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Abstract
The aim of the present study was to compare the activity patterns of young, 
healthy right- (RH, n = 25) and left-handed (LH, n = 20) subjects in high-density 
electroencephalograpic (EEG) recordings during a deliberation task. The delib-
eration task consisted of pressing one of two keys depending on a color-word 
Stroop task (Stroop, 1935) presented on a computer screen. Depending on the 
color shown and the meaning of the color word, participants responded with the 
index finger of the dominant or non-dominant hand. This leads to different activi-
ties in the hemispheres depending on the acting hand and on subject's handed-
ness. Presenting the word “black” in black color, subjects were not to press any 
key (no-go-trial). Prior to this, subjects were tested for simple motor tasks, during 
which they were informed about the motor action to be performed. The tempo-
ral activity patterns obtained from RH and LH were very similar in shape and 
constituent components. The comparison of the three types of trials lead to the 
assumption that the deliberation process is based on a two-step decision: The first 
decision was characterized by the choice between move (match-trials, mismatch-
trials) or not to move (no-go-trials). The second decision resulted in the final 
judgment of which index finger has to be used. The latter decision, in particular, 
can be tracked via the local spread of activity over the scalp. Our hypothesis is 
based on a comparison of activities and locations of RH and LH and yields some 
insights about processing a two-step decision in a deliberation task.

K E Y W O R D S

choice reaction task, color-word-Stroop task, comparison of right-handed and left-handed 
subjects, deliberation task, free will, high density EEG, Libet, movement intention, readiness 
potential
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1   |   INTRODUCTION

1.1  |  Philosophical aspects

The results of the Libet experiment (Libet,  1985) and 
some follow-up experiments (Fried et al.,  2011; Soon 
et al., 2008) have had a major impact on how humans in-
terpret themselves. These results have been taken widely 
as showing that the human self-image is fundamentally 
wrong, that human action is not preceded by intentional 
decisions, but follows determinate brain processes that 
cannot be intentionally controlled by the agent, whereas 
Libet himself tried to uphold a minimal version of Free 
Will, that rests on the human capacity to veto ongoing 
brain processes that precede motor acts till 100 ms before 
the potential act would result (Libet,  1999, 2005). Some 
philosophers have criticized the interpretation of the Libet 
study (Schlosser, 2012; Zhu, 2003). Most philosophers as-
sume that the agent's prior intentionality is constitutive 
for human agency (Mele, 1992; Nida-Rümelin, 2022).

If the readiness potential (RP) starts before the decision 
is taken, the decision comes ex post, i.e., after the causal 
brain process leading to a motor act already has started. 
Intentions and deliberations that may speak in favor of or 
against an action then seem to be irrelevant for the action 
itself, they merely contribute to an ex-post rationaliza-
tion or identification of the acting person: qua rational-
ization the agents can present reasons if asked why they 
acted in such a way and they can identify themselves with 
their actions. Agency is an important part of the human 
self-image—albeit erroneously, if the results of the Libet  
experiment and similar studies are not misleading. Our 
empirical findings speak for the thesis, that indeed these 
results and their interpretations are misleading.

The arrangement of the Libet study includes elements 
that are not easily combined: The participants are asked 
not to decide in advance when to move their hands. In 
other words, they are expected not to have the intention to 
move their hands at a certain time during the 30-s interval. 
On the other they are asked to move their hands within 
the 30-s interval. Therefore, there are two intentions the 
participants should have (1) the intention to move their 
hands within the 30-s interval, (2) not to intentionally act 
at a certain point of time, i.e., not to have the intention to 
move their hands at a specific time. This forces the partic-
ipants to become observers of themselves. Because they 
move their hands within the 30-s interval, they have a pre-
ceding intention to act within this interval and this inten-
tion is causally effective, otherwise the participants would 
certainly not move their hands as expected. The non-
intended act, if it exists, regards the time within this 30-s 
interval, when they move their hands. On the one hand 
the participants are expected, not to act intentionally, but 

only to observe their own decision behavior. On the other 
hand, the participants are expected to act intentionally.

On closer conceptual (philosophical) analysis there is a 
type of action that is intentionally controlled, i.e., the par-
ticipant moves his or her hand within a specific 30-s inter-
val, and there is another type of action that should not be 
controlled intentionally by the participants, e.g., the par-
ticipant moves his or her hand at the 17th second during 
the interval (if this is the moment of the concrete motor 
act of the participant). Since the intentionality of agency 
is always directed at types, never at tokens of acts, the con-
ceptual analysis results in a contradiction: If one realizes 
one's intentions as an agent directed to some action type, 
one does this in the form of one or other specific action 
token. In the Libet experiment the participants realize 
their intentions in acting as expected, i.e., moving their 
hands within a 30-s interval. The token—motor act at the 
17th second—realizes the type—motor act within this 
30-s interval. What is unusual here is merely that the mo-
ment at which the participants move their hands should 
not be controlled intentionally. Therefore, they are forced 
to change roles from being agents to being observers of 
their own mental states (and report them: “I decided to 
move my hand, when the light dot was there”). The result 
of the experiment is likewise paradoxical: It goes without 
saying that the participants would not move their hands 
within the 30-s interval without having the prior intention 
to do so (long before the RP evolves), but there is no prior 
intention for the more specific action type, e.g., moving 
the hand at the 17th second. The more comprising motor 
act is controlled intentionally, the more specific is not. 
This conceptual analysis shows that the widespread inter-
pretation of the Libet results, which assumes that, in gen-
eral, prior intention and the deliberation that determines 
the intention is irrelevant for human action, is an obvious 
non sequitur, since the relevance of prior intention is pre-
supposed by the experimental design of the Libet study 
itself. But the conceptual analysis does not exclude so far 
that the more specific action type—moving the hand at 
the 17th second—is caused by RP alone.

To show that the RP alone does not suffice, or in other 
words, that deliberation and the resulting intentionality is 
in fact relevant for what we do, we must introduce an addi-
tional, deliberative element into the experimental design. 
This is done in our present study, which demonstrates 
that the deliberative element and the resulting intention-
ality is guiding the motor acts in a Libet-like constellation. 
Our empirical findings and our interpretation thereof 
are compatible with both prevailing accounts in the con-
temporary philosophy of mind: (1) mind–body interac-
tionism, which assumes that mental states and processes 
are not merely epiphenomena, but have a causal role in 
human agency, (2) mind–body-identity theory, which 
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assumes that mental states and processes are merely an-
other description of neurophysiological ones, that mental 
states and processes are identical with the accompanying 
neurophysiological states and processes. The empirical 
findings of our experiment are metaphysically neutral in 
that sense, but they are not neutral regarding the wide-
spread metaphysical interpretation of Libet's experiment 
as showing that the human self-image is fundamentally 
wrong, that human action is not preceded by intentional 
decisions, but follows determinate brain processes that 
cannot be intentionally controlled by the agent.

1.2  |  Physiology of intended 
motor activation

Performing specific conscious self-paced motor actions 
is preceded by specific electrical activity in the brain. 
The activity during voluntary hand movements has been 
studied by numerous groups (e.g., Gilden et al.,  1966; 
Kornhuber & Deecke, 1964; Shibasaki et al., 1980; Toma 
et al., 2002; Vaughan et al., 1968) and shows a sequence 
of electrical components of different polarities primarily 
in the contralateral motor cortex. Initial components pre-
ceded the electromyographic activity of the wrist muscles 
by several 100 ms. Kornhuber and Deecke  (1964, 1965) 
found that in self-paced finger movements brain activity 
preceded the mechanical deflection of the finger by ap-
proximately 1000 ms. The authors introduced the term 
‘Bereitschaftspotential’ or, English ‘RP’ for a characteris-
tic, slowly increasing, negative potential followed by fur-
ther electrical components, that were assigned to different 
origins in the brain. In a later series of experiments using 
the method of multichannel current source-density (CSD) 
mapping with testing two types of brisk finger extensions, 
it was found that the early component of the RP started 
in the supplementary area, while the late component and 
the motor potential occurred as a contralateral preponder-
ance of negativity (Cui et al., 1996). During bi-manual se-
quential movements this aspect was studied further (Cui 
& Deecke, 2000) in another slow brain potential—the con-
tingent negative variation (CNV; Walter et al., 1964). The 
complexity of the motor tasks affected the topography of 
the CNV so that its late component may stem from fronto-
central, central, centro-parietal, parietal and parieto-
occipital areas, but meaning that the CNV and the RP was 
not identical.

Using fMRI-constrained EEG dipole source analysis, 
Toma et al.  (2002) demonstrated the existence of gener-
ators of movement-related cortical potentials providing 
precise location and timing in right-handed (RH) sub-
jects during voluntary extension of the right index finger. 
Within bilateral SM1, activation of the precentral gyrus 

occurs bilaterally with similar strength from 1.2  s, fol-
lowed by activation of the precentral bank from 0.5 s with 
contralateral predominance. Subsequently, the postcentral 
bank becomes active only on the contralateral side start-
ing 0.1  s after movement (Toma et al.,  2002). The times 
reported coincide with the well-known components of the 
RP (e.g. Toma et al., 2002; −1.2 to −0.4 s), followed by the 
a much steeper Negative Slope (NS')-component (starting 
at about −0.4 s) and finally the frontal peak of the motor 
potentials that was identified at about +0.1 s.

The experiments of Libet et al. (1983) were of relevance 
for both philosophy and physiology. The intention of the 
Libet-experiment was to find a temporal correlation be-
tween brain activity patterns and the time at which sub-
jects reported that the decision to act (move the hand or 
the finger) took place. For this approach subjects had to 
memorize the time of their decision. Time was represented 
by a clockwise rotating light point (2.56 s per rotation) on 
an oscilloscope screen providing a “clock position”. The 
result of this study was that the motor-act-initiating pro-
cess starts at average 300 ms earlier than the memorized 
time of decision, raising critical questions about conscious 
initiation of motor acts.

The current study is based on two components, one of 
which is a go/no-go (e.g. Heidlmayr et al., 2020) decision 
whereas the other, somewhat later, is a decision following 
a Stroop color-word interference Stroop (1935), commonly 
used in experimental psychology. This type of double de-
cision task requires an executive brain control and is em-
ployed in studies dealing with inhibition processes (e.g. 
Heidlmayr et al., 2020; Pires et al., 2014). The underlying 
complex cognitive functions of event-related processes 
were found within four different time windows, with 
the first-time window characterized by the go/no-go task 
(N1/P2: 150–350 ms) and the other three intervals by the 
Stroop task (N2/P3: 200–400 ms, N400: 350–580 ms, and 
the late sustained potential [LSP]: 500–850 ms; Heidlmayr 
et al., 2020; see also figure 2 in Pires et al., 2014). According 
to Heidlmayr et al. (2020) the LSP can be divided into two 
different parts a negative deflection and a positive de-
flection that is also named late positive complex (Pires 
et al., 2014). P1, P2 and N1 were located at posterior elec-
trode sites, whereas N2 and P3 were localized at fronto-
central electrodes. All these components are relatively 
separable and robust in time and location.

Both decisions, go/no-go and Stroop color-word in-
terference, are considered as inhibition tasks (Heidlmayr 
et al., 2020; Larson et al., 2014), with go/no-go represent-
ing motor inhibition and Stroop color-word interference 
representing cognitive inhibition (Pires et al., 2014). Equal 
generators for the components are assumed. The corre-
sponding generators for the N2 are thought to be in the 
anterior cingulate cortex (ACC), a structure believed to be 

 2051817x, 2022, 23, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.14814/phy2.15522 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [23/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4 of 21  |      KOLB et al.

responsible for conflict monitoring, the N400 as for the in-
terference suppression and the LSP the conflict resolution 
(Heidlmayr et al., 2020).

Previously, we described experiments in a group of RH 
subjects and the above motor-related areas only (Henz 
et al., 2015). In the current study both groups (RH) and left 
hand (LH) subjects were tested by the same procedures 
as described in the data analysis, based on our initial as-
sumption of finding a difference in the similarity of activi-
ties in RH and LH. Thus, it is the aim of the current study 
to compare activity patterns in RH and LH obtained by 
a multi-channel EEG analysis during a deliberation task 
resulting in a specific, voluntary, conscious, self-paced 
motor action. In a color-word interference Stroop task 
(Stroop,  1935) subjects had to decide whether (match-, 
mismatch trials) or not (no-go trials) to press button, de-
pending on a randomly given information presented on 
a computer screen, without knowing the occurrence and 
the meaning of the next stimulus to which they had to re-
spond. Thus, this conscious decision required a preceding 
mental process, localized in different cortical areas. By 
employing a multichannel EEG recording system, we will 
show process-related activity patterns at discrete record-
ing points above both hemispheres. Besides evaluation of 
the corresponding activity patterns obtained from discrete 
recording electrodes we employed the multi-channel CSD 
analysis to define the spread of excitation above the whole 
cortex at discrete times. Moreover, the different trial types 
(match-, mismatch trials, no-go trials) were compared 
with respect to their occurrence of components in their 
time course.

2   |   MATERIALS AND METHODS

2.1  |  Ethical approval, subjects

Two groups of subjects consisting of a total of 28 RH 
and 21 left-handed (LH) healthy students of the Ludwig-
Maximilians-Universität München participated in this 
study. The study described has been carried out in ac-
cordance with The Code of Ethics of the World Medical 
Association (Declaration of Helsinki) for experiments in-
volving humans. The study did not require a decision of 
the ethics committee because the examination involves 
a non-invasive neurophysiological multi-channel EEG 
measurement. The measurement is performed in a sitting 
position and is neither physiologically nor psychologically 
stressful. The subject collective comprises healthy stu-
dents of the Ludwig-Maximilians-University of Munich 
(Munich, Germany). The local ethics committee—chaired 
by Professor Dr. W. Eisenmenger—of the medical fac-
ulty of Ludwig-Maximilian—University of Munich was 

informed about the study (July 2, 2014). Each participant 
gave written informed consent prior to the start of the 
experiment and each was paid €35.00 for participation 
in a single 3-h experimental session. Three RH and one 
LH were excluded for technical reasons. The initial crite-
rion for exclusion of LH was reeducation from being LH 
to RH performance. The remaining group of RH (mean 
age ± SD: 22.9 ± 2.2 years; 18–27 years) consisted of 13 fe-
males and 12 males. The group of LH (mean age ± SD: 
22.5 ± 2.5 years; 19–27 years) consisted of 11 females and 9 
males. All LH and 12 RH subjects were tested according to 
the handedness incidence questionnaire in (Sattler, 1999). 
The questions were adapted to our requirements, with 
tests related to velocity of tracking of different types of 
mazes. In a further written test subjects were asked, e.g., 
with which hand scissors are held and used. All partici-
pants had normal or corrected-to-normal vision and had 
no history of neurological or psychiatric disorders.

2.2  |  Paradigm

The paradigm and the corresponding procedure have 
been described elsewhere (Henz et al., 2015) and are re-
ported here only briefly. Electrophysiological signals 
preceding a voluntary motor act have been reported in 
many publications (Gilden et al.,  1966; Kornhuber & 
Deecke,  1964; Shibasaki et al.,  1980; Toma et al.,  2002; 
Vaughan et al., 1968). If the motor act depends on a di-
versity of stimulus conditions, a deliberation process will 
precede the decision for a movement. In the current study, 
subjects had to press buttons with the index finger of the 
right or left hand, depending on the visual stimulus and 
on the subjects' handedness.

2.3  |  Stimulation protocol

During the experiment, participants sat comfortably 
in front of a standard 22 in. computer monitor (BenQ 
GL2250M, 16:9) at a distance of 80 cm. The subjects' hands 
rested on a table with the index fingers positioned on one 
button each. The screen showed regular checkerboard 
fields (24 in x-direction and 20 in y-direction) with a single 
field size of 1.43° × 0.96° respectively. During the experi-
ment, participants had to fix their gaze on a gray fixation 
point in the center of the screen (0.32°).

2.3.1  |  Visually evoked potential

Three types of stimulus-reaction tasks were tested. In 
the initial series, visually evoked potentials (VEP) were 

 2051817x, 2022, 23, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.14814/phy2.15522 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [23/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



      |  5 of 21KOLB et al.

recorded with the reversal of the checkerboard as stim-
ulus. Repetitions (300) were given at an inter-stimulus 
interval of 750 ms. An additional set of 300 VEPs (VEP-
text) were recorded, during which a text field indicating 
the name of a color (e.g. “red”) was shown for 300 ms, 
starting at the time of the reversal of the checkerboard. 
The size of the text field is provided below in the descrip-
tion of the third series of stimulus reaction tasks (see 
Section 2.3.3).

2.3.2  |  Motor task

In the second series, the subjects' reaction time was tested 
by recording the keypress of the index finger of the right 

and left hand (Figure 1a, motor task). For this test, each 
reversal of the checkerboard pattern was combined with 
the appearance for 300 ms of a right-pointing arrow as 
stimulus, to which the RH had to respond with the right 
index finger (motor response to the right, MR), or a left-
pointing arrow for the left index finger (motor response to 
the left, ML). LH had to respond initially to a left-pointing 
arrow as stimulus with the left index finger (ML), or, cor-
respondingly, a right-pointing arrow for the right index 
finger (MR). Subjects were aware of the direction of the 
arrow, during a block of 50 sequential repetitions in each 
direction at random inter-stimulus intervals of 12–15 s. 
The size of the field in which the arrow was displayed was 
66% of screen width (x-direction: 316.8 mm; 21.6°), and 
20% of screen height (y-direction: 54 mm, 3.86°).

F I G U R E  1   (a–c) Experimental design. (a) Subjects (right-handed, RH or left-handed, LH) had to perform initially a simple motor task 
(a) followed by the deliberation task (b). For both tasks they sat in front of a computer monitor showing a checker board. At the time of 
pattern reversal either an arrow (motor task) or a colored text (deliberation task) was shown for 300 ms. The inter-stimulus interval was 
randomized (12–15 s). The checker board pattern reversal was recorded by an opto-electronic sensor situated at the lower left corner of the 
screen (marked as black dot). (a) Subjects were informed about the direction of the arrow prior to the measurement of each of 50 trials. (b) 
During the deliberation tasks a text field with the written name of a color was shown at the time of pattern reversal for 300 ms. In match-
trials the name of the color coincided with the color of the text. Participants had to respond with the index finger of the dominant hand 
(meaning that RH had to respond with a keypress by the right index finger whereas LH had to respond with the left index finger [red]). 
Mismatch-trials were characterized by inconsistency between the name of the color and the color of the text. In this case participants had to 
respond with the index finger of their non-dominant hand. Hence, RH had to respond with a keypress by the left index finger whereas LH 
had to respond with a keypress by the right index finger (blue). No-go-trials were characterized by the word ‘black’ given in black color on 
the screen. During this type of trial subjects should not respond by any motor action. (c) Schematic representation of a 61-electrode EEG-cap 
with equidistant electrode positions. They are organized in concentric circles starting from the center electrode 1 in the middle of the head. 
The electrode positions come close to the 10–20 system (e.g. Jasper, 1958) and the revised version by (Jurcak et al., 2007). Electrodes with the 
numbers 52, 53, 59, and 60 are subdued and were not taken for analysis because of the problems due to the subjects’ ears. The responses of 
occipital electrodes marked by green dots are shown in Figure 2, whereas those of paracentral electrodes, marked by yellow dots, are shown 
in Figure 4.
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2.3.3  |  Deliberation task

The third series consisted of the actual deliberation task, a 
type of color-word Stroop-task (Stroop, 1935) which con-
sisted of 3 blocks of 100 trials each. The deliberation-task 
conditions were presented at the same time as the reversal 
of the checkerboard pattern with a text field in the center 
of the screen (horizontal direction 66% of screen width, 
and in vertical direction 20% of screen height) as stimu-
lus. Within the text field a color name was shown in color 
(Figure 1b, deliberation task).

In our original study (Henz et al., 2015), RH had to re-
spond with the dominant hand. This was chosen explicitly 
for match-trials so as to spread differences in behavior as 
well as in cortical responses. The current study therefore 
did not employ a counter-balanced design. De facto, the re-
action time of RH in the motor task has been shown to be 
independent of the hand used (Henz et al., 2015; Table 1). 
This design was retained to keep the current study compa-
rable with (Henz et al., 2015).

When the name of the color coincided with the print 
color shown, the trial is called match-trial. RH had to press 
the right button with right index finger. If the name of the 
color did not coincide with the print color shown, RH had 
to press the left button (mismatch-trial). Correspondingly, 
LH had to press the left button with the left index finger 
during match-trials and the right button with the right 
index finger during mismatch-trials. If the name of the 
color was “black” and was shown in black, no button was 
to be pressed (no-go trial). The text fields were presented 
for 300 ms at randomized interstimulus intervals of 12–
15 s with a probability of 1/3 for each trial type. The max-
imal response duration was set to 2000 ms after stimulus 
presentation.

2.4  |  Data recording

During the whole session, the subjects' brain activity was 
recorded continuously via a computer-assisted 64-channel 
recording system (Electroencephalograph Neurofax EEG-
1200 pro; Nihon Kohden). Integrated in the Neurofax 
EEG-1200 was a Sony video system (Sony EVI-D70P) for 
simultaneous recording of the subject's face and facial 
muscle activity (e.g. frowning). Subjects wore an EEG-cap 
(Montage No.10; Easycap GmbH) with 61 equidistant Ag/
AgCl-electrodes (distance: mean ± SD: 37 ± 3 mm, given at 
a head circumference of 58 cm). This results in electrode 
positions analyzed in this study on equidistant concen-
tric circles around the central electrode (1) with increas-
ing clockwise numbering (Figure 1c). Subdued electrode 
positions on the outer circle have been excluded from 
analysis, as no stable recordings could be made from these 

electrodes because of the subjects' ears. From two sets of 
electrodes, one set marked in green over the occipital lobe 
(see Figures 1 and 2) and from the yellow marked elec-
trodes para-central activities were recorded (see Figure 4). 
The green marked most caudal electrodes (el 42, 43, 44, 
55, 56, 57, Figure  1c) are above the occipital lobe. They 
are situated very close to the electrode positions used 
clinically as the –10–20 system (e.g. Homan et al., 1987; 
Jasper,  1958). The electrode positions 42, 44, 55 and 57 
are located slightly more laterally than those in the 10–20 
system (top in Figure 2). The second group of electrodes, 
shown in yellow (Figure 1c), is para–centrally organized, 
starting from the occipital fissure to the region of the fron-
tal lobe (see Figure 4).

The cap was mounted such that the center electrode 
matched the Cz = 1 position. The electrodes were back-
filled with an electrolyte gel (Electro-Gel; Electro-Cap 
International Inc.) such that electrode impedances 
below 50 kΩ could be achieved. The reference electrode 
was fixed to the left earlobe, the ground electrode to the 
right earlobe. Electrophysiological data were sampled at 
200 Hz, band pass- (0.01–70 Hz) filtered, and stored on the 
Neurofax EEG-1200 pro computer for off-line analysis. 
During recording a notch filter was activated only for the 
data display on the screen.

Stimulation and recording were controlled from a lap-
top computer (ASUS Pro, B53E), generating the check-
erboard pattern and the temporal random sequence of 
the stimuli. The checkerboard pattern reversal was re-
corded by an opto-electronic sensor (photo transistor of 
OPB 813 S) situated at the lower left corner of the screen 
(Figure 1a,b), thus providing an accurate time reference. 
For the press-buttons, short-way micro switches were used. 
The corresponding DC signals, obtained via a custom-built 
interface, were fed to a microcontroller (Ethernet Atmega 
32/644). The microcontroller evaluated the information of 
the checkerboard reversal, the trial type provided (match, 
mismatch, no-go), the time between pattern reversals, the 
time of the subject's keypress (reaction time), whether 
the trial type corresponded to the performed key action, 
and fed them online as DC control signals to the Neurofax 
EEG-1200 pro.

2.5  |  Data analysis

Trials with wrong responses (<2%) were excluded from 
further analysis, as they were artifact-adhesive trials. The 
EEG waveforms were smoothed using a 0.01–40 Hz band-
pass. To reduce the effect of blinks and eye-movements on 
the EEG activity, we employed a specific eye-movement 
detection and correction procedure using an artifact re-
duction tool (BESA Research analysis software, Version 
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      |  7 of 21KOLB et al.

5.3; BESA). With this software package, temporal sections 
of 500 ms preceding and 2000 ms following the stimulus 
could be cut out of the continuous data stream.

Generally, three types of time-locked data are shown: 
(a) data related to the time at which the stimulus occurred 
(stimulus-aligned); (b) data related to the time at which 
the key was pressed (key-aligned) and (c) data related to 
maximal negativity, called N0, occurring prior to key press 
in the premotor areas.

Stimulus-aligned data are available during the simple 
motor task and during match, mismatch and no-go-trials. 
Key-aligned-data are available during the simple motor 
task and during match- and mismatch-trials whereas N0-
related potential-data are available only during match 
and mismatch-trials. Each trial taken into account—
independent of stimulus type—was DC-baseline-
corrected with the mean value obtained during a 400-ms 
interval prior to stimulus onset. For this step a custom-
written analysis software package with corresponding 
algorithms based on the language for statistical comput-
ing R (Version 3.0.2, 2013-09-25; The R Foundation For 
Statistical Computing) was established in our laboratory. 
The data obtained from individual electrodes are pre-
sented as averaged or grand-averaged responses (e.g. 
Figures 2 and 4).

The spatial distribution of these grand averages demon-
strates the spread of excitation across the whole scalp at a 
certain time. The latter was documented by processing the 
activity of all electrodes using the CSD method provided 
by tools of BESA Research analysis software (Version 6.0; 
BESA). The CSD, and more appropriately current source- 
and sink-density method is a useful tool for the analysis of 
membrane currents in laminated structures.

The CSD Im—also called surface Laplacian operator—is 
a scalar quantity of dimensions of mA/cm3 and pro-
vides information about the distribution of current-sinks  
(inward current) and current-sources (outward current) 
in cells (see figure 4 in Kolb et al.,  1997; Nicholson & 
Freeman, 1975; Nicholson & Llinas, 1975). The CSD gen-
erates a three-dimensional current flow density vector 
Jx,y,z that establishes the field potential Φx,y,z. J and Im are 
related through a divergence operation ∇J = Im (equation 
3 in Nicholson & Freeman, 1975). In simpler terms, the 
CSD represents the second spatial derivative of the volt-
age distribution in tissue. A relation between current 
densities and surface EEG phenomena was investigated 
by Mitzdorf (1985). Positive surface potentials result from 
an activation of corresponding cells located in layer IV 
and V of the cortex producing a source on the distal den-
drites. Negative surface potentials arise from an activation 
of inputs to the upper part of the cells producing a sink 
(Mitzdorf, 1985, figure 7). This was applied in this study 
and resulted in a corresponding spatial distribution of the 

EEG on the surface of the head, which is shown in a top 
view Meridian Projection of the CSD mapping at a res-
olution of [E] = 0.03 μV/cm2. Black contour lines repre-
sent sinks (negativities), red lines sources (positivities, see 
Figures 3 and 5).

2.6  |  Statistical analysis

Analysis time for stimulus-aligned data was the 500 ms 
interval preceding the stimulus onset to 2000 ms after 
(Figures  2 and 3), for key-aligned data 600 ms preced-
ing keypress to 200 ms after (Figures  4 and 5), for N0-
potential-aligned data 600 ms prior to and 200 ms after 
keypress (Figure 6).

N0 is the maximal negativity of the slowly increasing 
activity prior to keypress in the precentral region compo-
nent. The detection of the N0 peak is a semi-automatic 
process, meaning that the range of the putative occur-
rence has to be selected by the user whereas the program 
calculates the corresponding latency and amplitude au-
tomatically. The onset of this increasing activity was cal-
culated by an automatic regression model describing the 
data with two different linear splines (see Figure 6). The 
time window starting from the stimulus onset and termi-
nating at the N0 peak was divided into two intervals at 
any time point within the time window. Linear regres-
sion analyses were performed for both intervals and the 
onset of the increasing negativity was determined in a 
least-squares setting as that point in time at which the 
residues of both regressions resulted in a minimal value 
(Meindl et al., 2012). The minimal length of each interval 
for the regression analyses was set to 50 ms. For determin-
ing whether the maximal potential correlated with either 
stimulus onset or keypress, variances of the durations 
of the intervals stimulus onset to N0 and N0 to keypress 
were analyzed using an adaptation of the Kepner-Randles 
test (Kutz et al., 2003). For details see Henz et al. (2015). 
All further statistical comparisons (mean values, stan-
dard error of the mean [SEM], 95% confidence limits of 
the mean) were obtained using our laboratory-developed 
software package based on the language for Statistical 
Computing R. For the group analysis, these parameters 
were treated by appropriate statistical tests, such as un-
paired, two-tailed t-tests. p < 0.05 was assumed to be sig-
nificant. Due to the high variability of the EEG signals the 
various components could not be detected in individual 
trials but only from the averaged response of each individ-
ual electrode position per subject by the semi-automatic 
peak detection analysis mentioned above.

A correlation analysis of the group averages (Snedecor 
& Cochran, 1989) was used to quantify a given similarity 
between corresponding patterns of RH and LH. In RH the 
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8 of 21  |      KOLB et al.

T A B L E  1   (contralateral, ipsilateral) Patterns of similarities expressed by correlation coefficients during contralateral match-trials  
(column 1) and during contralateral mismatch-trials (column 2), and during ipsilateral match-trials (column 3) and during ipsilateral  
mismatch-trials (column 4). Three different types of electrodes were correlated: (a) 6 pairs of marked yellow electrodes in Figure 1; (b) 26  
pairs of unmarked electrodes in Figure 1; (c) 9 pairs of central electrodes. For example, the yellow electrode (#50 above left hemisphere) of  
a right-handed subject in a contralateral match-trial was correlated with a match-trial of the yellow electrode (#36 above the right  
hemisphere) of a left handed subject. r-Values, p-values, lower 95% and upper 95% are given. For a Bonferroni correction of p at a level of  
<0.05 the p must be less than 0.000378

1: Match trials (contralateral) 2: Mismatch trials (contralateral) 3: Match trials (ipsilateral) 4: Mismatch trials (ipsilateral)

RH: left 
hemisphere

LH: right 
hemisphere r-Value p-Value Lower-95% Upper-95%

RH: left 
hemisphere

LH: right 
hemisphere r-Value p-Value Lower-95% Upper-95%

RH: right 
hemisphere

LH: left 
hemisphere r-Value p-Value Lower-95% Upper-95%

RH: right 
hemisphere

LH: left 
hemisphere r-Value p-Value Lower-95% Upper-95%

Marked yellow in Figure 1c Marked yellow in Figure 1c Marked yellow in Figure 1c Marked yellow in Figure 1c

50 36 0.950 0.000 0.93 0.96 50 36 0.901 0.000 0.87 0.93 36 50 0.963 0.000 0.95 0.97 36 50 0.870 0.000 0.83 0.90

18 10 0.852 0.000 0.80 0.89 18 10 0.920 0.000 0.89 0.94 10 18 0.698 0.000 0.61 0.77 10 18 0.900 0.000 0.87 0.93

16 12 0.320 0.000 0.17 0.45 16 12 0.737 0.000 0.66 0.80 12 16 0.814 0.000 0.75 0.86 12 16 0.799 0.000 0.74 0.85

29 26 0.665 0.000 0.57 0.74 29 26 0.953 0.000 0.94 0.97 26 29 0.932 0.000 0.91 0.95 26 29 0.947 0.000 0.93 0.96

44 42 0.719 0.000 0.64 0.79 44 42 0.926 0.000 0.90 0.95 42 44 0.905 0.000 0.87 0.93 42 44 0.909 0.000 0.88 0.93

57 55 0.637 0.000 0.53 0.72 57 55 0.838 0.000 0.79 0.88 55 57 0.311 0.000 0.16 0.44 55 57 0.839 0.000 0.79 0.88

x 0.690 0.000 0.61 0.76 x 0.879 0.000 0.84 0.91 x 0.771 0.000 0.71 0.82 x 0.877 0.000 0.84 0.91

Unmarked in Figure 1c Unmarked in Figure 1c Unmarked in Figure 1c Unmarked in Figure 1c

34 21 0.569 0.0000 0.45 0.67 34 21 0.764 0.0000 0.69 0.82 21 34 −0.030 0.7070 −0.18 0.13 21 34 0.377 0.0000 0.24 0.50

49 37 0.804 0.0000 0.74 0.85 49 37 0.834 0.0000 0.78 0.88 37 49 0.384 0.0000 0.24 0.51 37 49 0.527 0.0000 0.40 0.63

61 51 0.724 0.0000 0.64 0.79 61 51 0.912 0.0000 0.88 0.93 51 61 0.654 0.0000 0.56 0.73 51 61 0.760 0.0000 0.69 0.82

19 9 0.805 0.0000 0.74 0.85 19 9 0.893 0.0000 0.86 0.92 9 19 0.689 0.0000 0.60 0.76 9 19 0.849 0.0000 0.80 0.89

33 22 0.636 0.0000 0.53 0.72 33 22 0.885 0.0000 0.85 0.91 22 33 0.617 0.0000 0.51 0.70 22 33 0.851 0.0000 0.80 0.89

48 38 0.621 0.0000 0.52 0.71 48 38 0.905 0.0000 0.87 0.93 38 48 0.889 0.0000 0.85 0.92 38 48 0.930 0.0000 0.91 0.95

32 23 0.713 0.0000 0.63 0.78 32 23 0.868 0.0000 0.82 0.90 23 32 0.856 0.0000 0.81 0.89 23 32 0.963 0.0000 0.95 0.97

7 3 0.844 0.0000 0.79 0.88 7 3 0.909 0.0000 0.88 0.93 3 7 0.720 0.0000 0.64 0.79 3 7 0.924 0.0000 0.90 0.94

17 11 0.849 0.0000 0.80 0.89 17 11 0.894 0.0000 0.86 0.92 11 17 0.740 0.0000 0.66 0.80 11 17 0.900 0.0000 0.87 0.93

31 24 0.867 0.0000 0.82 0.90 31 24 0.424 0.0000 0.29 0.54 24 31 0.205 0.0092 0.05 0.35 24 31 0.893 0.0000 0.86 0.92

47 39 0.687 0.0000 0.60 0.76 47 39 0.832 0.0000 0.78 0.87 39 47 0.954 0.0000 0.94 0.97 39 47 0.919 0.0000 0.89 0.94

6 4 −0.075 0.3437 −0.23 0.08 6 4 0.695 0.0000 0.60 0.77 4 6 0.651 0.0000 0.55 0.73 4 6 0.644 0.0000 0.54 0.73

15 13 0.605 0.0000 0.50 0.69 15 13 0.913 0.0000 0.88 0.94 13 15 0.838 0.0000 0.78 0.88 13 15 0.916 0.0000 0.89 0.94

30 25 0.425 0.0000 0.29 0.54 30 25 0.901 0.0000 0.87 0.93 25 30 0.858 0.0000 0.81 0.89 25 30 0.874 0.0000 0.83 0.91

46 40 0.618 0.0000 0.51 0.71 46 40 0.704 0.0000 0.62 0.77 40 46 0.493 0.0000 0.37 0.60 40 46 0.453 0.0000 0.32 0.57

28 27 0.863 0.0000 0.82 0.90 28 27 0.964 0.0000 0.95 0.97 27 28 0.890 0.0000 0.85 0.92 27 28 0.938 0.0000 0.92 0.95

45 41 0.310 0.0001 0.16 0.44 45 41 0.914 0.0000 0.88 0.94 41 45 0.797 0.0000 0.73 0.85 41 45 0.886 0.0000 0.85 0.92

58 54 0.774 0.0000 0.70 0.83 58 54 0.871 0.0000 0.83 0.90 54 58 0.600 0.0000 0.49 0.69 54 58 0.799 0.0000 0.73 0.85

x 0.647 0.0191 0.56 0.72 x 0.838 0.0000 0.79 0.88 x 0.656 0.0398 0.57 0.73 x 0.800 0.0000 0.74 0.85

Z-electrodes1 in Figure 1c Z-electrodes1 in Figure 1c Z-electrodes1 in Figure 1c Z electrodes1 in Figure 1c

35 35 0.874 0.0000 0.83 0.91 35 35 0.857 0.0000 0.81 0.89 35 35 0.874 0.0000 0.83 0.91 35 35 0.857 0.0000 0.81 0.89

20 20 0.435 0.0000 0.30 0.55 20 20 0.667 0.0000 0.57 0.75 20 20 0.435 0.0000 0.30 0.55 20 20 0.667 0.0000 0.57 0.75

8 8 0.592 0.0000 0.48 0.68 8 8 0.800 0.0000 0.74 0.85 8 8 0.592 0.0000 0.48 0.68 8 8 0.800 0.0000 0.74 0.85

2 2 0.887 0.0000 0.85 0.92 2 2 0.932 0.0000 0.91 0.95 2 2 0.887 0.0000 0.85 0.92 2 2 0.932 0.0000 0.91 0.95

1 1 0.305 0.0001 0.16 0.44 1 1 0.759 0.0000 0.68 0.82 1 1 0.305 0.0001 0.16 0.44 1 1 0.759 0.0000 0.68 0.82

5 5 0.589 0.0000 0.48 0.68 5 5 0.758 0.0000 0.68 0.82 5 5 0.589 0.0000 0.48 0.68 5 5 0.758 0.0000 0.68 0.82

14 14 0.770 0.0000 0.70 0.83 14 14 0.932 0.0000 0.91 0.95 14 14 0.770 0.0000 0.70 0.83 14 14 0.932 0.0000 0.91 0.95

43 43 0.947 0.0000 0.93 0.96 43 43 0.949 0.0000 0.93 0.96 43 43 0.947 0.0000 0.93 0.96 43 43 0.949 0.0000 0.93 0.96

56 56 0.694 0.0000 0.60 0.77 56 56 0.938 0.0000 0.92 0.95 56 56 0.694 0.0000 0.60 0.77 56 56 0.938 0.0000 0.92 0.95

x 0.677 0.0000 0.59 0.75 x 0.844 0.0000 0.79 0.88 x 0.677 0.0000 0.59 0.75 x 0.844 0.0000 0.79 0.88

1Z-electrodes: Zero electrodes placed on the midline sagittal plane; 35: FPz, 20: AFz, 8: Fz, 1: Cz, 5: CPz, 14: Pz, 43: Oz, 56: Iz.
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T A B L E  1   (contralateral, ipsilateral) Patterns of similarities expressed by correlation coefficients during contralateral match-trials  
(column 1) and during contralateral mismatch-trials (column 2), and during ipsilateral match-trials (column 3) and during ipsilateral  
mismatch-trials (column 4). Three different types of electrodes were correlated: (a) 6 pairs of marked yellow electrodes in Figure 1; (b) 26  
pairs of unmarked electrodes in Figure 1; (c) 9 pairs of central electrodes. For example, the yellow electrode (#50 above left hemisphere) of  
a right-handed subject in a contralateral match-trial was correlated with a match-trial of the yellow electrode (#36 above the right  
hemisphere) of a left handed subject. r-Values, p-values, lower 95% and upper 95% are given. For a Bonferroni correction of p at a level of  
<0.05 the p must be less than 0.000378

1: Match trials (contralateral) 2: Mismatch trials (contralateral) 3: Match trials (ipsilateral) 4: Mismatch trials (ipsilateral)

RH: left 
hemisphere

LH: right 
hemisphere r-Value p-Value Lower-95% Upper-95%

RH: left 
hemisphere

LH: right 
hemisphere r-Value p-Value Lower-95% Upper-95%

RH: right 
hemisphere

LH: left 
hemisphere r-Value p-Value Lower-95% Upper-95%

RH: right 
hemisphere

LH: left 
hemisphere r-Value p-Value Lower-95% Upper-95%

Marked yellow in Figure 1c Marked yellow in Figure 1c Marked yellow in Figure 1c Marked yellow in Figure 1c

50 36 0.950 0.000 0.93 0.96 50 36 0.901 0.000 0.87 0.93 36 50 0.963 0.000 0.95 0.97 36 50 0.870 0.000 0.83 0.90

18 10 0.852 0.000 0.80 0.89 18 10 0.920 0.000 0.89 0.94 10 18 0.698 0.000 0.61 0.77 10 18 0.900 0.000 0.87 0.93

16 12 0.320 0.000 0.17 0.45 16 12 0.737 0.000 0.66 0.80 12 16 0.814 0.000 0.75 0.86 12 16 0.799 0.000 0.74 0.85

29 26 0.665 0.000 0.57 0.74 29 26 0.953 0.000 0.94 0.97 26 29 0.932 0.000 0.91 0.95 26 29 0.947 0.000 0.93 0.96

44 42 0.719 0.000 0.64 0.79 44 42 0.926 0.000 0.90 0.95 42 44 0.905 0.000 0.87 0.93 42 44 0.909 0.000 0.88 0.93

57 55 0.637 0.000 0.53 0.72 57 55 0.838 0.000 0.79 0.88 55 57 0.311 0.000 0.16 0.44 55 57 0.839 0.000 0.79 0.88

x 0.690 0.000 0.61 0.76 x 0.879 0.000 0.84 0.91 x 0.771 0.000 0.71 0.82 x 0.877 0.000 0.84 0.91

Unmarked in Figure 1c Unmarked in Figure 1c Unmarked in Figure 1c Unmarked in Figure 1c

34 21 0.569 0.0000 0.45 0.67 34 21 0.764 0.0000 0.69 0.82 21 34 −0.030 0.7070 −0.18 0.13 21 34 0.377 0.0000 0.24 0.50

49 37 0.804 0.0000 0.74 0.85 49 37 0.834 0.0000 0.78 0.88 37 49 0.384 0.0000 0.24 0.51 37 49 0.527 0.0000 0.40 0.63

61 51 0.724 0.0000 0.64 0.79 61 51 0.912 0.0000 0.88 0.93 51 61 0.654 0.0000 0.56 0.73 51 61 0.760 0.0000 0.69 0.82

19 9 0.805 0.0000 0.74 0.85 19 9 0.893 0.0000 0.86 0.92 9 19 0.689 0.0000 0.60 0.76 9 19 0.849 0.0000 0.80 0.89

33 22 0.636 0.0000 0.53 0.72 33 22 0.885 0.0000 0.85 0.91 22 33 0.617 0.0000 0.51 0.70 22 33 0.851 0.0000 0.80 0.89

48 38 0.621 0.0000 0.52 0.71 48 38 0.905 0.0000 0.87 0.93 38 48 0.889 0.0000 0.85 0.92 38 48 0.930 0.0000 0.91 0.95

32 23 0.713 0.0000 0.63 0.78 32 23 0.868 0.0000 0.82 0.90 23 32 0.856 0.0000 0.81 0.89 23 32 0.963 0.0000 0.95 0.97

7 3 0.844 0.0000 0.79 0.88 7 3 0.909 0.0000 0.88 0.93 3 7 0.720 0.0000 0.64 0.79 3 7 0.924 0.0000 0.90 0.94

17 11 0.849 0.0000 0.80 0.89 17 11 0.894 0.0000 0.86 0.92 11 17 0.740 0.0000 0.66 0.80 11 17 0.900 0.0000 0.87 0.93

31 24 0.867 0.0000 0.82 0.90 31 24 0.424 0.0000 0.29 0.54 24 31 0.205 0.0092 0.05 0.35 24 31 0.893 0.0000 0.86 0.92

47 39 0.687 0.0000 0.60 0.76 47 39 0.832 0.0000 0.78 0.87 39 47 0.954 0.0000 0.94 0.97 39 47 0.919 0.0000 0.89 0.94

6 4 −0.075 0.3437 −0.23 0.08 6 4 0.695 0.0000 0.60 0.77 4 6 0.651 0.0000 0.55 0.73 4 6 0.644 0.0000 0.54 0.73

15 13 0.605 0.0000 0.50 0.69 15 13 0.913 0.0000 0.88 0.94 13 15 0.838 0.0000 0.78 0.88 13 15 0.916 0.0000 0.89 0.94

30 25 0.425 0.0000 0.29 0.54 30 25 0.901 0.0000 0.87 0.93 25 30 0.858 0.0000 0.81 0.89 25 30 0.874 0.0000 0.83 0.91

46 40 0.618 0.0000 0.51 0.71 46 40 0.704 0.0000 0.62 0.77 40 46 0.493 0.0000 0.37 0.60 40 46 0.453 0.0000 0.32 0.57

28 27 0.863 0.0000 0.82 0.90 28 27 0.964 0.0000 0.95 0.97 27 28 0.890 0.0000 0.85 0.92 27 28 0.938 0.0000 0.92 0.95

45 41 0.310 0.0001 0.16 0.44 45 41 0.914 0.0000 0.88 0.94 41 45 0.797 0.0000 0.73 0.85 41 45 0.886 0.0000 0.85 0.92

58 54 0.774 0.0000 0.70 0.83 58 54 0.871 0.0000 0.83 0.90 54 58 0.600 0.0000 0.49 0.69 54 58 0.799 0.0000 0.73 0.85

x 0.647 0.0191 0.56 0.72 x 0.838 0.0000 0.79 0.88 x 0.656 0.0398 0.57 0.73 x 0.800 0.0000 0.74 0.85

Z-electrodes1 in Figure 1c Z-electrodes1 in Figure 1c Z-electrodes1 in Figure 1c Z electrodes1 in Figure 1c

35 35 0.874 0.0000 0.83 0.91 35 35 0.857 0.0000 0.81 0.89 35 35 0.874 0.0000 0.83 0.91 35 35 0.857 0.0000 0.81 0.89

20 20 0.435 0.0000 0.30 0.55 20 20 0.667 0.0000 0.57 0.75 20 20 0.435 0.0000 0.30 0.55 20 20 0.667 0.0000 0.57 0.75

8 8 0.592 0.0000 0.48 0.68 8 8 0.800 0.0000 0.74 0.85 8 8 0.592 0.0000 0.48 0.68 8 8 0.800 0.0000 0.74 0.85

2 2 0.887 0.0000 0.85 0.92 2 2 0.932 0.0000 0.91 0.95 2 2 0.887 0.0000 0.85 0.92 2 2 0.932 0.0000 0.91 0.95

1 1 0.305 0.0001 0.16 0.44 1 1 0.759 0.0000 0.68 0.82 1 1 0.305 0.0001 0.16 0.44 1 1 0.759 0.0000 0.68 0.82

5 5 0.589 0.0000 0.48 0.68 5 5 0.758 0.0000 0.68 0.82 5 5 0.589 0.0000 0.48 0.68 5 5 0.758 0.0000 0.68 0.82

14 14 0.770 0.0000 0.70 0.83 14 14 0.932 0.0000 0.91 0.95 14 14 0.770 0.0000 0.70 0.83 14 14 0.932 0.0000 0.91 0.95

43 43 0.947 0.0000 0.93 0.96 43 43 0.949 0.0000 0.93 0.96 43 43 0.947 0.0000 0.93 0.96 43 43 0.949 0.0000 0.93 0.96

56 56 0.694 0.0000 0.60 0.77 56 56 0.938 0.0000 0.92 0.95 56 56 0.694 0.0000 0.60 0.77 56 56 0.938 0.0000 0.92 0.95

x 0.677 0.0000 0.59 0.75 x 0.844 0.0000 0.79 0.88 x 0.677 0.0000 0.59 0.75 x 0.844 0.0000 0.79 0.88

1Z-electrodes: Zero electrodes placed on the midline sagittal plane; 35: FPz, 20: AFz, 8: Fz, 1: Cz, 5: CPz, 14: Pz, 43: Oz, 56: Iz.
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activity pattern obtained from a given electrode position 
(e.g. el 18 = FC3 above contralateral [left] cortex) was cor-
related with the activity pattern in LH obtained from the 
corresponding electrode position (e.g. el 10 = FC4 above 
[right] cortex). Resulting correlation coefficients have 
been calculated during matched and mismatched con-
ditions, and, with respect to the moving hand, from the 
contralateral and from the ipsilateral cortexes (Figure 4; 
Table 1).

3   |   RESULTS

The aim of this study was to compare the activity patterns 
of 25 young and healthy RH subjects with those of 20 LH 
subjects. The subjects' specific handedness was first tested 
with regard to gross and fine motor skills. For this pur-
pose, the test of Sattler (1999), especially developed for left-
handers, was used, whereby a maximum of 20 points could 
be achieved. LH subjects reached 16.8 ± 2.4 points for per-
forming the task with the dominant left hand and 0.8 ± 1.0 
points when performing the task with the right hand.

Right-handed were subjects from our previous study 
(Henz et al., 2015). Twelve of the 25 participants were sub-
sequently recruited to take part in the Sattler test of hand-
edness. They reached 18.9 ± 1.2 points for performing the 
task tested with the dominant, right hand and 0.3 ± 0.5 
points if the task was tested with the left hand.

The activity patterns were obtained by recording from 
high density EEG recordings during VEPs and during 
simple motor tasks, both as controls for reaction time. 
The main task consisted of a deliberation task leading 
to a motor act. The deliberation task was characterized 
by pressing one of two buttons depending on the stim-
ulus on the screen with either the right or the left index 
finger, based on a color-word Stroop task (Stroop, 1935). 
Matched trials required the RH to respond with the 
right index finger and the LH with the left index fin-
ger. Correspondingly mismatched trials required the re-
sponse of RH with the left index finger and that of LH 
with the right index finger. Depending on specific infor-
mation, given on the screen, subjects were not to press 
any button, so called no-go trials.

3.1  |  Decisions of subjects for the 
trial types

The activities over occipital areas from discrete elec-
trodes (el 42, 43, and 44 from the inner cycle and 55, 56, 
57 from the outer cycle in Figure  1c, shown by green 
color; and O2, Oz, O1, O10, Iz, O9, Figure 2, green) from 
both types of subjects (RH and LH) were studied during 
all types of trials. Data are presented stimulus-aligned. 
The decision consisted of two steps: In the first deci-
sion RH and LH decided either to move (match-trials, 
mismatch-trials, both in blue in Figure  2) or not-to-
move (no-go-trials, red, Figure 2). The 95% confidence 
limits are added to the averaged responses. This can 
be seen qualitatively in the gray-shaded inset on an 
expanded time scale taken from RH from the Oz elec-
trode. As can be seen match-, mismatch-, no-go-trials do 
not differ significantly during the first 300 ms after the 
stimulus (Figure 2). The separation between match- and 

F I G U R E  2   Comparison of occipital responses of left-handed 
subjects (LH) with those of right-handed subjects (RH). The 
responses of the occipital area are recorded from electrodes 42, 
43, 44 (inner circle), 55, 56, 57 (outer circle, see Figure 1c), and 
correspond to the electrodes in vicinity of the 10–20 system (e.g. 
Jasper, 1958) O2, Oz, O1, O10, Iz, O9. All responses are stimulus-
aligned and cover the period from −500 to 2000 ms. Grand averages 
of EEG responses (thick solid lines) with 95% confidence limits 
of the group mean (thin solid lines) were obtained during the 
condition not-move (no-go-trials, red), and move (match- trials, 
blue, mismatch-trials, green). All patterns are equally scaled from 
−5 to +5:V. The P100 time is marked by dashed orange lines. The 
shaded inset shows the responses of the Oz electrode of RH over an 
expanded time range (marked by dotted arrows). An arrow points 
to the time (350 ms) where the responses during no-go-trials start to 
be different to the responses during match-and mismatch-trials
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      |  11 of 21KOLB et al.

mismatch- versus no-go-trials obtained from Oz (el43) 
was calculated via a z-transformation and appeared in 
RH at 369.2 ± 17.2 ms, and in LH: 355.0 ± 15.5 ms. This 
is the time at which the activities over the occipital lobe 
during no-go-trials (in red) exceed the 95% confidence 
limit in both groups of subjects. The result represents 
the start of subject's initial decision move versus not-
to-move. The second decision is related to match- and 
mismatch-trials only and can better be shown in key-
aligned data (see Figure  4). The positivity P100 com-
ponent in VEPs established in clinics is marked by a 
dashed orange line (Figure 2).

3.2  |  Comparison of the spread of 
excitation in the different trial types

The stimulus-aligned neuronal activity during no-go-, 
match- and mismatch-trials is shown by the spread of 

excitation across the whole cortex in a top view Meridian 
Projection. The spread of excitation, based on the current 
source density (CSD), for RH and LH is displayed at dis-
crete times (Figure 3), covering a comparable time range, 
as shown in the inset in Figure 2 (0–400 ms after stimulus).

The P100 component represents a sink that is sharply 
circumscribed and can be discerned clearly during all trial 
types and in both groups of subjects. The component is 
larger in RH, particularly during match-trials. Maximal 
values were found within a triangle given by the occip-
ital electrodes 27, 43, 28 (corresponding for the 10–20 
system: PO1, Oz, PO2, e.g. Jasper, 1958) on both sides of 
the parieto-occipital sulcus (see Figure 1c). In its lateral 
vicinity the appearance of the corresponding sources can 
be seen, particularly in LH on the right parieto-occipital 
region of the cortex. Frontal sources are clearly smaller at 
that time but larger in LH in all trial types.

In the period between 150 and 200 ms frontally and 
occipitally situated sink activities are established, with 

F I G U R E  3   Spread of cortical excitation in right-handed (RH) and left-handed subjects (LH) during no-go-trials and move, match-
trials and mismatch-trials. The results are stimulus-aligned covering the period 0–400 ms. The data are presented in a top view Meridian 
Projection of a current source-density mapping at a resolution of [E] = 0.03:V/cm2. Black contour lines represent sinks (surface negativity), 
red contour lines sources (surface positivity). The small circles represent the electrode positions.
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12 of 21  |      KOLB et al.

accompanying sources in between. At 150 ms and during 
match-trials both RH and LH establish small sinks in the 
right parieto-temporal region. At 200 ms the source split in 
two or three centrally located components.

In the period between 250 and 300 ms the strong frontally 
and occipitally situated sink activity observed at 150 and 
200 ms is clearly reduced. In addition, a medially expanding 
minor sink appears with sources primarily over the parietal 
and occipital and less pronounced over frontal regions.

In the period between 350 and 400 ms the medially 
located sink activities enlarge in both lateral directions, 
with several sink peaks, particularly at 400 ms and in 
match- and mismatch-trials. The similarity of the ac-
tivities in match- and mismatch-trials for both RH and 
LH reflect the result shown in Figure 2. The above men-
tioned medially expanded sink is clearly smaller during 
no-go-trials, particular in RH compared with match- 
and mismatch-trials.

3.3  |  Second decision of subjects in 
keypress-trials on discrete potential patterns

The subjects' second decision can be derived from the 
comparison between the activities over para-central re-
gions during simple motor tasks and during the delib-
eration tasks for both groups of subjects (Figure 4). The 
activities of LH and RH were recorded from correspond-
ing discrete electrodes (marked yellow, Figure 1c) located 
over the subjects contralateral and ipsilateral hemispheres 
with respect to the working hand. During simple motor 
tasks all averaged potentials are key-aligned and color-
coded: For RH, orange traces (Figure 4) indicate the activ-
ity obtained with the right index finger (dominant hand) 
and green traces with the left index finger (non-dominant 
hand). For LH these colors are reversed (orange for the 
use of left index finger and green for the right index fin-
ger). The responses during simple motor tasks have to be 

F I G U R E  4   Para—central responses in left-handed (LH, left two columns) and in right-handed subjects (RH, right two columns) 
during simple motor trials with the dominant (orange traces) or non-dominant (green traces) hand and during match-trials (red traces) or 
mismatch-trials (blue traces). The grand averaged EEG patterns (solid thick lines) with 95% confidence limits of the group mean (thin solid 
lines) were recorded from electrodes given in numbers (see Figure 1c) and in common abbreviations (see 10–20 system; e.g., Jurcak et al., 
2007). The responses cover the period −600 to 200 ms, with the keypress at 0 ms. All patterns are scaled equally from −4 to +4:V. Small 
printed N0 components are shown for the premotor regions (el 18 (FC3) and 10FC4)). Electrodes located contralateral to the working hand 
and the same electrodes located ipsilateral to the non-working hand are surrounded by dashed lines.
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      |  13 of 21KOLB et al.

compared with respect to the occurrence of the responses 
during match- and mismatch-trials. During deliberation 
tasks, responses in red are related for match-trials, and 
blue for mismatch-trials. The 95% confidence limits are 
added to all averaged responses. The columns surrounded 
by broken lines represent the corresponding contralateral 
hemispheres for LH and RH (Figure 4).

The corresponding waveforms of the group averages 
of RH and LH were tested for symmetry using the cor-
relation test of Snedecor and Cochran (1989). Correlation 
coefficients, probabilities and 95% lower and upper lim-
its of coefficients are given in Table  1. This applies to 
the corresponding contralateral hemispheres (with re-
spect to the handedness) as well as to ipsilateral hemi-
spheres. For example, a correlation between patterns 
obtained from the contralateral premotor areas of RH (el 
18) and LH (el 10) during match-trials (red in Figure  4) 
results in rmatch, contra, marked yellow = 0.852 (Table 1, 1st col-
umn, line 2). For all para-central electrodes (marked in 
yellow Figure  1c) and during match-trials the overall 
rmatch, contra, marked yellow, all  =  0.690 (Table  1, 1st column). 

Correspondingly, during mismatch-trials (blue in Figure 4) 
the correlation between patterns of RH (el 18) and LH (el 
10) results in rmismatch, contra, marked yellow = 0.920 (Table 1, 2nd 
column, line 2). For all para-central electrodes (marked in 
yellow, Figure 1c) and during mismatch-trials the overall 
rmatch, contra, marked yellow, all = 0.879 (Table 1, 2nd column). The 
18 unmarked, lateral electrodes (Table 1, 1st column) result 
during match-trials in rmatch, contra, unmarked, all = 0.647 and 
during mismatch-trials in rmismatch, contra, unmarked, all = 0.838 
(Table  1, 2nd column). The correlation of the nine Zero 
electrodes placed on the midline sagittal plane calcu-
lated between RH and LH results during match-trials 
rmatch, zero electrodes, all  =  0.677 (Table  1, 1st column) and 
during mismatch-trials rmismatch, central, all = 0.844 (Table 1, 
2nd column). The correlation coefficients obtained from 
the corresponding ipsilateral hemispheres of RH and LH 
were larger for match-trials compared with contralateral 
match-trials in (Table 1, 3rd column). The same holds true 
when comparing those during mismatch- and match-trials 
from the corresponding ipsilateral hemispheres of RH and 
LH (Table  1, 4th column). In short, it can be stated that 

F I G U R E  5   Spread of cortical excitation in right-handed (RH) and left-handed subjects (LH) during the deliberation tasks (match-trials 
and mismatch trials). The patterns are aligned to the time of keypress (yellow marker, 0 ms) and covering the period −510 to 170 ms. The 
data are presented in a top view Meridian Projection of a current source density mapping at a resolution of [E] = 0.03:V/cm2. Black contour 
lines represent sinks (surface negativity), red contour lines mark sources (surface positivity). The small circles represent the electrode 
positions.
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14 of 21  |      KOLB et al.

stimulus-aligned activity patterns of RH and LH are fairly 
mirror symmetrical. This holds true for matched-trials as 
well as for mismatched-trials, obtained from contralateral 

as well as from the ipsilateral hemispheres. The sequence 
of individual components in a given activity pattern ob-
tained from an individual electrode has been described 
previously in detail for different motor areas in RH (Henz 
et al., 2015). These components were also found for LH and 
only the slowly increasing negativity, termed N0, was eval-
uated in this study for the premotor and motor areas.

The N0 component was assumed to represent the 
end of the deliberation process (Henz et al.,  2015). 
Comparison of the averaged activities during key-
alignment match and mismatch trials above premotor 
and motor areas (Table  2A, yellow and reddish high-
lighted values) indicates that N0 terminates signifi-
cantly earlier on the cortex ipsilateral to the working 
hand (mean: ~60 ms, range: [41–74 ms]; Student's t-test, 
p < 0.05, Bonferroni corrected) than on the contralat-
eral side. Comparison of the averaged activity during 
stimulus-aligned match and mismatch trials shows a 
significant difference only for RH for the electrodes of 
the right cortex (C4, FC4, FCC2, Table 2B, yellow high-
lighted values). This indicates that during mismatch-
trials the cortical activity decreases significantly earlier 
than during match-trials, although the entire develop-
ment of the match process is still incomplete and thus 
occurs ~60 ms closer to key press (Table 2). These results 
indicate that N0 is clearly related to the keypress, based 
on the decision which hand has to be used. The com-
ponents in frontal, centro-parietal and parieto-occipital 
regions show positive potentials at different times prior 
to keypress for RH and LH (Figure 4).

3.4  |  Tracking the second decision of 
subjects in keypress-trials via the spread of 
excitation activity

The comparison of the activity patterns in keypress tri-
als of RH and LH during match- and mismatch-trials is 
shown in top view Meridian Projections of CSD maps 
(Figure  5). It shows the spread of excitation in a time 
range from −510 ms prior to 0 ms (keypress, marked yel-
low) and finally to 170 ms. During match- and mismatch 
trials and up to −340 ms the distribution of sources and 
sinks of RH and LH is approximately symmetrical with 
respect to an imaginary vertical center line. Over the oc-
cipital lobe decreasing small sources can be discriminated 
and which are presumably due to the visual input of the 
stimulus as has been shown in Figure 3. Moving from the 
occipital lobe to the frontal lobe two increasing bilateral 
sources arise, followed by a centrally located single sink 
and ending in a frontally situated broad single source. The 
latter remains until 85 ms after keypress with maximal 
values around the time of keypress.

F I G U R E  6   N0-aligned EEG patterns obtained in left-handed 
subjects from C3/C4 recording electrodes of the cortex areas 
contra- and ipsilateral to the working hand. Grand averaged EEG 
patterns (red lines during match-trials, blue lines during mismatch-
trials, solid thick lines: averaged EEG patterns, solid thin lines: 
95% confidence limits of the group mean). EEG patterns were 
obtained from the cortex contralateral (a) or ipsilateral (b) to the 
working finger, respectively, each of which are aligned to N0. The 
data cover the period from −600 ms before to 200 ms after N0, 
and are scaled equally (from −3 to +3:V). The red and blue blocks 
cover the time range (95% confidence limits, thin solid lines) of 
the times of keypress (mean value: solid thick line) during match 
and mismatch-trials, respectively. EEG patterns in (a) and (b) are 
also N0-aligned such that the contra- and ipsilateral responses are 
within statistical limits (95% confidence limits), indicated by the 
hatched areas.
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      |  15 of 21KOLB et al.

T A B L E  2   N0-latencies and amplitudes are taken from right-handed and left-handed subjects. All values are presented as group 
MEAN ± SEM [ms]. n: Number of subjects taken into account. (A) N0 calculated during key-aligned trials. The N0 were obtained during 
match trials (red in Figure 4) and mismatch trials (blue in Figure 4) of right-handed and left-handed subjects: 17, 18, 7 (C3, FC3, FCC1) and 
electrodes: 11, 10, 3 (C4, FC4, FCC2). Corresponding mean values between match and mismatch trials are highlighted by yellow respectively 
reddish color, expressing significance (p < 0.05, Bonferroni corrected). (B) N0 calculated during stimulus-aligned trials. The table is 
constructed as described for A. Mean values between match and mismatch trials were significantly different (p < 0,05, Bonferroni corrected) 
in right-handed subjects only and are highlighted by yellow color. The values of right-hand subjects were reported (Henz et al., 2015) and 
are repeated here for comparison. (C) Reaction times of right-handed and left-handed subjects during match- and mismatch-trials. Reaction 
times differ significantly between trials in each group (Student's t-test, p < 0.001, Bonferroni corrected)

A

N0 during key-aligned

Right handed subjects n = 25 Left handed subjects n = 20

Cortex Electrode (ms) Electrode (ms)

Match (red)

Contralateral to the working hand 17, C3 −85.4 ± 7.3 11, C4 −111.3 ± 4.2

18, FC3 −111.2 ± 7.9 10, FC4 −98.0 ± 5.6

7, FCC1 −142.4 ± 9.6 3, FCC2 −108.8 ± 6.1

Mean −113.0 ± 8.3 −106.0 ± 5.3

Ipsilateral to the working hand 11, C4 −186.6 ± 7.9 17, C3 −205.0 ± 5.3

10, FC4 −167.4 ± 8.7 18, FC3 −157.8 ± 5.2

3, FCC2 −200.4 ± 11.5 7, FCC1 −166.0 ± 10.2

Mean −184.8 ± 9.4 −176.3 ± 6.9

Mismatch (blue)

Ipsilateral to the working hand 17, C3 −173.6 ± 10.4 11, C4 −206.5 ± 8.2

18, FC3 −164.4 ± 11.0 10, FC4 −163.8 ± 7.4

7, FCC1 −157.4 ± 10.4 3, FCC2 −171.0 ± 6.3

Mean −165.1 ± 10.6 −180.4 ± 7.3

Contralateral to the working hand 11, C4 −88.8 ± 8.1 17, C3 −104.0 ± 6.0

10, FC4 −138.6 ± 10.0 18, FC3 −142.3 ± 8.1

3, FCC2 −125.8 ± 9.3 7, FCC1 −160.3 ± 6.3

Mean −117.7 ± 9.1 −135.5 ± 6.8

B

N0 during stimulus-aligned

Right handed subjects n = 25 Left handed subjects n = 20

Cortex Electrode (ms) Electrode (ms)

Match (red)

Contralateral to the working hand 17, C3 623.0 ± 24.2 11. C4 723.9 ± 19.6

18, FC3 595.2 ± 17.4 10. FC4 676.1 ± 23.9

7, FCC1 564.0 ± 21.44 3. FCC2 665.4 ± 25.8

Mean 594.1 ± 20.8 700.0 ± 23.1

Ipsilateral to the working hand 11, C4 519.8 ± 20.5 17. C3 569.1 ± 23.4

10, FC4 539.0 ± 18.7 18. FC3 616.4 ± 26.0

3, FCC2 506.0 ± 24.4 7. FCC1 608.1 ± 20.6

Mean 521.6 ± 21.2 597.9 ± 23.3

Mismatch (blue)

Ipsilateral to the working hand 17, C3 596.5 ± 22.2 11. C4 610.1 ± 23.4

18, FC3 605.7 ± 22.2 10. FC4 652.8 ± 25.9

7, FCC1 612.7 ± 23.47 3. FCC2 645.6 ± 26.2

(Continues)
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During mismatch-trials in RH (working with the left 
index finger) an initial, contralateral, right-parietal sink, 
starting from −85 ms prior to keypress, separating from the 
single centrally located sink, with large values and expand-
ing to the right hemisphere. Correspondingly and during 
the same time range, LH show during mismatch-trials, 
working with the right index finger, established at −85 ms 
a strong, contralateral sink of the anterior, fronto parietal 
cortex, expanding over the left hemisphere.

This pattern is very similar to that in RH during match-
trials (right index finger is working) with large values in the 
centrally located sink, expanding to the left hemisphere. In 
match-trials in LH (left index finger is working) the shift of 
a sink is less pronounced with a maximal value at −85 ms. 
For all trials and for both groups of subjects, absolute 
maximal values occur at the time of keypress. Thereafter 
all amplitudes of sources and sinks gradually decrease. In 
summary, sources and sinks spread from occipital regions, 
with sources of large positivities, expanding medially lo-
cated sinks, that shift—as expected—to the corresponding 
hemispheres of the working finger.

3.5  |  EEG patterns 
with the N0 component as the end of the 
deliberation task

As has been shown in our previous study in RH only, the 
component N0 in the motor region represents the end of 
the deliberation process, followed by a sequence of P1-
N1-P2 potentials (Henz et al., 2015). In premotor regions 
the N0 is the peak of a continuously increasing negative 
potential. Because of the large variability of N0, the onset 
was calculated by a regression model describing the data 
with two different linear splines (Meindl et al., 2012). By 

applying an appropriate two tailed-test procedure (Kepler-
Randles Test, Kutz et al., 2003) it has been shown that the 
N0 component is related significantly to keypress but not 
to stimulus onset. Figure  4 in this study shows the N0 
components during match- and mismatch-trials over pre-
motor hemispheres. Corresponding components may be 
positive, example, over the frontal cortex, centro-parietal 
cortex, and parieto-occipital cortex. The analysis of the 
occurrence of the N0-aligned data in the contralateral 
und ipsilateral cortexes (with respect to the handedness) 
was performed in this study for LH during match- and 
mismatch-trials in the C3/C4 motor range and is shown 
in Figure  6. The data are N0-aligned with a reference 
time point at keypress. Because of the N0-alignment the 
corresponding keypress events are scattered resulting in 
red blocks for match-trials and blue blocks for mismatch-
trials representing the 95% confidence limits. The tempo-
ral overlap of both blocks is marked by the hatched area 
(Figure 6). Independently of the trial type, the N0 compo-
nent occurred 92 ms earlier in the ipsilateral cortex than in 
the contralateral cortex. This is within the range (95 ms) of 
that in RH (Henz et al., 2015).

4   |   DISCUSSION

The aim of this study was to compare the activity of RH 
with LH subjects. Both groups had to perform three differ-
ent tasks. The clinical VEP was assessed (as a control) to 
determine whether the visual stimulation elicited typical 
responses. The reaction times and responses of the sec-
ond task (simple motor task) were tested for comparison 
to those of the deliberation task. The deliberation task 
was based on the color-word Stroop  (1935) task during 
which subjects knew neither when the stimulus occurred 

B

N0 during stimulus-aligned

Right handed subjects n = 25 Left handed subjects n = 20

Cortex Electrode (ms) Electrode (ms)

Mean 601.1 ± 22.2 636.2 ± 25.2

Contralateral to the working hand 11, C4 681.3 ± 20.9 17. C3 712.6 ± 22.9

10, FC4 631.5 ± 18.3 18. FC3 674.3 ± 26.2

3, FCC2 644.3 ± 23.5 7. FCC1 656.3 ± 27.4

Mean 652.4 ± 20.9 681.1 ± 25.5

C

Reaction times (ms)

Right handed subjects Left handed subjects

Match trials 706.4 ± 20.5 774.1 ± 24.1

Mismatch-trials 770.1 ± 19.1 816.6 ± 26.0

Difference 63.7 42.5

T A B L E  2   (Continued)
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nor how they had to respond. In contrast to the delibera-
tion tasks, during the simple motor task subjects were in-
formed in advance about the meaning of the stimulus but 
not about the time of its occurrence.

4.1  |  Groups of subjects

Two groups of subjects participated in the current study, 
one being RH, the other LH. To verify their handedness 
subjects had to perform the handedness incidence ques-
tionnaire (Sattler, 1999). The percentages of our handed-
ness tested subjects (see Section  3), particularly the LH 
group, were reliable as re-education from initially LH 
to RH was a criterion excluding participation in the LH 
group. Furthermore, due to early psychological reasons 
reeducation in Germany was performed more frequently 
up to 1970 but reduced thereafter. The dominance of the 
corresponding cortical hemisphere is not necessarily re-
lated to hands only, because a dominance is also found in 
legs, eyes, and ears. Thus, the percentage of LH versus RH 
is very variable with values up to 10%; however, the per-
centage is probably larger (up to 20%, Sattler J.B. personal 
communication) if subjects were born later than 1970 and 
not reeducated.

4.2  |  Double-decision task

4.2.1  |  First decision

Both groups of subjects had to perform a double decision 
task. As can be seen qualitatively in Figure 2 (gray-shaded 
inset at on expanded time scale taken from the Oz elec-
trode of RH) and quantitatively from a statistical analysis 
(z-Transformation) the separation (time after stimulus 
onset) between match-, mismatch-, and no-go-trials was 
369.2 ± 17.2 ms for RH, and 355.0 ± 15.5 ms for LH and can 
be interpreted as the time for the decision to move or not 
to move. Experiments dealing with this aspect have been 
described in the literature (e.g. Haggard, 2008; Haggard & 
Eimer, 1999; Trevena & Miller, 2010). Trevena and Miller 
found in their experiment 1 for three experimental con-
ditions (“Sometimes move, moved”; “Sometimes move, 
did not move”; “Always move, moved”) a movement-
preceding, slowly increasing, small negativity at elec-
trode Cz prior to stimulus. Because they could not find 
any difference in these preceding negativities during the 
condition “Sometimes move, move” versus the condi-
tion “Sometimes move, not to move” they concluded 
that this negativity is not related to an expected move-
ment preparation (Gomes, 2010; Trevena & Miller, 2010). 
A dissonant opinion is that of Brunia  (2003) who stated 

that it is comparable to the CNV (Walter et al., 1964) and 
thus would be a movement-preceding negativity like the 
Readyness Potential (RP; e.g. Deecke et al., 1969). However, 
the CNV may also be present in the absence of movement 
(Trevena & Miller, 2010). In the present experiments the 
situation differs the above studies (Brunia, 2003; Trevena 
& Miller, 2010; Walter et al., 1964). As reported previously 
(Henz et al.,  2015) there was no pre-stimulus activity in 
either voltage-direction. Because methods and paradigm 
are identical in the current study, no activity change in the 
pre-stimulus period should be expected. The main reason 
for not having a stimulus-preceding negativity or an expec-
tancy, such as the CNV, may be derived from the fact that 
our subjects did not know how to respond to the upcoming 
stimulus (moving with either hand or do not move at all).

4.3  |  Spread of excitation of the different 
trial types

The potentials presented in Figure 2 were obtained from 
individual electrodes (green in Figure  1c) and show the 
discrete activity of the cortex below. To show the dy-
namic spread of excitation the CSD method was em-
ployed. This technique has been employed for cortical 
tissues in animals and was described by Nicholson and 
Freeman (1975) initially, and Nicholson and Llinas (1975) 
and was subsequently employed in cats (Kolb et al., 1997; 
Mitzdorf, 1985). The CSD is proportional to the sum of the 
second derivatives of the potential field (MacKay,  1984) 
and shows the localization of the electrical activities more 
precisely than the raw potential distribution, and thus is 
far more sensitive to local sources, both tangentially and 
in depth (Cui et al., 1996, 1999; Nunez et al., 1994). The 
technical basis for human EEG processing is part of the 
dipole source analysis (Brain Electric Source analysis, 
BESA, e.g. Scherg,  1990; Scherg and Berg,  1991; Scherg 
et al., 2019). This method allows the evaluation of the to-
pography of current sources and sinks within the brain.

For the first decision, a sink (surface negativities, black 
contour lines) occurred in the occipital region only ap-
proximately at 50 ms, accompanied by sources (surface 
positivities, red contour lines), bilaterally in neighboring 
areas but with no qualitative difference in RH and LH 
and with no difference for the type of trial (Figure 3). At 
100 ms these patterns increased their strengths of both, 
sources and sinks, and spread to medial regions with max-
imal amplitudes of sinks between 150 and 200 ms. Up to 
250 ms the previous patterns reduced their strengths in 
occipital regions whereas frontal sinks were established. 
The patterns obtained later than 300 ms are characterized 
by frontally and parietally located sources with a medially 
located band of sinks.
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The amplitudes of the voltage potentials of all types of 
trials within the expanded section (350 ms, Figure 2) are 
almost similar, but changing after this section. The qual-
itative distribution of the CSD patterns is approximately 
equal for RH and LH and thus, are independent of the 
trial types (Figure 3).

4.3.1  |  Second decision

The subjects' second decision can be seen during the 
color-word Stroop task (Stroop,  1935). The responses 
were triggered by the subjects' pressure on the corre-
sponding keys and were characterized by movements 
only (key-aligned results). These responses were charac-
terized by slowly negative increasing cortical potentials 
in the central region (Figure  4, FC3/FC4) and slowly 
positive increasing cortical potentials in pre-frontal 
(Figure 4, FP1/FP2) and parietal regions (Figure 4, CP3/
CP4 and P3/P4).

Slowly surface increasing negative cortical deviations 
in freely moving rats with chronically implanted elec-
trodes were reported by Caspers  (1963). In humans, sim-
ilar increasing negative responses preceding volitional 
finger movements were reported initially by Kornhuber 
and Deecke  (1964, 1965). These authors introduced the 
term Bereitschafts Potential (German, BP) or RP. Besides 
these purely motor-driven potentials Benjamin Libet (Libet 
et al., 1982), modified the approach in the sense that sub-
jects had to memorize the time at which they consciously 
decided to perform an intentional motor act. These re-
sults led Libet to suggest that free will is an illusion. In 
similar experiments (e.g. Haggard & Eimer,  1999; Keller 
& Heckhausen, 1990) subjects had to memorize the time 
of their decision with the aim of finding a relationship be-
tween the mental perception of the intended movement and 
the measured electrophysiological signals prior to the cog-
nition. This, however, differs from both our previous study 
(Henz et al., 2015) and the current study, in which subjects 
had to make the decision to move depending on the color 
of the color-word as initially introduced by Stroop (1935).

As mentioned above, there was no activity prior to the 
appearance of the color word on the screen. This contrasts 
with the study of Trevena and Miller (2010), as shown ear-
lier (Henz et al., 2015). The latter study analyzed primarily 
premotor and motor areas in RH, and demonstrated ho-
mogeneous patterns above the contralateral and ipsilat-
eral hemispheres. Prior to keypress different components 
(P1-N1) have been observed during the required volitional 
finger movements and with the P1 related to the pre-
motor positivity (e.g. Deecke et al.,  1976). The late P2 in 
Henz et al.  (2015) was assumed to be a feedback signal. 
Vaughan et al. (1968) reported a four-component complex 

(N1-P1-N2-P2). A slowly increasing negativity has been 
observed and reported in the literature under different ex-
perimental conditions and was described first as the BP by 
Kornhuber and Deecke (1964, 1965) and later by Shibasaki 
et al. (1980) and Barrett et al. (1986). Cui et al. (1996) stud-
ied the onset of the BP and the underlying structures in-
volved during right finger extensions of different loads 
(low load task, high load task). With the method of CSD 
they found that the small BP 1 in the fronto-central mid-
line and its corresponding current sink appeared as early 
as 2.3 s before EMG onset. Subsequently these authors doc-
umented the onset of BP 2 at 0.97–0.41 s (0.69 ± 0.2 s; Cui 
et al., 1999). The BP 2 was of higher density compared to 
BP 1, and, moreover, lateralized toward the contralateral 
hemisphere. Toma et al.  (2002) analyzed movement re-
lated cortical potentials using 56 scalp electrodes and EEG 
dipole source analysis combined with fMRI data. With this 
technique they were able to demonstrate the fronto-central 
areas described by Cui et al.  (1996, 1999). Furthermore, 
after six dipoles (three on each side of the corresponding 
primary sensory-motor cortex) were seeded at activated 
spots obtained by the fMRI, the dipole orientations were 
fixed. The activation of the precentral gyrus had similar 
strengths from at −1.2 s, followed by a contralateral pre-
ponderance at −0.5 s. Thus, the post central bank becomes 
active on the contralateral side 0.1 s after movement.

The slowly increasing surface negativity preceding the 
keypress as shown in Henz et al.  (2015) terminated at an 
early component termed N0. It was interpreted as the end 
of the deliberation process. The appearance of the N0 com-
ponents depended on the working hand and on the trial 
type such that N0 on the hemisphere contralateral to the 
working hand (e.g. #17 = C3) obtained during match trials 
was found at −85.4 ± 7.3 ms prior to keypress (t = 0 ms). The 
N0 obtained during mismatch trials at the same electrode—
now ipsilateral to the working hand and contralateral to the 
non-working hand—was found at −173. 6 ± 10.4 ms. This 
means that the N0 value over the corresponding cortex of 
the non-working hand peaks significantly earlier (see table 
2 and figure 3 in Henz et al., 2015).

In the current study the corresponding paracentral 
responses of LH (left two columns) and RH (right two 
columns) are shown (Figure 4). Simple motor tasks were 
used as controls for the timing of the deliberation tasks. 
The results obtained during the deliberation task, i.e., 
during the color-word Stroop task (1935), are shown in red 
(match-trials) and blue (mismatch-trials). The N0 compo-
nent can be detected primarily within the paracentral pre-
motor areas (FC3, FC4, Figure 4). As was the case for the 
subjects in our previous study (Henz et al., 2015), the N0 
evoked over the corresponding cortex of the non-working 
hand appears earlier than the N0 obtained over the cor-
responding cortex of the working hand. This holds true 
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for both, LH and RH in the current study. It is assumed 
that the N0 components in the other responses may exist, 
but they are difficult to detect. As shown in Figure 4, the 
individual components obtained over the corresponding 
cortex areas were similar for RH and LH.

Because subjects did not know which hand was to be 
used to press the corresponding key in the upcoming color-
word Stroop trial (1935), both hands are prepared initially. 
This type of task is accepted as a conflicting mental pro-
cess due to the difficulties of evaluating both the color of 
the text on the screen and its meaning. This is not related 
to the subjects' handedness, as there is no difference be-
tween LH and RH and no difference in the pure simple 
motor tasks, during which subjects know exactly the type 
of the upcoming movement (but not the time). The con-
flict situation during Stroop color-word interference has 
been described in detail in the literature. In conflict trials 
both motor cortices are activated as has been shown by 
DeSoto et al.  (2001). Motor conflict in Stroop tasks have 
been studied by Szucs et al. (2009) and show a robust con-
gruency effect that appeared in the amplitude of congru-
ent versus incongruent event-related potentials (ERPs) 
between 330 and 400 ms, and which may be related to the 
activity of the ACC. Stimulus–aligned data as shown in 
Figure 2 during the first decision of our subjects look very 
similar to the LSP of the congruent and incongruent ERP 
over the period 350–700 ms (Liotti et al.,  2000, Figure  3 
“Manual”, with data obtained during a Stroop color-word 
approach). Corresponding results have been found for the 
same period (350 ms; figure 2B,C in Larson et al., 2014) as 
distinct, slow potential conflict monitoring processes. In a 
review by Heidlmayr et al.  (2020) temporal and anatomi-
cal aspects during Stroop executive control processes were 
discussed for conflict monitoring (200 ms), interference 
suppression (N400 ms), and conflict resolution by the LSP 
(600 ms). These values are comparable with those reported 
by Larson et al. (2014): The Flanker N2 (300 ms) is followed 
by the conflict slow potential (at 450 ms) with a shape of 
the averaged waveform depending on congruent or incon-
gruent trials, recorded over the ACC, representing conflict 
monitoring processes. In inhibition studies performed with 
high-resolution ERP for three periods (200 ms after stimu-
lus onset, 200–400 ms, and 400–800 ms) the inhibition was 
found primarily at N400 and N450 at the central electrode 
site (i.e. Cz and CPz, Pires et al., 2014).

The above-mentioned authors used stimulus-aligned 
paradigms only whereas the N0 components in the cur-
rent study were clearly related to the time of keypress. 
Correspondingly a relation between the above-mentioned 
times cannot be derived directly from the different times 
of N0. As shown previously (Henz et al.,  2015), the N0 
was attributed to the end of the deliberation. If, however, 
the Stroop-color-word conflict is taken into account, N0 

evoked by the non-working hand may also be the begin-
ning of the conflict processing. The time remaining be-
tween N0 and the keypress is relatively short, but it seems 
to be sufficient before and/or during the execution of the 
motor act. At the current stage of research the spread of 
excitation expressed by different emergences and shifts 
of sources and sinks, as shown in Figure 5, cannot be at-
tributed to individual conflict processes.

An early inhibitory process has been assumed for RH 
(Henz et al.,  2015). This was based on studies of DeSoto 
et al.  (2001) and Szucs et al.  (2009) that provide evidence 
that, as long as the deliberation process is incomplete, an 
initial bilateral activation of both cortical hand areas has to 
be accepted. The N0 peak above the corresponding cortical 
area of the non-working hand has to be canceled actively.

The method of N0-alignment established and applied 
for RH in Henz et al. (2015) has now been extended to LH 
as well (Figure 6). The times between the contralateral and 
ipsilateral C3 and C4 were within the same time range (RH: 
Δ  =  95 ms; LH: Δ  =  92 ms), indicating that there was no 
qualitative difference between RH and LH. In agreement 
with Carter et al. (1998), Gehring and Knight (2000), DeSoto 
et al. (2001) the cortical region primarily responsible for pro-
cessing the resulting conflict seems to be the ACC, even if 
additional cortical regions have to be taken into account.

Based on the quantitative similarity of the activities 
and of the locations in the LH and RH our hypothesis of 
providing functional differences in these groups is not 
supported but yields some insights into processing a two-
step decision in a deliberation task.
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