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Abstract: The concept of ‘willed” actions has attracted attention during the last few years. Free choices
have been associated with activations on the medial frontal surface, the dorsolateral prefrontal cortex
and the parietal lobe. Self-paced movements and free selection between various motor responses were
typically used to investigate voluntary behavior. The aim of the present study was to determine neural
correlates of voluntary motor responses and the voluntary inhibition of motor responses in a group of
healthy subjects. Hence, a go/nogo/voluntary selection paradigm was used. In the voluntary selection
condition subjects decided freely whether or not to respond with a button press after stimulus presenta-
tion. Functional MRI data and event-related potentials were acquired simultaneously in order to reliably
investigate spatial and temporal characteristics of these responses. The results showed decision-related
enhanced neural responses predominantly in the medial frontal gyrus/supplementary motor area, lat-
eral frontal brain regions and the inferior parietal gyrus. Additional activations associated with volun-
tary movements were detected in the frontal eye field as well as brain regions directly linked to motor
responses (e.g. somatosensory cortical areas). Altogether, decision processes were shown to be relatively
independent of the kind of response chosen. Hum Brain Mapp 30:2971-2985, 2009.  ©2009 Wiley-Liss, Inc.

Key words: EEG-fMRI; executive functioning; behavioral control; neural correlates; decision making

*

INTRODUCTION

Executive functioning describes a set of cognitive abil-
ities that control and regulate other abilities necessary for
goal-directed behavior. Various aspects are included, e.g.

*Correspondence to: Susanne Karch, Department of Psychiatry
and Psychotherapy, Ludwig-Maximilians-University ~Munich,
Nussbaumstrafie 7, D-80336 Munich, Germany.

E-mail: susanne karch@med.uni-muenchen.de

Received for publication 10 April 2008; Revised 6 November 2008;
Accepted 1 December 2008

DOI: 10.1002/hbm.20722

Published online 26 January 2009 in Wiley InterScience (www.
interscience.wiley.com).

©2009 Wiley-Liss, Inc.

the ability to initiate and stop actions, to monitor and eval-
uate performance in relation to goals, to flexibly change
and revise behavior as needed, and to solve problems
[Jurado and Rosselli, 2007, Lezak, 1983; Ylvisaker and
DeBonis, 2000]. When tasks regarding cognitive control
processes were presented in brain imaging studies, func-
tional variations appeared in a network of brain regions
including anterior cingulate cortex (ACC)/pre-supplemen-
tary motor area (pre-SMA), dorsolateral prefrontal cortex
(DLPFC), inferior frontal junction, anterior insular cortex,
dorsal pre-motor cortex, and posterior parietal cortex
[Brass et al., 2005; Cabeza and Nyberg, 2000; Duncan and
Owen, 2000]. One aspect of cognitive control are ‘willed
actions”: actions are said to be ‘willed’, if we consciously
pay attention to their selection [Frith et al., 1991] and if we
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can choose whether or not to execute them, respectively
[Passingham, 1995]. Several studies focusing on the exami-
nation of neural representations of intention compared
self-paced movements of subjects to finger movements
triggered by an external cue [Jahanshahi et al., 1995; Jen-
kins et al., 2000]. In free movement selection tasks a readi-
ness potential was shown in electrophysiological investiga-
tions [Cunnington et al., 2005; Dirnberger et al., 1998] as
well as increased hemodynamic responses in the DLPFC
(BA 46) compared to tasks in which responses were exter-
nally specified [Deiber et al., 1991; Hyder et al., 1997;
Jahanshahi et al., 1995; Playford et al., 1992; Spence et al.,
1998]. Hunter et al. [2003] revealed activity in the primary
motor cortex, which was preceded by responses of the left
PFC and SMA [Hunter et al., 2003].

Another approach to investigate ‘willed” actions refers to
the choice between two or more response alternatives
[Deiber et al., 1991; Frith et al., 1991; Lau et al., 2004b]: in
these tasks subjects can decide which task they want to
perform and the required response is not fully determined
by external parameters (e.g. task instructions). It is
assumed that extra mental effort is needed to make a
deliberate choice between different response possibilities
[Frith et al, 1991]. In addition, two active processes
between task alternatives are suggested during voluntary
decisions: the decision about which task to perform and
the subsequent reconfiguration of the respective task set
[Arrington and Logan, 2004; Logan and Gordon, 2001].
The supposition that cued and uncued reactions may
involve the same processes has been disproved: cells in
the cingulate motor area were found to be active when
monkeys made a voluntary shift in response, but not when
the response shift was cued externally [Shima and Tanji,
1998]. Functional neuroimaging studies provided some evi-
dence that ACC and DLPFC activations [Deiber et al.,
1991; Frith et al., 1991; Hyder et al., 1997; Jueptner et al.,
1997; Lau et al.,, 2004b; Walton et al., 2004] as well as
responses of the superior parietal lobule and the posterior
part of the intraparietal sulcus [Forstmann et al., 2006]
were increased when subjects were able to freely select a
response. Further evidence for the involvement of medial
frontal structures in free choices comes from lesion studies:
damage of the medial frontal cortex leads to severe diffi-
culties in spontaneously initiating actions [Laplane et al.,
1977]. Lau et al. [2004b] suggested that the DLPFC activa-
tions were associated with attention to selection of action
but did not play a unique role in the generation of inter-
nally initiated actions. By contrast, the pre-SMA seemed to
be involved in the endogenous generation of responses
when the responses were underdetermined without suffi-
cient environmental constraints [Lau et al., 2004b]. Then
again, pre-SMA responses are also tightly associated with
response conflict [Ullsperger and von Cramon, 2001]. Vol-
untary responses, too, may lead to an enhanced conflict
between different action plans, particularly when no
response alternative is preferable to another [Nachev et al,,
2005]. Thus, functional variations in tasks related to

response conflict and free choice, respectively, could over-
lap [Nachev et al., 2005]. Nachev et al. [2005] aimed at the
dissociation of neural responses, which can be seen when
tasks dealing with voluntary responses and conflict-related
behavior, are examined. Their results suggested that con-
flict revealed activation in the rostral pre-SMA. In addi-
tion, free voluntary action did not itself engender conflict.
The generation of volitional plans seemed to engage a
more caudal region of the pre-SMA. By contrast, another
study confirmed the hypothesis of an involvement of the
pre-SMA in the endogenous generation of action, whereas
response conflict seemed to be associated with ACC
responses [Lau et al., 2006].

Apart from medial frontal areas, the DLPFC was
thought to be involved in free selection, when there is no
external cue to guide action [Hadland et al., 2001]. How-
ever, the function of the DLPFC is not clear; possibly the
DLPFC is primarily related to the working memory (WM)
capacity [Barch et al., 1997; Manoach et al., 1997; Ranga-
nath and D’Esposito, 2001], which are also required in
most selection tasks. The study of Hadland et al. [2001]
examined the effect of repetitive transcranial magnetic
stimulation (rTMS) to the DLPFC. The results indicated
that response selection depends on the DLPFC and medial
frontal cortex even when WM requirement is low
[Hadland et al., 2001].

It should be noted that direct or causal associations
between cognitive processes and specific electrophysiologi-
cal as well as hemodynamic responses have not been
proved yet. Still, certain cognitive functions seem to be
particularly associated with certain brain regions as well
as neuronal responses. However, the results are often
inconsistent and are characterized by a high inter- and
intraindividual variability.

We used an adapted go/nogo-paradigm in a simultane-
ous EEG-fMRI study in order to further investigate ‘willed’
actions. In these tasks a well-learned reflexive action is
placed in opposition to another action that is less accu-
rately specified by the environmental circumstances that
prompt it [Nachev et al., 2005]. Apart from the go task
(button press required) and the nogo task (no response
required), a voluntary selection condition was included in
which subjects could choose whether or not they wanted
to press the response button. The aim of the study was to
distinguish neural reactivity with a voluntary behavioral
response from those responses which appear when the
motor response is withheld voluntarily. Furthermore, deci-
sion-related neural responses are to be separated from
those during forced responses. Thereby, the combination
of EEG and functional MRI allows for high-spatial and
temporal acquisition of mental processes and may contrib-
ute to a more comprehensive understanding of neural cor-
relates of perception and cognition [Debener et al., 2005,
2006; Eichele et al., 2005; Mulert et al., 2004, 2005a]. We
hypothesized decision-related activations especially in
medial frontal brain regions would be demonstrated when
comparing voluntary and forced responses (go, nogo). We
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Figure 1.
Auditory go/nogo/voluntary selection paradigm.

assumed that neural responses in frontal brain regions are
comparable in voluntary selection tasks whether subjects
decided freely to press the button or not.

METHODS

Subjects

Fourteen healthy subjects (11 men; aged between 24 and
49 years; average age: 36.5 * 8.0 years; years of education
between 11 and 20 years, 16.5 = 3.0 years on average) took
part in the simultaneous EEG-fMRI study. A standardized
questionnaire was used to exclude neurologic and psychi-
atric disorders or hearing problems. According to the
modified version of the Edinburgh Inventory of Handed-
ness [Oldfield, 1971], thirteen subjects were right-handed,
one was left-handed. After all procedures had been fully
explained, written informed consent was obtained from
each participant. The study was approved by the ethical
committee of the University of Munich and was carried
out in accordance with the Declaration of Helsinki. Each
volunteer was paid €25 for participating in the study.

Task

The subjects performed an adapted auditory go/nogo
paradigm comprising four different conditions (see Fig. 1).
The auditory stimuli consisted of a sinus tonus (duration:
50 ms, pressure level: 100 dB) of three differential pitches
delivered binaurally via headphones. The tones were pre-
sented in pairs at intervals of 1,000 ms. The tone with the
middle frequency [1,000 Hz] served as cue indicating that
a button press was required when it was directly followed
by the high frequency tone [1,300 Hz; go condition]. The
subject’s objective was to press a button with their right
index finger for the go condition. Subjects were instructed
to respond as quickly as possible after the stimuli were
presented, while minimizing errors. The prepared behav-

ioral response was to be inhibited if the cue was followed
by the tone with a low frequency [800 Hz; nogo condition].
In the voluntary selection condition [selection], participants
were instructed to freely decide whether to press the
response button [selection+] or not [selection—]. The partici-
pants were asked to decide separately at each trial of the
voluntary selection task whether they wanted to respond
or not. Subjects were told that the ratio selection+/
selection— did not matter as long as it was approximately
equally often and in random order. Subjects were asked
not to count how often they pressed the button. Only sub-
jects who responded in each trial of the voluntary selection
condition or did not respond at all were not included in
the study, because it could not be guaranteed that they
had understood the instructions; these data were not ana-
lyzed. In addition, there were two control conditions start-
ing with the low-frequency tone indicating that no
response was required irrespective of the second tone (pas-
sive listening). The conditions were presented in pseudo-
randomized order. The go condition was presented 160
times, the other conditions were presented 80 times with
an interstimulus interval of 3 sec. All subjects received a
practice block of at least 10 min to introduce the different
response rules.

Behavioral and EEG Data Analysis

Regarding behavioral data reaction times, errors of omis-
sion and commission were computed separately for the go
and voluntary selection task. Any response delayed by more
than 1,000 ms after the stimulus was counted as error. A
MANOVA was used to test the difference between reac-
tion times and the quotient of responses, respectively, and
between the go condition and the selection+ task.

Evoked potentials were recorded during the acquisition
of functional MRI images by 61 Ag/AgCl electrodes
placed on the scalp according to the international 10-10
system using an electrode cap set (Easycap, Germany). All
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electrodes referred to Cz. Eye movements were recorded
from a channel placed beneath the right eye. The ECG was
recorded with three electrodes placed on the back of each
participant. EEG was continuously recorded and digitized
at 5,000 Hz without any filtering during acquisition. Impe-
dances were usually maintained below 10 kQ. The EEGs
were acquired with an amplifier designed for inside scan-
ner recordings (Brain Products, Munich). Participants were
asked to stay calm and keep their eyes shut during the
task. Eye movements and eye-blinks as well as cardiobal-
listic artifacts were excluded using a spatial filters algo-
rithm. Common to spatial filter techniques is the decompo-
sition of the EEG into components which, ideally, model
either artifact or brain activity [Ille et al., 2002]. A suitable
decomposition is achieved when artifact activity can be
reconstructed as the product of artifact topographies and
waveforms. Here, the ‘surrogate’ algorithm was used which
is implemented in BESA software package (MEGIS Soft-
ware GmbH, Grifelfing, Germany): brain activity is mod-
eled using a dipole configuration with dipoles that are
placed at strategic positions of the brain. This method was
already used for the removal of cardioballistic artifacts
[Karch et al., 2008; Mulert et al., 2005b; Siniatchkin et al.,
2006]. Further analyses were done with Analyzer Software
(Brain Products, Munich). The data were re-referenced to
an average reference. The EEG data were filtered with a 20
Hz low-pass filter (slope 48 dB/oct) and segmented into
750 ms epochs time-locked to the onset of the second stim-
ulus of each pair of tones, separately for the different con-
ditions (voluntary selection, go, nogo, control). The sam-
pling epoch commenced 150 ms before the presentation of
the second tone indicating which task was to be per-
formed. The pre-stimulus interval was used for baseline
correction. Epochs containing artifacts (amplitude higher
than *£90 pV) were rejected. The artifact detection was
done on Fz, F3, F4, FCz, Cz, C3, C4, and Pz. Trials with
incorrect responses (button press after the nogo or control
tasks; no response after the go task) were rejected prior to
averaging. The ERPs of subjects with less than 30 trials
remaining after artifact rejection were excluded from the
analyses (three subjects both for the voluntary selection
task with button press and the voluntary selection task
without button press). The N2 and P3 ERPs were exam-
ined at the midline fronto-centro-parietal scalp electrodes
(Fz, FCz, Cz, Pz). NoGo-related electrophysiological varia-
tions in these locations were determined a priori from pre-
vious studies [Bekker et al., 2004; Bruin et al., 2001; Falken-
stein et al., 1999; Kamarajan et al., 2005; Karch et al., 2008;
Kopp et al., 1996; Pfefferbaum et al., 1985].

Image Acquisition and Procedure

Imaging was performed using a 1.5 Tesla Siemens So-
nata MR scanner. For anatomical registration of the func-
tional data high-resolution anatomical data sets were col-
lected using 3D Tl-weighted sequence. During the func-
tional imaging session 10 T2*-weighted images were

obtained with gradient echo EPI sequence in the same
position as the 3D data set (TR = 3 sec; TE = 53 msec;
matrix: 64 X 64; FOV: 192 X 192; slice thickness: 8 mm;
interslice-gap: 0.4 mm; interleaved slice acquisition). Data
were acquired in temporal synchrony to the task.

We used an interleaved design where the tones were
presented during the intervals MR acquisition to reduce
the influence of the scanner noise on stimulus presentation
and to diminish MR provoked artifacts on the EEG acqui-
sition: the scanner noise took about 1,000 ms. After 1,200
ms, the first tone was presented for 50 ms, the second tone
was presented after 2,250 ms. After additional 700 ms, the
next volume was measured. Four hundred and eighty-five
image volumes (160 go condition; 80 nogo condition; 80 vol-
untary selection condition; 160 control conditions; 5 baseline
at the beginning) were acquired in total; the experiment
lasted about 25 min.

Participants were scanned in one continuous measure-
ment session. During the image acquisition, participants
were asked to keep their eyes closed. Participants were
positioned comfortably on the scanner bed with their
heads cushioned tightly in place to reduce head move-
ment. The tones were presented via headphones. Auditory
stimuli were generated on a PC outside the MR environ-
ment using the BrainStim software package (Brain Prod-
ucts, Munich) and conducted via a pair of plastic tubes
into a set of headphones placed over the subjects’ ears.
During the adapted go/nogo-task participants kept their
right index finger mounted on a response box.

Analysis of MRI Data

Image preprocessing and statistical analysis were per-
formed using the BrainVoyager Software package version
496 (Brain Innovation, Maastricht, Netherlands). Five
images at the beginning of each session were cancelled
due to inhomogenities of the magnetic field. The prepro-
cessing of the functional images included slice scan time
correction and a 3D motion correction. A Gaussian filter
with FWHM 8.0 mm was applied. The functional images
were transferred to a standard Talairach brain.

Image data for each participant were analyzed individu-
ally at the first level using the general linear model (GLM)
as implemented in BrainVoyager. Trials were classified
according to the four conditions: [1] voluntary selection, [2]
nogo, [3] go, [4] control. Significant fMRI activity was deter-
mined by cross-correlation of MR image pixel intensity
with an expected hemodynamic response function.

For group analysis, a second level random effects analy-
sis (voluntary selection; nogo; go; control) was computed,
thresholded at P < 0.001 uncorrected for multiple compari-
sons (confidence range T: 4.3-8). A second GLM was com-
puted in which the wvoluntary selection condition was di-
vided according to the selected response during the volun-
tary selection condition (selection+; selection—; nogo; go;
control; random effects analysis; threshold: P < 0.001
uncorrected for multiple comparisons; confidence range T:
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Figure 2.
Behavioral data. Boxplots show mean response time [A] and percentage responses [B] for go
and voluntary selection trials. Asterisks indicate level of significance: **p < .001; **p < .01.

4.3-8). For visualization, regions with significant activa-
tions were thresholded at P (uncorrected) < 0.001 and
overlayed on a talairachized T1-weighted image of a single
subject. Furthermore, a factorial analysis was done within
the factors: 1. “voluntariness’ (free vs. forced), 2. ‘response’
(no response vs. button press) in order to demonstrate
brain regions needed for voluntary responses and separate
these functions from behavioral responses.

In order to directly compare BOLD responses with be-
havioral data and electrophysiological activity, a region of
interest (ROI) analysis was included. For that purpose, the
anatomical ROI definitions of BrainVoyager 2000 for
the cingulate gyrus (CG), the inferior frontal gyrus (IFG),
the middle frontal gyrus (MFG), the superior frontal gyrus
(SFG), the medial frontal gyrus (medial PFC), and the pre-
central gyrus were used. For each subject, the average T-
value of the activated voxels (t-score: 2.6-8; P < 0.01
(uncorrected for multiple comparisons)) were determined
separately for selection+, selection—, nogo and go. Compari-
sons were done with the Pearson correlation coefficient.

Statistics

Statistics were obtained using the routines in the SPSS
14.0.1 program. The significance level was 0.05, P values
between 0.05 and 0.1 were marked as a trend.

The N1 was defined as the relative minimum of the ERP
in the search window of 70-230 msec. The N2 was defined
as the largest relative minimum of the ERP in the search
window of 170-230 msec. The P3 was defined as the larg-
est relative maximum of the ERP 230-550 msec after pre-
sentation of the respective task. In order to test for the sig-
nificance of each effect, MANOVAs with repeated mea-
surements was run on the maximum ERP-amplitude in
each search window (N1, N2, P3) with two repeated-meas-

ures factor of task (voluntary selection, nogo, go, control) and
electrode position (Fz, FCz, Cz, Pz). In the case of a signifi-
cant Mauchly-test the Greenhouse-Geisser correction
was used. In addition, post-hoc t-tests were used. Based
on 4 X 4 task conditions, 16 different tests were performed.
Therefore, using Bonferroni-correction, all tests were per-
formed with a two-sided P < 0.0031; P values smaller than
0.00625 were marked as trend. Furthermore, the ERP-ampli-
tudes (N1, N2, P3) of selection+ were compared to the
selection— responses using MANOVAs with repeated meas-
urements. Post-hoc f-tests were Bonferroni-corrected with a
two-sided P < 0.00625 (trend level: P < 0.0125).

Pearson correlations were calculated between go-associ-
ated behavioral performance (reaction time; percentage of
correct responses) and ERP-responses in Fz, FCz, Cz and
Pz during this task. In addition, the behavioral responses
during voluntary selection condition were related to the
respective electrophysiological responses (selection+ task).
In addition, correlations between the average BOLD
response in the regions of interest (CG, MFG, IFG, SFG,
medial PFC) and the N2 amplitudes of Fz, FCz and Cz as
well as P3 amplitudes of Fz, FCz, Cz and Pz were calcu-
lated separately for the different conditions (selection+,
selection—, go, nogo). The ROI information of selection+ and
go were also compared to the respective reaction times.

RESULTS
Behavioral Results

Behavioral data are shown in Figure 2. The group aver-
age for the mean response times were significantly longer
in voluntary selection trials [M = 689.5 = 187.54] than in go
trials [M = 473.9 = 142.23; F(1,13) = 74.641; P < 0.001]. In
addition, the percentage of responses differed significantly
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Figure 3.
ERP waveform during go, nogo and voluntary selection condition at frontal and central electrode
positions.
between go (M = 98.0 £ 1.25%) and wvoluntary selection The post-hoc comparisons revealed significant smaller N2-

trials [M = 58.7 * 13.65%; F(1,13) = 106.224; P < 0.001].

ERP Results

ERP results are shown in Figures 3 and 4. Regarding the
N1l-amplitude, we found a significant main effect of elec-
trode position [F(3,39) = 26.695; P < 0.001]. Apart from
this, the interaction between task and electrode position
revealed to be significant [F(4.296,55.849) = 3.244; P =
0.016]. The task effect was not significant [F(3,39) = 0.866;
P = 0.467]. Post-hoc tests showed enhanced N1-amplitudes
in Fz compared to Cz (p = 0.028) and Pz (p < 0.001),
enhanced amplitudes in FCz compared to Cz (P = 0.002)
and Pz (P < 0.001) as well as Cz and Pz (P = 0.004).

Furthermore, regarding the N2-amplitude, we found a
significant main effect of task [F(3,39) = 7.169; P = 0.001]
and of electrode position [F(1.525,19.829) = 9.269; P =
0.003]. There was also a significant interaction effect (task
X electrode position) [F(4.543,59.057) = 5.003; P = 0.001].

Fz

-4

G pv

— selection+

amplitudes in the go task compared to the nogo condition
(P = 0.049), voluntary selection (P = 0.009) and the control
condition (P = 0.002). Regarding the electrode positions,
the N2 amplitudes revealed to be significantly more pro-
nounced in Fz compared to Cz (P = 0.009) as well as FCz
compared to Cz (P = 0.009). Cz N2 amplitudes were also
smaller than those at Pz (P = 0.001).

Concerning the P3 amplitude, significant main effects of
task [F(3,39) = 18.834; P < 0.001] and electrode position
[F(3,39) = 4.950; P = 0.005] were found. The interaction
between task and electrode was also significant [F(9,117) =
3.385; P = 0.001]. Pairwise comparisons revealed signifi-
cant increased P3-amplitude associated with the nogo con-
dition compared to go (P = 0.001), voluntary selection (P =
0.032), and control (P < 0.001). The P3 amplitudes related
to the control task were also significantly reduced com-
pared to go (P = 0.015) and wvoluntary selection (P = 0.009).
The analysis of electrode position revealed significantly
increased P3 amplitudes in Cz compared to Fz (P = 0.021).

FCz cz

" N1

slection-

Figure 4.
ERP waveform during voluntary selection without behavioural response [selection-] compared to the
selection to respond with a button press [selection+] at frontal and central electrode positions.
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Correlation between Pz-amplitudes [uV] of FCz, Cz and Pz and the corresponding reaction

times [ms] for the selection+ and go task.

The comparison of N1-amplitudes of the selection+ com-
pared to selection— revealed a significant main effect of
electrode position [F(1.796,23,349) = 20.697; P < 0.001] but
not of task [F(1,13) = 0.551; P = 0.471]. The interaction
effect (task X electrode position) failed to be significant
[F(1.731,22.499) = 1.897; P = 0.146]. Post-hoc comparisons
revealed significant enhanced N1l-amplitudes in Fz com-
pared to Pz (P = 0.001), in FCz compared to Cz (P =
0.007) and compared to Pz (P < 0.001) as well as Cz com-
pared to Pz (P = 0.002).

The main task-effect for N2-amplitudes [F(1,13) = 0.031;
P = 0.862] and P3-amplitudes [F(1,13) = 0.008; P = 0.931]
as well as interaction effects (N2: [F(1.845,23.983) = 0.432;
P = 0.731]; P3: [F(3,39) = 1.675; P = 0.188]) were not sig-
nificant. The main effect of electrode position was signifi-
cant in N2-amplitudes [F(1.860,24.181) = 9.543; P = 0.001]
but not in P3-amplitiudes [F(3,39) = 2.605; P = 0.065].
Post-hoc tests revealed clearly more negative values in the
N2-interval in Fz compared to Cz (P = 0.019) and Pz (P =
0.027), as well as FCz compared to Cz (P = 0.013).

Correlations Between Behavioral Data and ERPs

Fast behavioral responses during the go condition were
related to increased go-associated N1l-amplitudes in Pz
(correlation coefficient [CC] = —0.740**, P = 0.002) as well
as enhanced P3-amplitudes in FCz (CC = —-0.583, P =
0.029), Cz (CC = —0.592, P = 0.026) and Pz (CC = —0.745,
P = 0.002). A high percentage of correct responses during
the go task correlated with increased N1-amplitudes
during go in Pz (CC = 0.536, P = 0.048).

Fast responses during the voluntary selection task corre-
lated with increased ERP amplitudes in Cz (CC = —0.669,
p = 0.009) and Pz (CC = —0.629, P = 0.016). The results
are also shown in Figure 5.

Functional MRI Results
Voluntary selection versus control task

The results are summarized in Table I and Figure 6.
Increased BOLD responses were demonstrated during the
voluntary selection task compared to the control condition,
especially in frontal brain regions including the superior
and medial frontal gyrus (BA 6/8), the left and right mid-
dle frontal gyrus (BA6/8/9/46) and the left insular cortex
(BA 13). Furthermore, the voluntary selection task led to an
enhanced contribution of the postcentral gyrus (BA 3), the
inferior parietal lobule (BA 40) and limbic/subcortical
regions (e.g. thalamus, caudate body/putamen). Slightly
increased functional responses associated with the control
task were shown in the occipital lobe (left and right mid-
dle occipital gyrus, left lingual gyrus (BA 19/37/18)), the
right superior parietal lobule (BA 5/7), the precuneus (BA
7) as well as small areas in the right precentral gyrus and
right middle temporal gyrus.

Voluntary selection with button press [selection+]
versus go task

Table II and Figure 7 indicate location and spatial extent
of activations related to voluntary motor responses com-
pared to go responses. The selection+ task led to enhanced
hemodynamic responses compared to the go task, espe-
cially in medial (superior frontal gyrus (BA 6/8), medial
frontal gyrus (BA 9)) and lateral parts of the frontal cortex
(left and right middle frontal gyrus (BA 6/8/9)). Apart
from frontal differences, BOLD responses were mainly
increased in parietal areas (inferior parietal lobule (BA 40),
superior parietal lobe (BA 19), precuneus (BA 7), supra-
marginal gyrus) during the selection+ task compared to the
go task. However, slightly decreased responses were
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TABLE I. Significant activations during voluntary selection compared to the control condition

Center of mass

Cerebral region BA Side Avg t-score Max t-score Size X y z
Voluntary selection > control
Frontal lobe
Superior frontal gyrus/ 6/8 R 5.478 10.309 17264 2 13 49
medial frontal gyrus
Cingulate gyrus 23/24 R/L 5.237 8.947 826 0 -22 34
Middle frontal gyrus 9 L 4.774 6.285 941 -36 47 27
8 L 4.728 5.510 281 -37 31 42
6 R 4.529 5.345 243 44 12 46
46 R 4.667 5.525 54 46 53 8
Inferior frontal gyrus R 4.605 5.660 358 35 28 12
Parietal lobe
Postcentral gyrus 3 L 4.680 5.974 1045 —40 -22 55
Inferior parietal lobule 40 L 4.654 6.363 2658 —47 —54 40
40 R 4.516 5.086 1124 50 —44 45
40 L 4.682 5.790 206 -33 -37 39
Precuneus 7 L 4.725 5.948 850 -2 —68 42
Sub-cortical/limbic area
Insula 13 L 4.814 6.206 2342 -35 18 7
Thalamus/ventral lateral nucleus R 5.223 8.349 1221 12 —11 12
Thalamus/medial dorsal nucleus L 4.790 5.910 409 -7 —-12 12
Caudate body/putamen R 5.270 7.882 1196 16 7 11
Putamen L 5.057 6.932 1362 -17 9 8
Control > voluntary selection
Frontal lobe
Precentral gyrus R 4.673 5.594 193 26 —20 59
Temporal lobe
Middle temporal gyrus R 4.650 5.858 173 39 —60 11
Occipital lobe
Middle occipital gyrus 19 L 4.861 7.505 2301 =33 —84 20
19/37 R 4.547 5.017 138 43 —68 8
Lingual gyrus 18 L 5.334 9.394 619 —26 -77 -3
Parietal lobe
Superior parietal lobule 5/7 R 5.456 9.564 3454 26 -85 19
5/7 R 6.576 5.047 197 26 —45 61
Precuneus 7 R 5.041 4.546 63 10 —81 50

Functional MRI responses to the voluntary selection task com-
pared to the control condition (random effects analysis thresh-
olded at p(uncor) < .001; confidence range T: 4.37% xyz: 0 10

Figure 6.

40). [Abbreviations: sfG: superior frontal gyrus, mfG: medial wiley.com.]

frontal gyrus, cG: cingulate gyrus, Pre: Precuneus; mdfG: middle
frontal gyrus; ipG: inferior parietal gyrus]. [Color figure can be
viewed in the online issue, which is available at www.interscience.
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TABLE Il. Significant activations during voluntary selection with button press [selection+] compared to the go task

Center of mass

Cerebral region BA Side Avg t-score Max t-score Size x Y z
Voluntary selection with button press > Go
Frontal lobe
Superior frontal gyrus 6/8 L/R 4.811 6.332 4981 0 17 53
Middle frontal gyrus 8/9 R 4812 7.295 4372 46 19 39
L 4.703 5.582 938 —43 22 40
6 L 4.725 6.164 905 —44 2 43
6 R 4.455 4.794 51 32 14 57
Medial frontal gyrus 9 L 4.773 5.943 295 -7 31 33
9 R 4.688 6.027 118 9 47 19
Inferior frontal gyrus/insula 13/45 L 4.765 5.968 810 -39 19 4
Parietal lobe
Inferior parietal lobule 40 L 5.692 11.720 2380 —44 —46 44
Superior parietal lobe/precuneus 19/7 L 4.429 4.836 81 -31 —63 43
Precuneus 7 R 4.969 6.608 1374 8 —66 42
Supramarginal gyrus R 4.474 5.160 63 51 —46 36
Subcortical
Corpus callosum R 4.598 5.742 97 9 -17 20
Go > voluntary selection with button press
Cuneus/middle occipital gyrus 6 R 4.772 5.545 375 1 -92 30
Insula L 4.577 6.033 104 —37 -15 23
Precentral gyrus 6/4 R 4.753 6.531 66 61 -7 39

shown in the cuneus/middle occipital gyrus (BA 6), the
insular cortex and the precentral gyrus (BA 4/6).

Voluntary selection without button press [selection—]
versus nogo task

The decision in the voluntary selection task [selection—]
revealed increased hemodynamic responses in the medial
frontal gyrus (BA 6/8), the left and right inferior parietal
lobule (BA 7/40) and the supramarginal gyrus compared
to the nogo task. Inhibition-related increases in BOLD-
responses were small (right precentral gyrus (BA 4/6),
right postcentral gyrus (BA 4), right cuneus/middle occipi-
tal gyrus (BA 6); see Table III, Fig. 7).

Brain regions associated to voluntary selection and
response (factorial analysis)

The results of the main factor ‘voluntariness’ demon-
strated the involvement of medial frontal brain regions,
e.g. the superior frontal gyrus and the medial frontal gyrus
(BA 8/6) for voluntary responses. In addition, pronounced
BOLD responses were demonstrated in left and right lat-
eral frontal regions including the middle frontal gyrus (R
> L), the inferior frontal gyrus and the insula (BA 6/9/8/
47/45/13) as well as parietal regions. Smaller responses
were demonstrated in temporal brain regions (BA 21/22/
41). The main factor ‘response’ was associated with pro-
nounced BOLD responses predominantly in the inferior
parietal lobe (BA 40) as well as the pre- and postcentral
gyrus (BA 4, 43), the left insula (BA 13) and the SMA (BA
6). Smaller responses were demonstrated in the subcortical

regions (caudate body, putamen). The interaction between
these two factors failed to show any significant brain
response (see Table IV, Fig. 8).

Correlations Between ROIs and Behavioral Data

Subjects who responded fast during the go condition
showed slightly enhanced BOLD responses in the IFG (cor-
relation coefficient [CC] = —0.541* P < 0.046). Fast
responses during the wvoluntary selection task were also
associated with increased hemodynamic responses in the
IFG (CC = —0.559*, P = 0.038). Furthermore, the associa-
tion between response time and BOLD responses in the
medial PFC reached significance (CC = —0.524, P = 0.054)
during selection+.

Correlations Between ROIs and
Electrophysiological Responses

The N2 amplitudes at Fz during selection+ correlated
with the average T value of the cingulate gyrus (CC =
—0.745**, P = 0.002): the N2 amplitude was more pro-
nounced in subjects with increased responses of the cingu-
late gyrus. The association of N2 at Fz to the MFG (CC =
—0.523, P = 0.055) and the N2 at FCz to the medial PFC
(CC = —0.448, P = 0.109) reached trend level. In addition,
the P3 amplitude in Fz was correlated to increased
responses of the MFG.

We did not find any significant association between ERPs
and ROI information in the selection—, go and nogo task.
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Figure 7.
Functional MRI responses to the voluntary selection task with-  effects analysis thresholded at p(uncor) < .001; confidence range
out behavioural response [selection-] compared to the nogo con-  T: 4.37%, xyz: 4 22 44). [Color figure can be viewed in the online
dition and the voluntary selection with behavioural response issue, which is available at www.interscience.wiley.com.]
[selection+] compared to the go condition, respectively (random

TABLE lll. Significant activations during voluntary selection without button press [selection—]
compared to the nogo task

Center of mass

Cerebral region BA Side Avg t-score Max t-score Size x y z

Voluntary selection without button press > NoGo
Frontal lobe

Medial frontal gyrus 6/8 R 4.799 6.589 3867 2 19 48
8 R 4.764 7.032 417 39 26 49
Parietal lobe

Inferior parietal lobule 40 L 5.091 7.453 2622 —43 —55 44
40 R 4.933 6.102 525 55 —47 42
7 R 4.698 5.733 282 36 —60 48
Supramarginal gyrus R 4.631 5.771 98 47 —37 37

NoGo > voluntary selection without button press
Precentral gyrus 6/4 R 4.867 6.718 215 58 —4 14
Postcentral gyrus 4 R 4.606 5.309 105 13 —34 57
Cuneus/middle occipital gyrus 6 R 4.413 4.946 86 27 =79 18
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TABLE IV. Significant activations associated with ‘voluntariness’ and ‘response’ in a factorial analysis

Center of mass

Cerebral region BA Side Avg t-score Max t-score Size X y z
Voluntariness
Frontal lobe
Superior/medial frontal gyrus 8/6 R 6.003 11.916 11808 1 22 49
Superior/middle frontal gyrus 6 R 5.055 6.500 467 23 9 64
10 L 4.607 5.383 82 —24 50 0
Middle frontal gyrus 8/6/9 R 5.720 13.028 21622 45 20 41
10/46 R 4.945 6.747 1577 45 54 4
10/46 L 4.490 4.880 109 —41 49 14
Middle/inferior frontal gyrus/insula 9/8/47 L 5.187 8.041 16619 —42 21 28
Inferior frontal gyrus 45 R 5.039 6.576 539 49 29 3
Parietal lobe
Inferior parietal lobule 7/40 R 5.151 8.857 15829 35 —57 44
40 L 5.225 8.319 8510 -39 —54 43
Temporal lobe
Superior temporal gyrus 22/41 R 4.807 5.846 65 51 -29 5
Middle temporal gyrus 21 L 4.626 5.492 259 —56 -29 -3
Response
Medial frontal gyrus 6 R 4.464 4.733 119 1 -6 60
Precentral gyrus 4 L 4.408 4.749 145 -35 —23 56
R 4.721 5.841 516 51 6 9
Postcentral gyrus R 4.696 5.496 466 58 -17 22
43 L 4.777 6.361 319 —61 —14 16
Insula 13 L 5.183 7.700 1495 —43 2 11
13 R 4.420 4.712 23 40 9 14
Inferior parietal lobe 40 L 4.986 6.793 4825 —51 =29 45
40 R 5.107 6.902 851 51 —56 39
Caudate body L 4.709 6.381 474 -17 8 13
Putamen R 4.454 4.806 21 17 9 7

Voluntariness

Response

Figure 8.

Brain responses associated with voluntary behaviour compared to forced behaviour (factorial
analysis (“‘voluntariness” and “response”); random effects analysis thresholded at p(uncor) < .001;
confidence range T: 4.37%). [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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DISCUSSION

The present study aimed at investigating ‘willed” actions
and neuronal responses occurring when tasks are pre-
sented requiring voluntary responses. Therefore, a go/
nogo/voluntary selection paradigm was used. In the volun-
tary selection condition subjects decided freely whether or
not to respond with a button press after stimulus presenta-
tion [selection+, selection—]. The neural correlates related to
voluntary responses were associated with those during the
motor responses during go and the behavioral inhibition
during the nogo condition to distinguish voluntary and
forced aspects of behavior. Functional MRI data and event-
related potentials [ERPs] were acquired simultaneously in
order to reliably investigate temporal and spatial charac-
teristics of the responses.

The functional MRI data revealed increased responses in
the woluntary selection task compared to the control task
[passive listening] in lateral and medial frontal regions,
e.g. the pre-SMA/ACC (BA 6/8), and the DLPFC (BA 6/
8/9/46). These results are consistent with those of neuroi-
maging studies on the voluntary selection between two or
more motor response alternatives [Deiber et al., 1991; Frith
et al., 1991; Hyder et al., 1997; Jueptner et al., 1997]. Apart
from frontal regions, enhanced responses were found in
areas which are essential for guidance of limb movement
(e.g. inferior parietal lobule (BA 40)), primary somatosen-
sory cortical areas (postcentral gyrus (BA 3)), precuneus
(BA 7) as well as subcortical/limbic regions (thalamus,
caudate, putamen, insular cortex (BA 13)). Parietal activa-
tions have already been demonstrated to be of importance
for voluntary selection tasks [Forstmann et al., 2006]. In
addition, patients with parietal lesions demonstrated diffi-
culties regarding conscious monitoring of voluntary
actions [Sirigu et al., 2004]. Thalamic responses, too, have
been linked with multiple functions, especially sensory
and motor systems. Altogether, the brain regions affected
are assumed to be of importance for intentional responses
and the generation of movements, respectively.

The electrophysiological data revealed enhanced P3
amplitudes during the wvoluntary selection condition com-
pared to the control task. Positive deflections in the interval
of 300-600 msec after stimulus presentation [P3/P300],
especially in parietal areas, have often been associated
with cognitive functioning in decision making, attentional
processes, information processing and context updating,
respectively [Donchin and Coles, 1988; Kramer and
Strayer, 1988; Polich and Kok, 1995]. More frontal
responses in the respective interval, for instance, were
related to response inhibition, the so-called nogo-P3
[Bekker et al., 2004; Bruin et al., 2001; Kamarajan et al.,
2005; Kopp et al., 1996; Pfefferbaum et al., 1985]. In the
present study, response inhibition assumedly influenced at
least some of the wvoluntary selection trials, e.g. when the
subjects decided not to press the response button. Con-
cerning selection+ trials, P3 amplitudes might have been
influenced by movement-related potentials. Contrary to

our results, former studies reported an enhanced readiness
potential influenced by movement selection [Dirnberger
et al., 1998]. The reason for these somewhat contradictory
results could be that tasks during the preparation interval
did not differ. A differentiation between tasks was possible
as soon as the second tone was presented.

Regarding event-related potentials, P3 amplitudes were
largest in the nogo condition, especially in frontocentral
sites (FCz, Cz). The P3 amplitudes of the voluntary selection
and go task were significantly decreased compared to the
nogo condition but increased in relation to the control task.
Accordant variations are assumed to be influenced by
attention [Donchin and Coles, 1988; Polich and Kok, 1995].
Inhibitory processes (nogo, selection—) as well as move-
ment-related changes (go, selection+) seem to contribute to
this process. Furthermore, electrophysiological data were
influenced by behavioral performance: frontocentral and
parietal P3 amplitudes, related to the go condition and the
voluntary selection task, were higher in subjects who
responded fast compared to those with slow responses.

Task-related electrophysiological variations were also
demonstrated concerning the N2 amplitude: the N2
response was enhanced in voluntary selection as well as the
nogo task compared to the go task. The N2 has been associ-
ated with the top-down inhibition processes in order to
suppress the incorrect tendency to respond [Falkenstein
et al., 1999; Kim et al., 2007]. More recently, it has also been
related to response conflict caused by the necessity to
respond to low-frequency stimuli, regardless of the kind of
response requested [Bartholow et al., 2005; Donkers and
van Boxtel, 2004; Nieuwenhuis et al.,, 2003]. Some core
assumptions of this hypothesis are that nogo ‘responses’
compete with overt responses [Ruchsow et al., 2008]. In the
current study nogo tasks and selection tasks were presented
equally often, whereas the go condition was presented twice
as often. Response conflict induced by the frequency of task
presentation might have influenced the N2 amplitude.

The N1 component was not influenced by the task con-
dition. These results match reports that the N1 seems to be
influenced mainly by early sensory processes. Earlier sen-
sory processes seemed to be unrelated to task instruction.

In order to further distinguish voluntary aspects of
behavior from those elicited by behavior per se, ‘willed’
actions were compared to forced responses. The results
revealed that subjects responded significantly slower in the
voluntary selection task than in the go task. These results
match those of another study revealing costs associated
with a voluntary task switch, where subjects had to
actively control the choice of task to be performed
[Arrington and Logan, 2004].

The comparison of hemodynamic responses during
selection+ and those during the forced responses in the go
condition revealed selection-related BOLD responses in
frontal areas (e.g. superior frontal gyrus, medial frontal
gyrus, middle frontal gyrus (BA 6/8/9)), in the inferior
and superior parietal lobe (BA 19/40), the precuneus, and
the supramarginal gyrus. Parietal differences were more
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pronounced in the left hemisphere than the right hemi-
sphere. These brain regions were related to ‘willed” action,
conflict, and decision-making on the one hand [Botvinick
et al.,, 2001; Deiber et al.,, 1991; Forstmann et al.,, 2006;
Garavan et al., 2003; Goldberg et al., 2006; Hyder et al.,
1997; Jahanshahi et al., 1995; Nachev et al., 2005; Playford
et al., 1992; Spence et al., 1998], and motor responses on
the other hand. Increased left lateral responses of the pre-
motor cortex/frontal eye field for example, have also been
demonstrated in tasks with voluntary saccades and initia-
tion of eye movements, respectively [Berman et al., 1999;
Milea et al., 2007]. Go-related increases in neural activity
were demonstrated in brain regions associated with the
default mode of the brain (cuneus). The enhanced activa-
tion of the right precentral gyrus may indicate that the
contralateral motor system is more involved during go
tasks than selection tasks. Overall, go-associated compared
to selection-related increases in BOLD responses were very
small. The main differences between tasks indicated
increased choice-related BOLD responses, particularly in
frontal and parietal brain regions.

Similar networks of brain regions were involved when
BOLD responses selection— were compared to nogo-
responses. However, increases in frontal activations were
less pronounced during the voluntary and forced inhibi-
tion of responses when compared to voluntary and forced
motor responses.

The comparison of ERPs and behavioral responses, too,
indicated partly overlapping neural responses during go
and selection+: both forced and voluntary responses were
related to the inferior frontal gyrus. Beyond, the speed of
voluntary responses also tended to be associated with
medial frontal BOLD responses.

Overall, a network of brain regions was involved when
‘willed” actions were compared to forced responses. The
neural responses differed comparatively little between vol-
untary movements and the free selection not to respond.
These results were supported by the results of the factorial
analysis, which did not show any significant interaction
effect between the factors voluntariness and response. This
may indicate that a behavioral response and the inhibition
of a response are hierarchically equivalent. The importance
of medial frontal and right parietal areas for decision
related processes were strengthened with a factorial analy-
sis: pronounced medial and lateral frontal as well as parie-
tal BOLD responses were demonstrated to be related to
voluntariness whereas the type of response was predomi-
nantly related to the left inferior parietal lobe.

The comparison of ERPs and BOLD responses indicated
that during selection+ medial frontal hemodynamic
responses were especially related to the N2 amplitude
whereas associations to the frontal P3 were less pro-
nounced. These results are in favor of the specific associa-
tion of medial frontal regions and the N2 during selection
processes. An association between N2 and medial frontal
areas has been demonstrated in a study using scalp topog-
raphies and LORETA [Tian et al., 2008]. However, there

were no significant associations between medial frontal
responses and N2/P3 during the selection— condition. Rea-
son for these results could be a higher inter-subject vari-
ability in brain responses related to the voluntary inhibi-
tion of behavioral responses.

The eventrelated N1, N2 and P3 amplitudes of
selection+ did not differ significantly from those evoked
during the selection— task. Hence, the neural responses
seemed to be relatively independent from the kind of deci-
sion that was made but rather associated with the decision
process per se. To some degree, these results match the
functional MRI results of free decision making. Frontal
BOLD responses which have been frequently associated
with voluntary movements and related WM processes
[Deiber et al., 1991; Frith et al., 1991; Hadland et al., 2001;
Hyder et al., 1997; Jueptner et al.,, 1997; Lau et al., 2004a]
seemed to be relatively independent of the kind of deci-
sion made. Though, the selection+ condition additionally
led to increased responses in areas which are essential for
finger movements (e.g. inferior parietal lobule; primary
somatosensory cortical areas). Motor response-related dif-
ferences were more pronounced in the left hemisphere
compared to the right hemisphere since all subjects were
asked to respond with their right index finger.

Overall, an enhanced working memory load in the vol-
untary selection task compared to the go and nogo condition
could also be held responsible for the existing neural alter-
ations. However, studies looking at neuronal responses
associated with working memory capacities revealed that a
whole network of brain regions is involved, mainly con-
cerning the dorsolateral prefrontal cortex as well as tem-
poro-parietal brain regions. Medial frontal brain regions
also have been demonstrated to contribute to these proc-
esses. However, alterations have been found mainly in the
anterior cingulate cortex. The superior and medial frontal
gyrus (BA 8/9), which were predominantly affected in the
actual study, did not seem to contribute significantly to
these processes. Considering these results, we assume that
the brain responses we found were not primarily the
expression of an enhanced working memory load during
the woluntary selection task but are associated with the
selection process itself.

CONCLUSION

Altogether, the voluntary decision task elicited enhanced
responses, especially in the medial frontal regions, com-
pared to forced responses. Apart from medial frontal
regions, voluntariness-related BOLD responses in lateral
frontal and parietal areas were demonstrated. Taking into
account the prolonged responses during these tasks, these
results suggest that there might be additional cognitive
processes driven by the absence of constraints related to
‘willed” actions [Lau et al., 2006]. These processes were
comparatively independent of the kind of response chosen.
Significant differences between the response alternatives
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(motor response, inhibition) were only demonstrated in
brain regions which are directly related to motor
responses, e.g. somatosensory cortical areas. The electro-
physiological results partially supported these results.
Inconsistencies between ERPs and BOLD responses may
indicate that comparable electrophysiological responses
might be related to variations in differing brain structures
in different tasks.
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