object of inter-
est has to be extracted out of multiple irrelevant distractors. 
With some modifications, the same task has been used in 
several further studies to investigate the neural basis of audi-
tory selective spatial attention (Zündorf et al. 2011, 2013, 
2014; Lewald and Getzmann 2015; Lewald et al. 2016). In 
the initial tDCS study of Lewald (2016), bihemispheric bipo-
lar-balanced DC stimulation (cf. Brunoni et al. 2013; Nelson 
et al. 2014; Nasseri et al. 2015) was applied for 10 min at 
0.4 mA with small electrodes (3.5 cm2; Nitsche et al. 2007). 
During tDCS, there was a significant shift in localization 
of targets confined only to one hemispace when left-anode/
right-cathode tDCS was delivered over superior tempo-
ral gyri, including plana temporalia and auditory cortices 
(Lewald 2016). However, the tDCS-induced perceptual shift 
was only slight and offline effects were not demonstrable, 
such that the question of whether tDCS could be a promising 
tool to improve hearing in a “cocktail-party” situation has 
remained unanswered.

On the basis of these previous findings (Lewald 2016), the 
present study aimed to optimize tDCS parameters, in order 
to clarify whether DC stimulation could induce stronger, 
longer lasting, and bilaterally symmetrical effects on per-
formance in a “cocktail-party” task. While the target area 
of superior temporal gyrus (STG) was as in Lewald (2016), 
several modifications of tDCS application were made: First, 
anodal tDCS was used, since the literature cited above (e.g., 
Ladeira et al. 2011; Zaehle et al. 2011), though not very 
convincingly, suggested anodal, rather than cathodal, tDCS 
to induce beneficial effects on hearing functions. This cor-
responds to the classical view that anodal stimulation results 
in depolarization of the resting membrane potential of the 
cortical neurons under the electrode, thus increasing neu-
ronal excitability, while cathodal stimulation results in a 
decreased excitability, caused by hyperpolarization of the 
resting potential. These excitability changes can be stable 
more than 1 h after the offset of tDCS if its duration is suf-
ficient (Priori et al. 1998; Nitsche and Paulus 2000, 2001; 
Liebetanz et al. 2002; for review, see; Nitsche et al. 2008; 
Stagg and Nitsche 2011).

A bihemispheric double-monopolar montage of elec-
trodes (over homologous areas of both cortical hemispheres) 
was used here since several studies have suggested advan-
tages of this method compared to unihemispheric monopolar 
electrode montage (e.g., Vines et al. 2008; Klein et al. 2013; 

Lindenberg et al. 2013; Naros et al. 2016; Fiori et al. 2017). 
As the previous approaches that investigated effects of tDCS 
on “cocktail-party” sound localization using unihemispheric 
monopolar anodal (Hanenberg et al. 2017) or bihemispheric 
bipolar electrodes (Lewald 2016) resulted in relatively small 
modulation of performance, it was expected that the bihem-
ispheric double-monopolar anodal montage would induce 
larger and more consistent improvements. Furthermore, 
since the present study was focused on offline effects, the 
duration of tDCS was extended to 30 min. This was based 
on the consideration that prolonged DC stimulation dura-
tion might generally increase the duration of aftereffects, 
even though a simple linear relation of tDCS duration and 
duration of aftereffects may not exist (for review, see Kuo 
et al. 2016).

Finally, in order to stimulate larger areas surrounding 
primary auditory cortices, conventional target electrodes 
of larger size (35 cm2) were chosen, and current strength 
was only moderately increased to 1 mA to ensure safety 
and tolerability of tDCS (cf. Woods et al. 2016). The target 
electrode was centered to Heschl’s gyrus and planum tem-
porale, such that DC stimulation also covered anterior and 
posterior superior temporal areas surrounding this region. 
The posterior areas of superior temporal cortex, including 
planum temporale, were of particular interest since they 
are well-known to be part of the human auditory postero-
dorsal cortical stream. This so-called “where” pathway, 
targeting superior and inferior frontal cortices via inferior 
parietal lobule has been considered to play a crucial role in 
auditory spatial processing (e.g., Alain et al. 2001; Arnott 
et al. 2004; Ahveninen et al. 2006; Zündorf et al. 2016; for 
a recent review, see; Rauschecker 2018). The relevance of 
human posterior STG for spatial processing of single sound 
sources has also been shown by offline repetitive transcranial 
magnetic stimulation (Lewald et al. 2004a). Most impor-
tantly, there is converging evidence from several recent 
studies using “cocktail-party” sound-localization tasks in 
combination with functional magnetic resonance imaging 
(fMRI), event-related potential (ERP) recording, and voxel-
based lesion-behavior mapping (VLBM) analyses that pla-
num temporale (fMRI: Zündorf et al. 2013; VLBM: Zündorf 
et al. 2014) and posterior STG (fMRI: Zündorf et al. 2013; 
VLBM: Zündorf et al. 2014; ERP: Lewald and Getzmann 
2015) are critically involved in cortical processing of audi-
tory selective spatial attention at the temporal level.

In order to investigate effects of tDCS on auditory selec-
tive spatial attention in an experimental paradigm close to 
everyday life, four-syllable words (numerals) were used as 
stimuli, with four different words (one target and three dis-
tractors per trial) spoken simultaneously by four different 
speakers at four separate locations. Subjects had to indicate 
the location of the target word. The stimulus material was 
more complex than in previous studies applying tDCS over 
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auditory cortex, which used pure tones (Ladeira et al. 2011; 
Zaehle et al. 2011; Impey and Knott 2015; Heimrath et al. 
2015), noise (Heimrath et al. 2014), animal vocalizations 
(Lewald 2016), or one-syllable words (Hanenberg et al. 
2017). As word recognition was an essential requirement for 
the task, it may have demanded cortical functions of speech 
processing in addition to spatial and attentional functions, 
thus involving both left and right lateralized auditory net-
works that were intended to be modulated by bihemispheric 
tDCS.

As the previous literature on effects of tDCS over audi-
tory cortex was inconsistent and beneficial effects, if found 
at all, were quite small, the experimental design of the 
present study was primarily focused on the basic question 
of whether single-dose bihemispheric double-monopolar 
anodal DC stimulation is a technique suited to induce more 
substantial and longer lasting improvements of higher-order 
auditory functions than found in previous studies. It was 
hypothesized that performance in selective spatial attention, 
measured as percentage of correct localizations in the multi-
speaker “cocktail-party” task, is enhanced after tDCS.

Materials and methods

Subjects

Twenty-four subjects (12 women, 12 men; mean age 22.6, 
SE 0.7, range 18–29 years), speaking German fluently, par-
ticipated in the experiments. As directly comparable studies 
are not available, the sample size was a priori estimated, 
based on the group that received tDCS over STG in the 
study of Lewald (2016). A power analysis using G*Power 
Version 3.1.9.2 (Faul et al. 2007) was performed for a two-
tailed matched-pairs (active vs. sham tDCS) t test (α = 0.05; 
n = 24), assuming a large effect size (dz = 0.80). This analysis 
showed a sufficiently high statistical power (1 − β = 0.96).

All subjects were right-handed, as assessed by the Edin-
burgh Handedness Inventory (Oldfield 1971) and had normal 
hearing (mean hearing level ≤ 25 dB; 0.125–8 kHz; Oscilla 
USB100, Inmedico, Lystrup, Denmark). Following a sin-
gle-blinded sham-controlled crossover design, each subject 
was tested with active and sham tDCS in two sessions, with 
intervals of 6–14 days. The crossover sequence of active and 
sham tDCS was counterbalanced across participants, such 
that active-first (n = 12; 6 women; mean age 22.8, SE 1.0, 
range 19–29 years) and sham-first groups (n = 12; 6 women; 
mean age 22.3, SE 0.9, range 18–27 years) did neither differ 
in age nor sex. Subjects received course credits or were paid 
for participation. All subjects gave their written informed 
consent to participate in this study, which was approved by 
the Ethical Committee of the Leibniz Research Centre for 
Working Environment and Human Factors, Dortmund. This 

study conformed to the Code of Ethics of the World Medical 
Association (Declaration of Helsinki), printed in the British 
Medical Journal (18 July 1964).

Auditory task

In each of the two sessions (active tDCS; sham tDCS), the 
subjects’ performance was assessed at three measurement 
points in time: (1) prior to tDCS (pre-tDCS block), which 
was taken as baseline; (2) immediately after tDCS (post-
tDCS block); and (3) 1 h after tDCS (1-h post-tDCS block). 
The auditory task was a modification of that described in 
Lewald (2016). Subjects sat on a comfortable chair in a 
totally dark, anechoic and sound-proof room (for details, 
see Guski 1990), with the head stabilized by a chin rest. Four 
broad-band loudspeakers (SC 5.9, Visaton, Haan, Germany), 
located at − 30°, − 10° (to the left), 10°, and 30° azimuth 
(to the right) were used (Fig. 1). These loudspeakers were 
part of a semicircular array of 91 loudspeakers, mounted in 
front of the subject, at a distance of 1.5 m from the center 
of the subject’s head at ear level, in steps of 2° (for details, 
see Lewald et al. 2004b). In each trial, one target and three 
distractors were presented simultaneously, each sound emit-
ted by a different loudspeaker. Stimuli consisted of different 
German four-syllable numerals (duration around 1.5 s, range 
1.1–2.0 s), spoken with neutral prosody by four different 
professional actors (two women, two men). One easy-to-
remember numeral (“einhunderteins”; 101), spoken by each 
of these actors, was chosen as the target stimulus. Forty-
eight other four-syllable numerals (12 numerals spoken by 
each actor) were distracters. Recordings of spoken numerals 

Fig. 1   Experimental setup. Four stimuli (German four-syllable 
numerals) were presented simultaneously from four loudspeakers 
located at 30° and 10° to the left and right. Subjects indicated the 
location of a predefined target stimulus using a response box with 
four keys. In a dual-channel montage, two target electrodes (anodes) 
were placed over temporal cortices, return electrodes (cathodes) over 
contralateral shoulders



1542	 Experimental Brain Research (2019) 237:1539–1549

1 3

were made using a condenser vocal microphone (MCE 91, 
Beyerdynamic, Heilbronn, Germany; about 20 cm distance) 
that was combined with a microphone preamplifier (1202-
VLZ PRO, Mackie, Woodinville, USA). The recordings 
were digitized at 96 kHz sampling rate and 16-bit resolution 
via a PC-controlled soundcard (Terrasoniq TS88 PCI, Ter-
raTec Electronic, Nettetal, Germany) and stored for offline 
processing, which was performed using the software Cool 
Edit 2000 (Syntrillium Software Corporation, Phoenix, AZ, 
USA). Spoken numerals were stored in separate WAV files, 
silent parts were cut out, and waveforms were normalized 
such that peak levels were identical for all files (except atten-
uated target levels, as described below).

The four different numerals presented in each trial from 
different positions were always spoken by different voices 
and were displayed with synchronous stimulus onset. Dis-
tracters were presented at constant sound pressure levels. 
In order to have different levels of task difficulty, the target 
was presented at three signal-to-noise ratios (0 dB; − 6 dB; 
− 12 dB) with reference to the mean sound-pressure level of 
individual distracters. This range was chosen on the basis 
of pilot experiments, showing that for most subjects correct 
localization of targets attenuated by − 12 dB was hardly pos-
sible or not at all. The target positions, the voices speaking 
the target numeral, and the target attenuations were balanced 
across trials. The overall sound-pressure level of combina-
tions of target and distracters was about 58 dB(A), as was 
measured at the position of the subject’s head, using a sound 
level meter with a 1/2–in. free-field measuring microphone 
(Types 2226 and 4175, Brüel & Kjær, Nærum, Denmark).

Each block of the auditory task comprised 240 trials (4 
target positions × 4 target voices × 3 target attenuations × 5 
distractor combinations) that were presented in a fixed quasi-
random order. As in previous studies (see, e.g., Lewald 
2016), a spatial four-alternative forced-choice method was 
chosen as the psychophysical method to assess localization 
performance. The subjects were informed that the target 
numeral was always presented in combination with three 
irrelevant numerals and that there were four possible posi-
tions of the target (slightly to the left; farther to the left; 
slightly to the right; farther to the right). According to these 
alternatives, the subjects were instructed to indicate the tar-
get position by pressing one out of four response keys on a 
response box within about 1 s after each stimulus presen-
tation. The response keys were arranged in a semicircular 
manner, corresponding to the four possible positions of the 
target (Fig. 1). Subjects were instructed to respond in each 
trial, without omissions, and were encouraged to guess when 
they were unsure about the correct position. Each trial lasted 
3.75 s, thus resulting in an overall duration of the block of 
15 min plus repetitions of omitted trials. Trials with response 
times > 2.7 s with reference to stimulus onset were defined 
as omissions. Omitted trials were automatically repeated 

after 120 trials and at the end of each block until the com-
plete set of responses was recorded. Usually, there were no 
or very few repetitions, extending the overall duration of the 
block only insignificantly. Prior to the experiment, subjects 
had to complete a few practice trials until they were famil-
iarized with the task. No feedback was given to the subjects 
about their performance. The timing of the auditory stimuli 
and the recording of the subjects’ responses were controlled 
by custom-written software.

During tDCS and in the break between post-tDCS and 1-h 
post-tDCS blocks, participants remained passively sitting on 
the chair in the silent anechoic room. To prevent drowsiness 
during the tDCS phase, the room was illuminated and the 
subjects had to read a text of their own choice on paper or 
tablet/notebook screen. All preparations for tDCS applica-
tion were completed prior to the first block of the auditory 
task such that the subsequent tDCS phase was usually begun 
without delay, except a few cases where the impedance of 
the DC electrodes (see below) had to be further reduced 
before starting stimulation.

Transcranial direct‑current stimulation

In a dual-channel electrode montage, bihemispheric double-
monopolar anodal tDCS (cf. Nasseri et al. 2015) was applied 
using two Eldith DC stimulators (neuroConn, Ilmenau, Ger-
many) connected to four conductive carbon–rubber DC elec-
trodes. Target electrodes were two anodes (5 × 7 cm2), each 
connected to a separate DC stimulator, which were placed 
symmetrically over temporal cortices of both hemispheres. 
Return electrodes were two cathodes (7 × 14 cm2) that were 
positioned over the shoulders, each on the side contralateral 
to the anode that was connected to the same DC stimula-
tor. The left target electrode was centered to the midpoint 
between C5 and T7 locations and the right target electrode 
was centered to the midpoint between C6 and T8 locations 
of the 10–10 EEG international electrode placement system 
(Talairach coordinates x = − 83, y = − 16, z = 8 and x = 84, 
y = − 16, z = 8). Thus, the center of the rectangular target 
electrode was located over the posterior superior temporal 
region around planum temporale and auditory cortex. The 
corner points of the electrodes approximately corresponded 
to FC5/6, CP5/6, FT7/8, and TP7/8 locations, covering 
adjacent anterior temporal, frontal, and parietal regions 
in addition. The electrodes were placed under a standard 
EEG head cap, which was worn throughout the whole ses-
sion. Electrodes were encased in saline-soaked sponges. 
In addition, a mixture of Ten20 Conductive Paste (Weaver 
and Company, Aurora, CO, USA) and lidocaine/prilocaine 
(2.5%/2.5%) topical anesthetic cream (Emla Creme, Astra-
Zeneca, Wedel, Germany) was applied to the scalp under 
the electrodes. Topical anesthetic cream has been shown 
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to significantly reduce cutaneous sensations elicited by DC 
stimulation (Nitsche et al. 2008; McFadden et al. 2011).

At each target electrode, anodal tDCS was simultane-
ously applied for 32 min, including a 30-min plateau phase 
at a current strength of 1 mA (resulting in current densities 
of 0.03 mA/cm2 under the target electrodes and 0.01 mA/
cm2 under the return electrodes) and linear 60 s ramp-up/
ramp-down phases. Sham stimulation consisted of a 32 min 
period that started with a 2.5-min phase of anodal tDCS 
(60-s ramp-up phase, 30-s plateau phase at 1 mA, 60-s 
ramp-down phase), without further application of tDCS. The 
impedance was controlled by the DC stimulator (impedance 
limit 20 kΩ).

Participants were informed that they would receive DC 
stimulation in each session, but did not receive any informa-
tion about the duration of the application. That is, before 
and during the experiment, subjects were not aware of the 
existence of a sham condition. For the sham-tDCS proce-
dure used here, several studies have shown that participants 
experience the sensations associated with current onset or 
offset, while cortical excitability changes from sustained DC 
are minimized due to its brief duration. When questioned, 
participants were unable to correctly identify whether the 
tDCS was active or sham in these studies (Kessler et al. 
2012; Palm et al. 2013; Russo et al. 2013; Tang et al. 2016). 
As assessed by a short questionnaire after the experiment, 20 
subjects (83.3%) of the present study reported experience of 
sensations of DC stimulation (slight burning, tingling, and 
itching under the electrodes) in conditions of both active and 
sham tDCS, 2 subjects (8.3%) reported no sensations at all, 
and 2 further subjects (8.3%) reported sensations of tDCS 
with active, but not sham, stimulation. There was no sig-
nificant difference in frequency of occurrence of sensations 
between active and sham tDCS (McNemar test, p = 0.5). The 
proportion of subjects who correctly reported the sequence 
of stimulation conditions (either correct guess of active and 
sham tDCS or longer duration of sensations of tDCS in 
active, than sham, conditions) was at chance level (n = 12, 
50%; binomial test, p = 1). No subject reported any serious 
discomfort during tDCS.

Data analysis

For the main analysis, the percentages of correct responses 
were transformed into rationalized arcsine units (RAUs; 
Studebaker 1985; Sherbecoe and Studebaker 2004). RAUs 
and percent-correct scores are nearly identical in the range 
between 20 and 80%, but have a greater range than the cor-
responding percent-correct scores for more extreme values. 
Thus, the variance of RAU values is more uniform than 
that of percent-correct scores. RAU values were normal-
ized with reference to the pre-tDCS block (baseline); that is, 

data obtained in the pre-tDCS block were subtracted from 
post-tDCS and 1-h post-tDCS data.

Data were pooled across the two eccentric positions on 
each side. The pre-normalized RAU values were subjected 
to a five-factor repeated-measures ANOVA with the within-
subject factors stimulation (active; sham), block (post; 1-h 
post), target attenuation (− 12 dB; − 6 dB; 0 dB), and hemi-
space (left; right) and the between-subjects factor crosso-
ver sequence of sessions (active prior to sham tDCS; sham 
prior to active tDCS). Post hoc t tests were applied to reveal 
effects in detail. Two-tailed testing was used in all analyses. 
If appropriate, Bonferroni-corrected α-levels were used to 
determine statistical significance.

Results

In the pre-tDCS block (baseline), the percentage of cor-
rect responses across all conditions was, on average, clearly 
above chance level (mean 68.2%, SE 2.8; t[23] = 15.39, 
p < 0.0001; Fig. 2a, b). However, the range of individual 
pre-tDCS performance was extremely wide, ranging from 
34.2 to 95.0%. On the one hand, there was no significant 
difference in pre-tDCS performance between sessions with 
active (mean 66.9%, SE 3.6) and sham tDCS (mean 69.5%, 
SE 3.1; t[23] = 0.72, p = 0.48). On the other hand, mean pre-
tDCS performance increased significantly from session 1 
(56.4%, SE 3.3) to session 2 (68.2%, SE 3.4; t[23] = 7.65, 
p < 0.0001). An initial inspection of the non-normalized data 
using a three-factor ANOVA with the within-subjects factor 
block (pre; post; 1-h post) and session (first session; second 
session), and the between-subjects factor crossover sequence 
(session with active tDCS prior to sham tDCS; session with 
sham tDCS prior to active tDCS) revealed strong main 
effects of session (F[1,22] = 77.09, p < 0.0001, ηp

2 = 0.78) 
and block (F[2,44] = 18.93, p < 0.0001, ηp

2 = 0.46), as well as 
interactions of session × block (F[2,44] = 15.66, p < 0.0001, 
ηp

2 = 0.42), block × crossover sequence (F[2,44] = 4.82, 
p = 0.013, ηp

2 = 0.18), and session × block × crossover 
sequence (F[2,44] = 4.55, p < 0.016, ηp

2 = 0.17). In sum, 
these results indicated generally increasing performance as 
a function of time between first and second sessions (not 
shown) and between first and second blocks (Fig. 2a, b), 
independent of potential effects of tDCS, while the absence 
of a main effect of crossover sequence (F[1,22] = 0.12, 
p = 0.73, ηp

2 = 0.01) provided evidence for equality of cross-
over groups across all conditions.

For the main analysis, the percentages of correct 
responses were transformed into RAU values and normal-
ized with reference to pre-tDCS performance (Fig. 2c, d), as 
described above (see “Data analysis”). Figure 3 shows the 
pre-normalized performance (pooled across groups) for the 
comparison of active vs. sham tDCS (Fig. 3a) and separated 
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according to condition of stimulation, block, and hemispace 
of target presentation (Fig. 3b, c). The pre-normalized RAU 
values were submitted to a five-factor repeated-measures 
ANOVA with the within-subject factors stimulation (active; 
sham), block (post; 1-h post), target attenuation (− 12 dB; 
− 6 dB; 0 dB), and hemispace (left; right) and the between-
subjects factor crossover sequence (active prior to sham 
tDCS; sham prior to active tDCS). The ANOVA revealed 
a main effect of stimulation (F[1,22] = 5.91, p = 0.024, 

ηp
2 = 0.21), indicating better performance after active 

tDCS than after sham tDCS. The mean difference between 
conditions of stimulations was 3.7 RAU (SE 1.5), corre-
sponding to 3.7% (SE 1.4; Fig. 3a). Also, there was a main 
effect of crossover sequence (F[1,22] = 6.88, p = 0.016, 
ηp

2 = 0.23) and interactions of stimulation × crossover 
sequence (F[1,22] = 23.47, p = 0.0001, ηp

2 = 0.52) and tar-
get attenuation × crossover sequence (F[2,44] = 3.32, 
p = 0.045, ηp

2 = 0.13). Finally, a fourfold interaction 

Fig. 2   Effect of bihemispheric double-monopolar anodal tDCS on 
sound-localization performance in a simulated “cocktail-party” situ-
ation. Percentages of correct responses obtained in active (a) and 
sham-tDCS conditions (b) prior to tDCS (pre-tDCS), immediately 
after tDCS (post-tDCS), and 1  h after tDCS (1-h post-tDCS). Pre-

normalized performances resulting from data transformed into ration-
alized arcsine units (RAU values) for post-tDCS and 1-h post-tDCS 
blocks in active (c) and sham-tDCS conditions (d). Symbols and 
bold lines indicate mean values for all subjects (error bars, standard 
errors); thin lines indicate individual results

Fig. 3   Pre-normalized performances after active and sham tDCS. a Mean performances across blocks and conditions of auditory stimulation. b, 
c Data shown separately for post-tDCS and 1-h post-tDCS blocks and for targets to the left (b) and right (c). *p < 0.05; error bars, standard errors
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of stimulation × block × target attenuation × hemispace 
(F[2,44] = 5.52, p = 0.007, ηp

2 = 0.20) was found. There were 
no further main effects or interactions (all F ≤ 2.86, p ≥ 0.07, 
ηp

2 ≤ 0.12).
In order to dissolve the interaction involving the factors 

stimulation, block, hemispace, and target attenuation, three 
post hoc ANOVAs with the within-subject factors stimula-
tion, block, and hemispace were conducted separately for 
each target attenuation. A significant result was found for the 
medium target attenuation of − 6 dB: a threefold interaction 
of all factors (F[1,23] = 8.77, p = 0.007, ηp

2 = 0.28; Bonfer-
roni-corrected α = 0.0167), but no further main effects or 
interactions (all F ≤ 2.68, p ≥ 0.12, ηp

2 ≤ 0.10). Subsequent 
post hoc t tests comparing active and sham tDCS separately 
for each block and each hemispace for − 6 dB target attenu-
ation showed merely a trend of an effect of tDCS for tar-
gets in left hemispace in the post-tDCS block (t[23] = 2.28, 
p = 0.03), which did not survive Bonferroni correction 
(α = 0.0125). Thus, the question of how the effect of tDCS 
depended on the factors block and hemispace remained 
largely unanswered.

The effects including the factor crossover sequence were 
further examined by post hoc testing. Across both condi-
tions of stimulation, there was a general trend of stronger 
improvement with reference to baseline in the first, than in 
the second, session (t[23] = 4.40, p = 0.0002). Statistical 
comparisons of active-first vs. sham-first groups were com-
puted separately for the first and the second session. For 
data obtained in the first session, the group that received 
active tDCS showed a significantly stronger improvement 
than the group that received sham tDCS (mean difference 
8.5 RAU, SE 2.7; t[22] = 3.11, p = 0.005; Bonferroni-cor-
rected α = 0.025), thus confirming the effect of tDCS that 
was demonstrated by the analysis of the complete data set, 
as described above. On the other hand, a related analysis 
of the data obtained in the second session failed to reveal 
significant differences between active-tDCS and sham-tDCS 
groups (mean difference 1.1 RAU, SE 2.0; t[22] = 0.56, 
p = 0.58; Bonferroni-corrected α = 0.025).

Since the range of individual pre-tDCS (baseline) perfor-
mance was wide (see above), it was furthermore examined 
whether the efficacy of tDCS depended on baseline per-
formance. The difference of pre-normalized performances 
obtained with active minus sham tDCS was taken as a meas-
ure of improvement by tDCS, and the Spearman rank cor-
relation between the resulting values and non-normalized 
pre-tDCS performance was calculated. This analysis did 
not reveal a significant result (rS[22] = − 0.23, p = 0.27), 
thus suggesting that the improvement induced by tDCS was 
largely independent of pre-tDCS performance.

Finally, the difference of pre-normalized performances 
obtained with active minus sham tDCS was compared 
between the group of subjects who correctly guessed the 

sequence of stimulation conditions and those who were 
wrong (each group n = 12; see “Data analysis”). The result 
of this analysis was far from being significant (t[22] = 0.61, 
p = 0.55), indicating that the experience of active, compared 
with sham, tDCS was not a confounding variable in this 
study.

Discussion

Offline bihemispheric double-monopolar anodal tDCS 
applied for 30 min at 1 mA over the region of posterior 
STG, including plana temporalia and auditory cortices, sig-
nificantly improved the performance in localizing a target 
speaker in a simulated “cocktail-party” situation. The effect 
size of the main effect of stimulation was found to be large 
(equal to Cohen’s d = 1.04), indicating an average increase 
in correct responses by 3.7% after active, relative to sham, 
tDCS. There was merely a non-significant tendency that 
effects were most pronounced for targets in left hemispace 
immediately after tDCS, but no clear statistical evidence of 
a significant bilateral asymmetry of the effect or disappear-
ance within 1 h after tDCS offset. The results generally con-
firm recent studies that reported online effects of either tDCS 
(Lewald 2016) or tACS (Wöstmann et al. 2018) over tempo-
ral/temporoparietal cortex on auditory spatial attention, but 
extend these findings by demonstrating substantial offline 
improvement of performance. Thus, it seems reasonable to 
assume that bihemispheric anodal tDCS could be a promis-
ing tool to enhance human auditory attentional functions 
that are relevant for hearing in “cocktail-party” situations.

The traditional model of tDCS, derived from the motor 
system, assumes that the depolarizing effects of anodal 
stimulation on the neuronal resting potentials resulted in 
enhanced cortical excitability that remained stable after 
tDCS offset (for review, see Nitsche et al. 2008; Stagg and 
Nitsche 2011). Following this view, the long-lasting post-
stimulation improvement in performance observed here 
might have been caused by increased excitability of the 
auditory network involved in selective spatial attention in 
a multispeaker environment. Currently, still little is known 
about the neural mechanisms mediating this capability at the 
level of auditory cortex and planum temporale, and almost 
nothing about the potential effects of tDCS on these mecha-
nisms (see Lewald 2016). It is assumed that sound location 
is encoded by an opponent-channel population-code, which 
involves two opponent channels consisting of two popula-
tions of neurons in left and right hemispheres that are tuned 
to sound locations in contralateral hemispaces (so-called 
“opponent-channel model”; Woods et al. 2006; von Krieg-
stein et al. 2008; Werner-Reiss and Groh 2008; Miller and 
Recanzone 2009; Magezi and Krumbholz 2010; Salminen 
et al. 2010; Zhang et al. 2015; for review, see Salminen et al. 
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2012). Correlates of opponent-channel location coding have 
been identified in human planum temporale (Derey et al. 
2016), which was also suggested to be a key region involved 
in selective spatial attention (Zündorf et al. 2013, 2014). In 
the cat auditory cortex, it has been shown that the neuronal 
spatial tuning can be sharpened depending on task condi-
tions, and it has been suggested that this sharpening reflects 
mainly an increase in inhibitory mechanisms (Lee and Mid-
dlebrooks 2011). Recently, task-dependent modulations of 
spatial sensitivity have been also demonstrated in human 
primary auditory cortex (Van der Heijden et al. 2018). As 
cortical spatial sensitivity has been shown to be dynamic, 
one may thus speculate that the improved behavioral perfor-
mance found in the present study after tDCS was related to 
a sharpening of spatial tuning of the neuronal populations 
in auditory cortex/planum temporale by DC stimulation. 
More specifically, it is possible that tDCS caused increased 
suppression of distractor sources, such that spatial tuning 
to the target source was sharpened. Based on results show-
ing effects of cathodal tDCS on visual motion perception 
in the presence of multiple distractors, Antal et al. (2004) 
also assumed that in a complex task, when neuronal patterns 
encoding concurrent distractors are activated in addition to 
the patterns encoding the target stimulus, DC stimulation 
could suppress the distractor, rather than the target, patterns, 
thus resulting in a neuronal activity being more focused on 
the target. At the first glance, the model of anodal-excita-
tion and cathodal-inhibition effects might argue against 
this explanation of the present results. However, as already 
outlined above (see “Introduction”), previous studies using 
tDCS over auditory cortex have led to inconclusive results 
regarding polarity-specific effects of DC stimulation, rather 
arguing against a clear-cut anodal-excitation/cathodal-inhi-
bition dichotomy in this domain (Tang and Hammond 2013; 
Loui et al. 2010; Mathys et al. 2010; Ladeira et al. 2011; 
Lewald 2016; cf. also; Jacobson et al. 2012). Also, it has 
been assumed that suppression of irrelevant information 
generally involves mechanisms of depression of activity via 
inhibitory cortical interneurons (e.g., Gazzaley et al. 2005). 
Therefore, it seems conceivable that in the present study 
the anodal tDCS specifically increased the excitability of 
inhibitory interneurons that are necessary for the sharpening 
of spatial tuning by suppression of irrelevant sound sources, 
thus facilitating effects of selective attention.

An important limitation that has to be considered when 
interpreting these results is that reliable conclusions about 
the brain area that was relevant for the effect shown cannot 
be drawn. Although current density may have been maximal 
in the areas located directly under the electrodes, namely 
auditory cortices and plana temporalia, DC stimulation 
could have also affected temporal, insular, parietal, and fron-
tal areas adjacent to this region, due to the relatively large 
size of the DC electrodes used, as well as more distant areas 

by electrical conduction via the cerebrospinal fluid (Wagner 
et al. 2014). In addition to direct functional effects of tDCS, 
remote effects of tDCS are also possible, that is, modulations 
of functional interactions via long-range intra- and inter-
hemispheric cortico-cortical and cortico-subcortical connec-
tions of the target area (Baudewig et al. 2001; Lang et al. 
2005; Stagg et al. 2009, 2013; Zheng et al. 2011). Thus, even 
though the conclusion that tDCS modulated the neuronal 
excitability in the postero-dorsal stream, namely planum 
temporale, might be highly plausible, it must be treated with 
maximum caution. This issue has to be clarified by future 
studies combining tDCS with neuroimaging techniques. In 
this context, it has also to be noted that DC stimulation of 
STG areas anterior to the primary auditory cortex could be 
of benefit for selective spatial attention. These areas are part 
of the auditory antero-ventral (“what”) stream, which targets 
inferior frontal cortex and is assumed to preferentially pro-
cess non-spatial (spectrotemporal) sound features. Locali-
zation of a sound source of interest in a “cocktail-party” 
situation necessarily requires its identification and segrega-
tion from distractors by spectrotemporal analyses, in addi-
tion to genuine spatial mechanisms supporting organization 
of the concurrent sound sources into separate streams and 
focusing of selective attention onto the target source. Thus, 
it is possible that tDCS-induced improvement of non-spatial 
auditory processing, as has been demonstrated with anodal 
DC stimulation at the behavioral (Ladeira et al. 2011) and 
electrophysiological levels (Zaehle et al. 2011; Heimrath 
et al. 2015; Impey and Knott 2015; Hanenberg et al. 2017; 
see above), was a factor in the outcome of this study.

A further point that needs to be discussed is the unexpect-
edly strong effect of crossover sequence, which obviously 
superimposed the effect of tDCS. As the interval between 
sessions was sufficiently long (≥ 6 days), the occurrence of 
carry-over effects of single-dose tDCS (i.e., effects of active 
tDCS applied in the first session on the subject’s perfor-
mance assessed in the second session with sham tDCS) may 
be unlikely (cf. Monte-Silva et al. 2013). Rather, carry-over 
effects of familiarization with the task, resulting in stronger 
improvements in the second, than in the first, session, may 
have played a substantial role, even though no feedback 
about correct responses was given. Retrospectively, a crosso-
ver design, as used here, thus might not have been optimal, 
and a parallel-group design should rather be used in future 
studies.

Finally, a limitation of this study was that only anodal 
tDCS was applied with active stimulation. It still remains 
to be clarified whether or not bihemispheric cathodal tDCS 
can induce deterioration of performance in the task used 
here, as was suggested by previous research (cf. Lewald 
2016). An additional issue is that, although the common 
procedure for sham tDCS was used here and participants 
could obviously not distinguish between conditions of 
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tDCS, active stimulation might have induced longer last-
ing or more intense sensations compared with sham stimu-
lation (Palm et al. 2013). Whether or not this potential 
difference in experience of tDCS had any impact on the 
present results is not completely clear. Alternatively, fol-
low-up studies could use off-target tDCS instead of sham 
tDCS as a control condition (cf. Lewald 2016).

In conclusion, these results provided convincing evi-
dence of a beneficial effect of bihemispheric anodal tDCS 
on selective spatial attention in a “cocktail-party” situation 
already after a single-dose application. However, further 
questions have been raised. Several studies have demon-
strated that repeated (mostly daily) application of tDCS 
over multiple sessions can lead to long-lasting behavioral 
effects, based on processes of long-term cortical plasticity 
induced by DC stimulation (e.g., Boggio et al. 2007, 2008; 
Monte-Silva et al. 2010, 2013; Fricke et al. 2011; Meinzer 
et al. 2014; for review, see; Huang et al. 2017). Thus, one 
may expect that cumulative effects of repeated tDCS could 
occur in approaches such as that of the present study. Also, 
it is noteworthy that in the offline protocol used here 
tDCS was applied while subjects did not perform any task 
requiring auditory attention. There is some evidence that 
cognitive tasks performed during tDCS could additionally 
increase the effect of DC stimulation (Martin et al. 2013), 
and it has been suggested that the combination of anodal 
tDCS with task execution could act like a co-activation 
of a specific network, thus inducing Hebbian-like plas-
ticity (Miniussi et al. 2013). Follow-up studies will have 
to clarify whether or not the offline effect demonstrated 
here can be further enhanced, when a “cocktail-party” task 
is executed during tDCS application. Finally, it must be 
noted that age could be a factor affecting the efficacy of 
tDCS in cognitive tasks. There are reports indicating that 
tDCS can be more efficient in elderly, than in younger, 
persons (Meinzer et al. 2013, 2014; Fiori et al. 2017). As 
the effect shown here was found in young healthy subjects, 
the question arises whether older people, frequently suffer-
ing from deficits in selective auditory spatial attention (cf. 
Lewald and Hausmann 2013), can benefit even more from 
DC stimulation. This issue, which needs further clarifica-
tion, might be promising with respect to the potential use 
of tDCS in compensating for the age-related decline of 
auditory cognitive functions.

Acknowledgements  The author wishes to thank Anna Aust and Emily 
Eckhardt for data collection, Alina Shamayeva and Michael-Christian 
Schlüter for help in running the experiments, and Peter Dillmann for 
preparing the software and parts of the electronic equipment. This 
work was supported by the German Federal Ministry of Education 
and Research in the framework of the TRAIN-STIM project (Grant 
number 01GQ1424E).

Compliance with ethical standards 

Conflict of interest  The author declares that he has no conflict of inter-
est.

References

Ahveninen J, Jääskeläinen IP, Raij T, Bonmassar G, Devore S, 
Hämäläinen M, Levänen S, Lin FH, Sams M, Shinn-Cunningham 
BG, Witzel T, Belliveau JW (2006) Task-modulated “what” and 
“where” pathways in human auditory cortex. Proc Natl Acad Sci 
USA 103:14608–14613

Alain C, Arnott SR, Hevenor S, Graham S, Grady CL (2001) ‘What’ 
and ‘where’ in the human auditory system. Proc Natl Acad Sci 
USA 98:12301–12306

Antal A, Nitsche MA, Kruse W, Kincses TZ, Hoffmann K-P, Paulus W 
(2004) Direct current stimulation over V5 enhances visuomotor 
coordination by improving motion perception in humans. J Cogn 
Neurosci 16:521–527

Arnott SR, Binns MA, Grady CL, Alain C (2004) Assessing the audi-
tory dual-pathway model in humans. NeuroImage 22:401–408

Baudewig J, Nitsche MA, Paulus W, Frahm J (2001) Regional modu-
lation of BOLD MRI responses to human sensorimotor activa-
tion by transcranial direct current stimulation. Magn Res Med 
45:196–201

Boggio PS, Nunes A, Rigonatti SP, Nitsche MA, Pascual-Leone A, 
Fregni F (2007) Repeated sessions of noninvasive brain DC stimu-
lation is associated with motor function improvement in stroke 
patients. Restor Neurol Neurosci 25:123–129

Boggio PS, Rigonatti SP, Ribeiro RB, Myczkowski ML, Nitsche MA, 
Pascual-Leone A, Fregni F (2008) A randomized, double-blind 
clinical trial on the efficacy of cortical direct current stimulation 
for the treatment of major depression. Int J Neuropsychopharma-
col 11:249–254

Brunoni AR, Zanao TA, Ferrucci R, Priori A, Valiengo L, de Oliveira 
JF, Boggio PS, Lotufo PA, Benseñor IM, Fregni F (2013) Bifron-
tal tDCS prevents implicit learning acquisition in antidepressant-
free patients with major depressive disorder. Prog Neuropsychop-
harmacol Biol Psychiatry 43:146–150

Cherry E (1953) Some experiments on the recognition of speech with 
one and with two ears. J Acoust Soc Am 25:975–979

Derey K, Valente G, de Gelder B, Formisano E (2016) Opponent cod-
ing of sound location (azimuth) in planum temporale is robust to 
sound-level variations. Cereb Cortex 26:450–464

Faul F, Erdfelder E, Lang AG, Buchner A (2007) G*Power 3: a flexible 
statistical power analysis program for the social, behavioral, and 
biomedical sciences. Behav Res Methods 39:175–191

Fiori V, Nitsche M, Iasevoli L, Cucuzza G, Caltagirone C, Marangolo 
P (2017) Differential effects of bihemispheric and unihemispheric 
transcranial direct current stimulation in young and elderly adults 
in verbal learning. Behav Brain Res 321:170–175

Fricke K, Seeber AA, Thirugnanasambandam N, Paulus W, Nitsche 
MA, Rothwell JC (2011) Time course of the induction of home-
ostatic plasticity generated by repeated transcranial direct cur-
rent stimulation of the human motor cortex. J Neurophysiol 
105:1141–1149

Gazzaley A, Cooney JW, Rissman J, D’Esposito M (2005) Top-down 
suppression deficit underlies working memory impairment in nor-
mal aging. Nat Neurosci 8:1298–1300

Guski R (1990) Auditory localization: effects of reflecting surfaces. 
Perception 19:819–830

Hanenberg C, Getzmann S, Lewald J (2017) Can DC stimulation 
enhance selective auditory spatial attention in cocktail-party 



1548	 Experimental Brain Research (2019) 237:1539–1549

1 3

situations? A combined tDCS, ERP and psychophysics study. 
Neuroforum 23(Suppl):T24-4A

van der Heijden K, Rauschecker JP, Formisano E, Valente G, de Gelder 
B (2018) Active sound localization sharpens spatial tuning in 
human primary auditory cortex. J Neurosci 38:8574–8587

Heimrath K, Breitling C, Krauel K, Heinze H-J, Zaehle T (2015) 
Modulation of pre-attentive spectro-temporal feature process-
ing in the human auditory system by HD-tDCS. Eur J Neurosci 
41:1580–1586

Heimrath K, Kuehne M, Heinze H-J, Zaehle T (2014) Transcranial 
direct current stimulation (tDCS) traces the predominance of the 
left auditory cortex for processing of rapidly changing acoustic 
information. Neuroscience 261:68–73

Huang YZ, Lu MK, Antal A, Classen J, Nitsche M, Ziemann U, Rid-
ding M, Hamada M, Ugawa Y, Jaberzadeh S, Suppa A, Paulus 
W, Rothwell J (2017) Plasticity induced by non-invasive tran-
scranial brain stimulation: a position paper. Clin Neurophysiol 
128:2318–2329

Impey D, Knott V (2015) Effect of transcranial direct current stimula-
tion (tDCS) on MMN-indexed auditory discrimination: a pilot 
study. J Neural Transm 122:1175–1185

Jacobson L, Koslowsky M, Lavidor M (2012) tDCS polarity effects 
in motor and cognitive domains: a meta-analytical review. Exp 
Brain Res 216:1–10

Kessler SK, Turkeltaub PE, Benson JG, Hamilton RH (2012) Differ-
ences in the experience of active and sham transcranial direct 
current stimulation. Brain Stimul 5:155–162

Klein E, Mann A, Huber S, Bloechle J, Willmes K, Karim AA, Nuerk 
H-C, Moeller K (2013) Bilateral bi-cephalic tDCS with two active 
electrodes of the same polarity modulates bilateral cognitive pro-
cesses differentially. PLoS One 8:e71607

von Kriegstein K, Griffiths TD, Thompson SK, McAlpine D (2008) 
Responses to interaural time delay in human cortex. J Neuro-
physiol 100:2712–2718

Kuo M-F, Polanía R, Nitsche M (2016) Physiology of transcranial 
direct and alternating current stimulation. In: Brunoni A, Nitsche 
M, Loo C (eds) Transcranial direct current stimulation in neu-
ropsychiatric disorders: clinical principles and management. 
Springer, Basel

Ladeira A, Fregni F, Campanhã C, Valasek CA, De Ridder D, Brunoni 
AR, Boggio PS (2011) Polarity-dependent transcranial direct cur-
rent stimulation effects on central auditory processing. PLoS One 
6:e25399

Lang N, Siebner HR, Ward NS, Lee L, Nitsche MA, Paulus W, Roth-
well JC, Lemon RN, Frackowiak RS (2005) How does transcra-
nial DC stimulation of the primary motor cortex alter regional 
neuronal activity in the human brain? Eur J Neurosci 22:495–504

Lee CC, Middlebrooks JC (2011) Auditory cortex spatial sensitivity 
sharpens during task performance. Nat Neurosci 14:108–114

Lewald J (2016) Modulation of human auditory spatial scene analy-
sis by transcranial direct current stimulation. Neuropsychologia 
84:282–293

Lewald J, Getzmann S (2015) Electrophysiological correlates of cock-
tail-party listening. Behav Brain Res 292:157–166

Lewald J, Hanenberg C, Getzmann S (2016) Brain correlates of the 
orientation of auditory spatial attention onto speaker location in a 
“cocktail-party” situation. Psychophysiology 53:1484–1495

Lewald J, Hausmann M (2013) Effects of sex and age on auditory 
spatial scene analysis. Hear Res 299:46–52

Lewald J, Meister IG, Weidemann J, Töpper R (2004a) Involvement 
of the superior temporal cortex and the occipital cortex in spatial 
hearing: evidence from repetitive transcranial magnetic stimula-
tion. J Cogn Neurosci 16:828–838

Lewald J, Wienemann M, Boroojerdi B (2004b) Shift in sound locali-
zation induced by rTMS of the posterior parietal lobe. Neuropsy-
chologia 42:1598–1607

Liebetanz D, Nitsche MA, Tergau F, Paulus W (2002) Pharmacologi-
cal approach to the mechanisms of transcranial DC-stimulation-
induced after-effects of human motor cortex excitability. Brain 
125:2238–2247

Lindenberg R, Nachtigall L, Meinzer M, Sieg MM, Flöel A (2013) 
Differential effects of dual and unihemispheric motor cortex 
stimulation in older adults. J Neurosci 33:9176–9183

Loui P, Hohmann A, Schlaug G (2010) Inducing disorders in pitch 
perception and production: a reverse-engineering approach. 
Proc Meet Acoust 9:50002

Magezi DA, Krumbholz K (2010) Evidence for opponent-channel 
coding of interaural time differences in human auditory cortex. 
J Neurophysiol 104:1997–2007

Martin DM, Liu R, Alonzo A, Green M, Player MJ, Sachdev P, Loo 
CK (2013) Can transcranial direct current stimulation enhance 
outcomes from cognitive training? A randomized controlled 
trial in healthy participants. Int J Neuropsychopharmacol 
16:1927–1936

Mathys C, Loui P, Zheng X, Schlaug G (2010) Non-invasive brain 
stimulation applied to Heschl’s gyrus modulates pitch discrimina-
tion. Front Psychol 1:193

McFadden JL, Borckardt JJ, George MS, Beam W (2011) Reducing 
procedural pain and discomfort associated with transcranial direct 
current stimulation. Brain Stimul 4:38–42

Meinzer M, Jähnigen S, Copland DA, Darkow R, Grittner U, Avirame 
K, Rodriguez AD, Lindenberg R, Flöel A (2014) Transcranial 
direct current stimulation over multiple days improves learning 
and maintenance of a novel vocabulary. Cortex 50:137–147

Meinzer M, Lindenberg R, Antonenko D, Flaisch T, Flöel A (2013) 
Anodal transcranial direct current stimulation temporarily reverses 
age-associated cognitive decline and functional brain activity 
changes. J Neurosci 33:12470–12478

Miller LM, Recanzone GH (2009) Populations of auditory cortical 
neurons can accurately encode acoustic space across stimulus 
intensity. Proc Natl Acad Sci USA 106:5931–5935

Miniussi C, Harris JA, Ruzzoli M (2013) Modelling non-invasive brain 
stimulation in cognitive neuroscience. Neurosci Biobehav Rev 
37:1702–1712

Monte-Silva K, Kuo MF, Hessenthaler S, Fresnoza S, Liebetanz D, 
Paulus W, Nitsche MA (2013) Induction of late LTP-like plasticity 
in the human motor cortex by repeated non-invasive brain stimula-
tion. Brain Stimul 6:424–432

Monte-Silva K, Kuo M-F, Liebetanz D, Paulus W, Nitsche MA (2010) 
Shaping the optimal repetition interval for cathodal transcranial 
direct current stimulation (tDCS). J Neurophysiol 103:1735–1740

Naros G, Geyer M, Koch S, Mayr L, Ellinger T, Grimm F, Gharabaghi 
A (2016) Enhanced motor learning with bilateral transcranial 
direct current stimulation: impact of polarity or current flow direc-
tion? Clin Neurophysiol 127:2119–2126

Nasseri P, Nitsche MA, Ekhtiari H (2015) A framework for categoriz-
ing electrode montages in transcranial direct current stimulation. 
Front Hum Neurosci 9:54

Nelson JT, McKinley R, Golob EJ, Warm JS, Parasuraman R (2014) 
Enhancing vigilance in operators with pre frontal cortex transcra-
nial direct current stimulation (tDCS). NeuroImage 85:909–917

Nitsche MA, Cohen LG, Wassermann EM, Priori A, Lang N, Antal 
A, Paulus W, Hummel F, Boggio PS, Fregni F, Pascual-Leone 
A (2008) Transcranial direct current stimulation: state of the art. 
Brain Stimul 1:206–223

Nitsche MA, Doemkes S, Karaköse T, Antal A, Liebetanz D, Lang 
N, Tergau F, Paulus W (2007) Shaping the effects of transcranial 
direct current stimulation of the human motor cortex. J Neuro-
physiol 97:3109–3117

Nitsche MA, Paulus W (2000) Excitability changes induced in the 
human motor cortex by weak transcranial direct current stimula-
tion. J Physiol 527:633–639



1549Experimental Brain Research (2019) 237:1539–1549	

1 3

Nitsche MA, Paulus W (2001) Sustained excitability elevations induced 
by transcranial DC motor cortex stimulation in humans. Neurol-
ogy 57:1899–1901

Oldfield RC (1971) The assessment and analysis of handedness: the 
Edinburgh inventory. Neuropsychologia 9:97–113

Palm U, Reisinger E, Keeser D, Kuo MF, Pogarell O, Leicht G, Mulert 
C, Nitsche MA, Padberg F (2013) Evaluation of sham transcra-
nial direct current stimulation for randomized, placebo-controlled 
clinical trials. Brain Stimul 6:690–695

Perceval G, Flöel A, Meinzer M (2016) Can transcranial direct cur-
rent stimulation counteract age-associated functional impairment? 
Neurosci Biobehav Rev 65:157–172

Priori A, Berardelli A, Rona S, Accornero N, Manfredi M (1998) 
Polarization of the human motor cortex through the scalp. Neu-
roReport 9:2257–2260

Rauschecker JP (2018) Where, when, and how: are they all sensorimo-
tor? Towards a unified view of the dorsal pathway in vision and 
audition. Cortex 98:262–268

Russo R, Wallace D, Fitzgerald PB, Cooper NR (2013) Perception of 
comfort during active and sham transcranial direct current stimu-
lation: a double blind study. Brain Stimul 6:946–951

Salminen NH, Tiitinen H, May PJC (2012) Auditory spatial processing 
in the human cortex. Neuroscientist 18:602–612

Salminen NH, Tiitinen H, Miettinen I, Alku P, May PJ (2010) Asym-
metrical representation of auditory space in human cortex. Brain 
Res 1306:93–99

Sherbecoe RL, Studebaker GA (2004) Supplementary formulas and 
tables for calculating and interconverting speech recognition 
scores in transformed arcsine units. Int J Audiol 43:442–448

Stagg CJ, Lin RL, Mezue M, Segerdahl A, Kong Y, Xie J, Tracey 
I (2013) Widespread modulation of cerebral perfusion induced 
during and after transcranial direct current stimulation applied to 
the left dorsolateral prefrontal cortex. J Neurosci 33:11425–11431

Stagg CJ, Nitsche MA (2011) Physiological basis of transcranial direct 
current stimulation. Neuroscientist 17:37–53

Stagg CJ, O’Shea J, Kincses ZT, Woolrich M, Matthews PM, Johansen-
Berg H (2009) Modulation of movement-associated cortical acti-
vation by transcranial direct current stimulation. Eur J Neurosci 
30:1412–1423

Studebaker GA (1985) A “rationalized” arcsine transform. J Speech 
Hear Res 28:455–462

Tang MF, Hammond GR (2013) Anodal transcranial direct current 
stimulation over auditory cortex degrades frequency discrimina-
tion by affecting temporal, but not place, coding. Eur J Neurosci 
38:2802–2811

Tang MF, Hammond GR, Badcock DR (2016) Are participants aware 
of the type and intensity of transcranial direct current stimulation? 
PLoS One 11:e0148825

Tatti E, Rossi S, Innocenti I, Rossi A, Santarnecchi E (2016) Non-
invasive brain stimulation of the aging brain: state of the art and 
future perspectives. Ageing Res Rev 29:66–89

Vines BW, Cerruti C, Schlaug G (2008) Dual-hemisphere tDCS facili-
tates greater improvements for healthy subjects’ non-dominant 
hand compared to uni-hemisphere stimulation. BMC Neurosci 
9:103

Wagner S, Rampersad SM, Aydin Ü, Vorwerk J, Oostendorp TF, Neul-
ing T, Herrmann CS, Stegeman DF, Wolters CH (2014) Investiga-
tion of tDCS volume conduction effects in a highly realistic head 
model. J Neural Eng 11:016002

Werner-Reiss U, Groh JM (2008) A rate code for sound azimuth in 
monkey auditory cortex: implications for human neuroimaging 
studies. J Neurosci 28:3747–3758

Woods AJ, Antal A, Bikson M, Boggio PS, Brunoni AR, Celnik P, 
Cohen LG, Fregni F, Herrmann CS, Kappenman ES, Knotkova H, 
Liebetanz D, Miniussi C, Miranda PC, Paulus W, Priori A, Reato 
D, Stagg C, Wenderoth N, Nitsche MA (2016) A technical guide 
to tDCS, and related non-invasive brain stimulation tools. Clin 
Neurophysiol 127:1031–1048

Woods TM, Lopez SE, Long JH, Rahman JE, Recanzone GH (2006) 
Effects of stimulus azimuth and intensity on the single-neuron 
activity in the auditory cortex of the alert macaque monkey. J 
Neurophysiol 96:3323–3337

Wöstmann M, Vosskuhl J, Obleser J, Herrmann CS (2018) Opposite 
effects of lateralised transcranial alpha versus gamma stimulation 
on auditory spatial attention. Brain Stimul 11:752–758

Zaehle T, Beretta M, Jäncke L, Herrmann CS, Sandmann P (2011) 
Excitability changes induced in the human auditory cortex by 
transcranial direct current stimulation: direct electrophysiologi-
cal evidence. Exp Brain Res 215:135–140

Zhang X, Zhang Q, Hu X, Zhang B (2015) Neural representation of 
three-dimensional acoustic space in the human temporal lobe. 
Front Hum Neurosci 9:203

Zheng X, Alsop DC, Schlaug G (2011) Effects of transcranial direct 
current stimulation (tDCS) on human regional cerebral blood flow. 
Neuroimage 58:26–33

Zündorf IC, Karnath H-O, Lewald J (2011) Male advantage in sound 
localization at cocktail parties. Cortex 47:741–749

Zündorf IC, Karnath H-O, Lewald J (2014) The effect of brain lesions 
on sound localization in complex acoustic environments. Brain 
137:1410–1418

Zündorf IC, Lewald J, Karnath H-O (2013) Neural correlates of 
sound localization in complex acoustic environments. PLoS One 
8:e64259

Zündorf IC, Lewald J, Karnath H-O (2016) Testing the dual-pathway 
model for auditory processing in human cortex. Neuroimage 
124:672–681

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Bihemispheric anodal transcranial direct-current stimulation over temporal cortex enhances auditory selective spatial attention
	Abstract
	Introduction
	Materials and methods
	Subjects
	Auditory task
	Transcranial direct-current stimulation
	Data analysis

	Results
	Discussion
	Acknowledgements 
	References




