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The ability to generate intentional behavior is undeniably at the core

of what makes us acting subjects. Intentional actions consist of at

least 2 components (Brass M, Haggard P. 2008. The what, when,

whether model of intentional action. Neuroscientist. 14:319--325.):

choosing an appropriate behavior (what) and selecting the moment

of execution (when). The aim of this study was to identify differing

and overlapping neural networks underlying the ‘‘what’’ and ‘‘when’’

of intentional movement initiation. While scanned with functional

magnetic resonance imaging, 35 healthy subjects performed self-

initiated and reactive, that is, internally and externally triggered

movements of the right or left index finger in 3 experimental

conditions: 1) ‘‘Free Choice’’ (free timing: when/choice of hand:

what), 2) ‘‘Timed Choice’’ (external timing/choice of hand: what),

and 3) ‘‘No Choice’’ (external timing/cued hand). The what-

component specifically employed the presupplementary motor area

(SMA) and dorsal premotor cortex bilaterally. The when-network

consisted of superior SMA together with insula and Area 44

bilaterally as well as bilateral anterior putamen, globus pallidus,

and left cerebellum subcortically. These 2 components recruited

different networks, pointing to a partially distinct neuronal

realization of the relating functions. Finally, the more intentional

components were involved, the higher was activity in the anterior

midcingulate cortex, which highlighted its role in intentional

initiation of behavior.

Keywords: anterior midcingulate cortex, fMRI, free movement timing,

intentional motor control, movement selection

Introduction

Since the discovery of the ‘‘Bereitschaftspotential’’ preceding

self-initiated movements by Kornhuber and Deecke (1965),
neuronal activity relating to intentional movement generation
has been a vital field of research. Based on recent findings, Brass

and Haggard (2008) proposed a heuristic framework for the
investigation of intentional action that distinguishes 3 major
components: 1) a component related to the decision about

which action to execute (‘‘what’’-component), 2) a component
about when to execute an action (‘‘when’’-component), and 3)
the decision about whether or not to execute an action
(‘‘whether’’-component). In the experimental context, how-

ever, we face the contradiction between freedom of choice as
experimental condition and the empirical dictum of maximized
control over conditions. Thus, in an empirical context, we only

may consider partly free decisions. A common strategy to
examine the 3 components individually is to compare

predetermined reactions with actions of a certain degree of
freedom (what or when) or movement execution with
inhibition of movement execution (whether; Haggard 2008).

A second problem consists in the difficulty to reliably

operationalize all 3 intentional components in the same

experiment, which is necessary to account for possible

interdependencies between components. It seems especially

difficult to integrate the whether-component together with the

other 2 (what and when) because in case of a decision against

movement execution, there is no behavior to directly relate to.

In that case, we have to rely on introspections of the subject

about the what- and the when-component at the same time,

which entail known problems related to subjective reports

(e.g., inaccuracy of retrospection). Therefore, in the current

study, we focused on the what and when of self-initiated

movements.
Typically, intentional action is operationalized either as the

choice between predefined movements (what) or as the

selection of a time point (when) to execute an action. Two

decades ago, the dorsolateral prefrontal cortex (DLPFC) and

the SMA were associated with the free choice between

responses (Frith et al. 1991; Playford et al. 1992) in experi-

ments using positron emission tomography. Jahanshahi et al.

(1995) examined brain function during cued and non-cued

rhythmic button presses and found that the right DLPFC

significantly differentiated self-initiated from externally trig-

gered movements. Using the same paradigm with irregular

timing, Jenkins et al. (2000) found additional activation in left

DLPFC, pre-SMA, and the anterior midcingulate cortex (aMCC;

Palomero-Gallagher et al. 2009; Shackman et al. 2011). Varying

movement frequency and complexity in a similar functional

magnetic resonance imaging (fMRI) experiment, Deiber et al.

(1999) observed that self-initiated movements induced stron-

ger activation specifically in pre-SMA and aMCC while

movement sequences increased activity in the SMA proper.

Lau, Rogers, Ramnani, et al. (2004) found only pre-SMA activity

tightly associated with the free choice of a target, while DLFPC

activity matched a ‘‘specified target’’-condition. Whereas SMA is

related to movement performance (Nachev et al. 2008), the

DLPFC probably contributes to attentional or working memory

processes rather than to preparation and initiation of the actual

motion in self-initiated movements (Wiese et al. 2005, 2006).

Taken together, the pre-SMA and the aMCC seem to represent

neural correlates of intentional movement selection and action

initiation.

Recent attempts to disentangle the what and when
components of intentional actions described above, suggested
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the interplay of different neuroanatomically dissociable sub-
functions in voluntary action control (Mueller et al. 2007;

Krieghoff et al. 2009). Mueller et al. (2007) deployed a paradigm
demanding to press 1 of 2 buttons. The choice of a movement

to execute could be made either internally or was determined
by a visual cue. Importantly, the timing was prespecified
(though not directly cued) in both conditions. In particular,

movements had to be performed syncopated, that is, executed
rhythmically at the midpoint between sets of visual pacing
stimuli every 1.2 s. The results indicated that movement
selection (what) is associated with activity of the aMCC. The

further conclusion about the when-component, however, was
based on indirect evidence. The authors reasoned the pre-SMA
to be linked to movement timing or initiation because it is

activated in both conditions requiring syncopated movement
pacing. It has been shown before that the pre-SMA plays a role
in this mode of movement initiation, as it is reliably activated

when externally timed movements are not executed synchro-
nized with the rhythmic cue (Mayville et al. 2002; Jantzen et al.
2004). Yet, the pre-SMA was repeatedly found to be involved in
various aspects of selecting an action (what), such as the

choice of a specific response (Lau et al. 2004; van Eimeren et al.
2006) or the initiation of different action sets, for example, sets
of action--selection rules, as necessary for task switching

(Rushworth et al. 2004). Krieghoff et al. (2009) combined the
selection of the left or right hand to move (what) with the
decision between 2 auditory cued time points for movement

execution (when) in one paradigm to dissociate internal
movement selection and timing. After an instruction cue
indicating an internal or external what or when decision and

a variable delay, 4 tones were presented with interstimulus
intervals (ISIs) of 1 s. Subjects had to choose between the third
and the fourth tone to execute either a cued or non-cued
movement. The results indicated an involvement of the aMCC

in movement selection and of the paramedian frontal cortex
anterior and dorsal to pre-SMA in action timing. The analysis,
however, was focused on instruction-related neural activity,

that is, activity related to the cue indicating the internally
specified response to be made shortly, assuming that both
choices (what and when) are always made immediately (within

1 s) after cue presentation. This, however, represents a strong
assumption. Moreover, due to this approach, the results may
pertain more to activity due to the preparation for a decision

that is about to be taken shortly rather than to the decision
itself. Alternatively, as timing was not free but a choice between
2 possible time points, subjects may have chosen a cue which,
however, is different from actual free timing of movement

initiation. This consideration together with the fact that the
inference was based on a post hoc signal strength analysis with
a rather liberal threshold, considerably weakens the dissociation

of the what- and when-component in this study.
The aim of the present study was to address the described

shortcomings and thereby robustly compare the what- and

when-component of intentional movement initiation. We exam-
ined 2 major aspects of intentional actions, namely internally
triggered movement selection and initiation, by combining the
free choice of the executed movements (what) with a free

timing of movement execution (when) in the same paradigm.
While maintaining direct comparability of self-initiated and
reactive movements, we intended to delineate the nodes of

possibly differing neural networks underlying the free choice of
a movement and of when to perform it. We hypothesized both

the pre-SMA and the aMCC to be involved in self-initiated
movements and especially aimed to clarify whether there is
a differential involvement of these 2 neuroanatomically dissocia-
ble brain areas in the selection and timing of movements.

Furthermore, we hypothesized the basal ganglia to be particularly
activated during internal timing of actions, which is suggested by
previous work (Cunnington et al. 2002; Debaere et al. 2003;

Francois-Brosseau et al. 2009) and by behavioral symptoms of
basal ganglia damage in Parkinson’s disease (O’Boyle et al. 1996).

Materials and Methods

Subjects

We examined 35 healthy volunteers (age range 21--62 years, mean age
35.9 ± 12.4 standard deviation [SD] years; 17 females) without any
record of neurological or psychiatric disorders and normal or
corrected-to-normal vision. All subjects gave informed written consent
to the study protocol, which had been approved by the local ethic
committee of the RWTH Aachen University. Right-hand dominance of
the participants was established by means of the Edinburgh handedness
inventory (Oldfield 1971).

Experimental Protocol

The experimental task consisted of unilateral button presses performed
with the right or left index finger under 3 different conditions: 1) a free
choice of button presses with the left or right hand at a self-chosen
point in time (what and when), 2) a Timed choice task, when the time
of movement was cued by a visual stimulus but the hand to be moved
was chosen by the subject (what), or 3) a no choice task when laterality
and time of movement were cued by a visual stimulus (reaction).
Responses were recorded using MRI-compatible response pads
(LumiTouch, Burnaby, Canada). All visual stimuli were presented using
the ‘‘Presentation’’ software package (Version 14.1; Neurobehavioral
Systems Inc., Albany, CA) and were displayed on a custom-built shielded
thin film transistor screen at the rear end of the scanner visible via
a mirror mounted on the head coil (14� 3 8� viewing angle). In the
experiment, task blocks of 60 s duration were periodically alternated
with rest periods of black screen presentation for 15 s serving as
implicit ‘‘baseline.’’ Each task block was introduced by a one-word
instruction presented for 1.5 s, which informed the subject which of
the 3 conditions had to be performed in the upcoming block. All cues
consisted of white arrows presented on a black screen in the central
field of view. A fixation cross in the middle of the screen indicated an
ongoing task in each of the 3 conditions (Fig. 1).

Free Choice—Self-Timed Movement Selection and Execution (Free

Choice of Hand/Free Timing)

In the ‘‘Free’’-condition, the movements were entirely self-initiated. The
subjects were instructed to press 1 of the 2 buttons at any self-chosen
time. Every response was immediately followed by a 3.5 s visual
feedback consisting of an arrow pointing to the side of the button
press. During the feedback, no further responses were allowed to
prevent sequential finger tapping and to separate the events for the
statistical analysis. When training the subjects, they were explicitly
instructed to vary the ISIs as well as the hand used in order to prevent
rhythmic responses or any kind of movement routine. The time
intervals between single responses were recorded online and sub-
sequently used as ISIs for the visual cued responses in the other 2
conditions. Likewise, the frequency of right and left button presses was
fed back as visual cues triggering a lateralized response in the ‘‘No
Choice’’-condition.

Timed Choice—Movement Choice at a Cued Time Point (Free Choice

of Hand/External Timing)

In the ‘‘Timed’’-condition, stimuli consisted of arrows pointing to both
sides presented for 3.5 s. The task was to respond as fast as possible by
pressing either the left or the right button. Subjects were free in
choosing the side of response but should vary between left- and right-
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sided responses. The ISIs and thus the number of button presses from
the preceding Free-condition were presented in a random sequence to
assure comparability of motor responses timing between conditions.

No Choice—Lateralized Reaction (External Cue for Hand/External

Timing)

In contrast to the ‘‘Timed Choice’’-condition, responses in the No
Choice-condition were fully predetermined by the visual cue. Subjects
had to react as fast as possible to a single-headed arrow pointing to the
left or right by pressing the corresponding button. Like in the Timed-
condition, ISIs and lateralization of responses were matched to the
preceding Free-condition.
In summary, each ISI generated by a subject in the Free-condition

was subsequently used to trigger one response both in the subsequent
Timed- and No Choice-condition. By randomizing ISIs in the Timed-
condition and ISIs and number of left and right responses (in-
dependently) in the No Choice-condition, anticipation confounds with
respect to cue sequences were avoided, while comparability across
conditions was preserved. For each condition, 8 blocks were presented
in alternating sequences of either 1 (Free)—2 (Choice)—3 (Reactive)
or 1-3-2 in a pseudorandomized order. The sequences were spread
evenly across the experiment session to minimize any potential
confounds due to order effects. The whole experiment lasted
approximately 33 min. We did not introduce a factorial 2 3 2 design
with each the what- (hand) and when-component (timing) manipu-
lated independently because this would have compromised the close
comparability between conditions. The missing when-condition with
free timing and cued hand would for instance have produced an
additional set of ISIs. Also the visual input would not have been
correlated with movements in that condition. This would have made
a parallelization of timing parameters and visual input across conditions
impossible.

Behavioral Data Analysis

Behavioral performance assessed during the fMRI experiment was
analyzed offline using MATLAB (Mathworks, Natick, MA). The number
of left and right button presses in the Free- and the Timed-condition

across subjects were compared by means of paired t-tests using
a statistical threshold of P < 0.05. Likewise, mean reaction times for
correct responses were compared in the Timed- and the No Choice-
condition using a paired t-test.

Functional Magnetic Resonance Imaging

Eight hundred and ninety two volumes were acquired on a Siemens
Trio 3-T whole-body scanner (Erlangen, Germany) using a blood
oxygen level--dependent (BOLD) contrast sensitive imaging sequence
(gradient echo planar imaging [EPI], time repetition = 2.2 s, time echo =

30 ms, flip angle = 90�, in plane resolution = 3.1 3 3.1 mm, 36 axial
slices, 3.1 mm thickness) covering the whole brain. Image acquisition
was preceded by 4 dummy images allowing for saturation in T �

2

contrast. These images were discarded from further processing. The
remaining 888 EPI images were analyzed using the SPM5 software
package (www.fil.ion.ucl.ac.uk/spm). Images were first corrected for
head movement by affine registration using a two-pass procedure, by
which images were initially realigned to the first image and sub-
sequently to the mean of the realigned images. After realignment, the
mean EPI image for each subject was spatially normalized using
the ‘‘unified segmentation’’ approach (Ashburner and Friston 2005).
The resulting parameters of a discrete cosine transform, which defined
the deformation field necessary to warp the subjects data into the space
of the Montreal Neurological Institute (MNI) tissue probability maps,
were applied to the individual EPI volumes and resampled at 2 3 2 3 2
mm3 voxel size. The normalized images were spatially smoothed using
an 8 mm full-width at half-maximum Gaussian kernel to meet the
statistical requirements of the general linear model (GLM) and to
compensate for residual intersubject variations in brain anatomy.

Statistical Analysis

The fMRI data were analyzed using the GLM as implemented in SPM5.
Each response (button press) was modeled as an individual event for
the left and the right hand in the 3 experimental conditions. The event-
related input functions were then convolved with a canonical
hemodynamic response function and its first-order temporal derivative
to yield the final regressors. Including the temporal derivatives of the
task regressors into the design has been shown to increase sensitivity

Figure 1. 1) [free] Choice, 2) Timed [choice], and 3) No Choice5 [reaction]. Conditions were pseudorandomized in blocks of (1-3-2) or (1-2-3). Randomized ISIs and laterality of
the beginning ‘‘Free’’-condition determined the response cues in both the following ‘‘Choice’’- and ‘‘No Choice’’-conditions.
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and specificity of the GLM by accommodating deviations of the BOLD
timecourse from its canonical form (Josephs and Henson 1999; Henson
et al. 2001). Parameter estimates were subsequently calculated for each
voxel using weighted least squares to provide maximum likelihood
estimators based on the temporal autocorrelation of the data (Kiebel
and Holmes 2003). The first regressor for both hands in all 3 conditions
represented the 6 simple main effects against the implicit baseline for
every subject. These 6 individual first-level contrasts were then fed into
a second-level group-analysis using an analysis of variance (ANOVA)
employing a random effects model (Penny and Holmes 2003). We
allowed for violations of sphericity by modeling nonindependence
across images from the same subject and allowing unequal variances
between conditions and subjects as implemented in SPM5.

Simple main effects of each task (vs. the resting baseline) as well as
comparisons between experimental factors were tested by applying
appropriate linear contrasts to the ANOVA parameter estimates. Conjoint
main effects were tested by means of a conjunction analysis using the
minimum statistics approach (Nichols et al. 2005). The resulting SPM(T)
maps were then thresholded at P < 0.05 conducting a family-wise error
(FWE) correction on the cluster-level (cluster forming threshold at voxel
level P < 0.001; extend threshold: k = 313 voxels; Worsley et al. 1996).
Anatomical assignment of the resulting activation clusters was achieved
using the cytoarchitectonic maximum probability maps implemented
in the SPM Anatomy toolbox (www.fz-juelich.de/ime/spm_anatomy_
toolbox, V1.6; Eickhoff et al. 2005, 2007; Eickhoff, Heim, et al. 2006),
which relies on previous studies that provided details about cytoarchi-
tecture and intersubject variability of brain areas, such as Broca’s Area
(Brodmann area [BA]44, BA45; Amunts et al. 1999, 2004), premotor cortex
(BA6; Geyer 2004), primary motor cortex (4a, 4p; Geyer et al. 1996),
primary somatosensory areas (3a, 3b, 1, 2; Geyer et al. 1999, 2000; Grefkes
et al. 2001), secondary somatosensory areas (OP1--4; Eickhoff, Amunts,
et al. 2006; Eickhoff, Schleicher, et al. 2006), intraparietal sulcus (hIP1-3;
Choi et al. 2006; Scheperjans, Eickhoff, et al. 2008; Scheperjans, Hermann,
et al. 2008), superior parietal areas (7A, 7PC; Scheperjans, Eickhoff, et al.
2008; Scheperjans, Hermann, et al. 2008]), inferior parietal areas (PFop,
PFt, PF, PFm, PFcm, PGa; Caspers et al. 2006, 2008), extrastriate visual
areas (V3v, V4, V5/hOc3v, hOc4v, hOC5; Malikovic et al. 2007; Rottschy
et al. 2007), and the cerebellum (Diedrichsen et al. 2009).

Results

Behavioral Data

In the Free- and the Timed-condition, participants conducted
a balanced proportion of right and left button presses (Free: R
42.8 ± 9.2/L 42.4 ± 10.6, P = 0.41, R 51.25%; Timed: R 41.8 ± 9.2/L

41.3 ± 9.7, P = 0.40, R 50.77). Intervals between feedback offset
and self-initiated responses were in average 2.4 s [SD: 1.66 s]
and featured a strongly skewed normal distribution (cf. Fig. 2 +

Supplementary Fig. S1). Response times in the Timed-condition
(mean (M): 412 ms, SD: 124 ms) were not different from
reaction times in the No Choice-condition (M: 436 ms, SD: 77
ms; P = 0.203). The error rate in the No Choice-condition was

on average 1.51% (SD: 1.87%) and did not differ between
button presses with the right or left hand (P = 0.17).

Imaging Data—Movement-Related Neural Activity

Dominant right hand movements contrasted to the left hand
independent of condition (Rall \ [Rfree > Lfree] \ [Rtimed >

Ltimed] \ [Rno > Lno]; Fig. 3) revealed one cluster of activation in
the contralateral primary motor (anatomical labeling: Areas 4a
and 4p) and somatosensory cortices along the postcentral

gyrus (Areas 3b, 3a, 1, 2) and a second in the ipsilateral
cerebellum (Lobule V and VI). As expected, responses of the
left nondominant hand (Lall \ [Lfree > Rfree] \ [Ltimed > Rtimed] \
[Lno > Rno]) produced a virtually mirror-reversed pattern of

activity including an additional activation cluster in the right
parietal operculum (OP 1) and the adjacent posterior insula
cortex (Ig2).

In order to identify regions that were constantly active
throughout all conditions, that is, areas involved in performing
hand movements independently of movement side and mode of

Figure 2. Response time distribution of ~3000 responses after feedback offset in
the ‘‘Free’’-condition.

Figure 3. Significant BOLD signal increases in all 3 conditions due to movements of the right hand (green), left hand (red), and both hands (blue) relative to baseline with
cytoarchitectonic informed anatomical labeling (P\ 0.05, cluster level FWE).
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movement initiation (core motor areas), a conjunction analysis
over all conditions, that is, all 6 regressors, was performed. This
analysis revealed a widespread bilateral network consisting of
striate (V1/Area 17), extrastriate visual (V2/Area 18; V3/

hOC3A, hOC3d, and hOC3v; V4/, hOC4v; V5/hOc5), fusiform
gyrus (GF2), somatosensory (Area 2, OP 1 and OP 4) cortices,
SMA (Area 6), posterior MCC, area 44, insula (extending into

putamen on the right), cerebellum (Lobule VIIa Crus I, Lobule
VI), middle frontal gyrus (DLPFC), and inferior (IPL/Area PFop,
PFt, PF, PFm, PFcm, and right PGa) together with superior

parietal lobule (SPL/Area 7A and 7PC) extending into intra-
parietal sulcus (IPS/Area hlP3 and right hlP1, hlP2).

Imaging Data—Movement Selection Network

To precisely trace each effect of interest (what- or when-
component), we conducted an analysis of all simple main
effects between conditions (for MNI coordinates of significant
activations, see Supplementary Material) and subsequently

computed conjunctions of all contrasts including the specific
effect of interest. Although this approach is statistically more
conservative than using the main effects only, the mere

difference was smaller activation clusters in the more complex
conjunctions. Neural effects of the selection to move the left or
right hand (what) were localized by contrasting activation in

those conditions where the hand to be moved could be freely
chosen by the subjects, to those where the hand was visually
cued ([Timed > No Choice] \ [Free > No Choice]; Fig. 4A).
This analysis revealed increased activation in medial frontal

cortex in a region comprising the pre-SMA extending into
aMCC. Bilateral activation was observed in the dorsal premotor
(dPMC, Area 6) and the dorsolateral prefrontal cortices

(DLPFC: middle frontal gyrus expanding to left Area 45).
Bilateral activation was also found in the inferior parietal
lobules (IPL/left Area PF, right Area PFm) extending into

anterior intraparietal sulcus on the left (IPS/left Areas hIP1 and

hIP2). There was no significant effect of movement laterality,
which was specific to the Timed-condition only (right hand:
[Rtimed > Ltimed] \ [Timed > No Choice]; left hand: [Ltimed >

Rtimed] \ [Timed > No Choice]).

The reverse contrast testing for areas with increased activity
in the No Choice-condition compared with both Free and
Timed did not yield significant results. Testing the conditions

individually, only the No Choice- against the Timed-condition
revealed bilaterally enhanced activity at the temporooccipital
junction including V5 (Area hOC5).

Imaging Data—Movement Timing Network

The free determination of the point in time when to execute

a particular movement was the exclusive feature of the Free-
condition. To dissociate the neural effects of internal timing from
the effects of movement choice, we contrasted the Free- against
the Timed-condition in conjunction with the Free- against the

No Choice-condition ([Free > Timed] \ [Free > No Choice]; Fig.
4B). Effects of timing selection independent from the used hand
were bilaterally found in superior parts of the SMA (Area 6) and

the aMCC. Bilateral involvement was also significant for area 44
including anterior insula, anterior putamen, globus pallidus, and
DLPFC (middle frontal gyrus). The parietal cortex showed

enhanced activity in IPS and IPL (Areas hIP2 and PF), which was
more pronounced in the right hemisphere (Areas hIP1, hIP3,
PFm) extending into the superior parietal lobule (SPL/right Area

7PC). Unilateral activation due to movement timing was present
in the left cerebellum (Lobule VIIa Crus I and Lobule VI).

The reverse contrast (Timed > Free), however, did not yield
any significant neuronal activation.

Imaging Data—Comparison of Movement Selection and

Timing

The comparison of activation patterns associated with move-
ment selection (what) and those for internal timing of

Figure 4. Significant effects of movement choice (what; A) and time selection (when; B) with macroanatomic labels (P\ 0.05, cluster level FWE).
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movement execution (when) revealed that both factors
engaged the aMCC, the IPL/IPS, and the DLPFC in both
hemispheres (Fig. 5). For movement selection, the contribution

of IPL/IPS was rather symmetrical between the hemispheres,

while for movement timing, IPL/IPS activation appeared to

have a tendency of right hemispherical lateralization. In

contrast, within the DLPFC, movement selection showed a left

hemispheric dominance, while internal timing seemed distrib-

uted quite similar. Furthermore, prefrontal activation relating

to timing selection was located more superior and posterior to

activation due to movement selection. A conjunction analysis

between movement selection and timing ([Free > Timed] \

[Timed > No Choice] \ [Free > No Choice]) revealed

a common focus of activity in the aMCC. A closer look on

the 6 parameter estimates (right and left hand in each

condition = 2 3 3; Fig. 6) at the peak voxel of the aMCC

demonstrated that the activation of the aMCC was proportional

to the ‘‘intentional load’’ represented by the number of

selection components (what/when) necessary for movement

initiation. That is, while reactive movements did not evoke any

additional activation in the aMCC compared with baseline, the

selection of hand in the Timed-condition evoked a significant

neuronal response, which even increased significantly when

the selection of execution timing was additionally required in

the Free-condition. Only the aMCC was activated in this highly

specific manner, that is, only the aMCC featured the specific

profile of activity indicating a key role in internally specified

(generated) actions: (Free > Timed > Reactive = Baseline). To

test whether other regions were involved solely in the internal

selection of movements or timing, the effect of reactive

movements (No Choice-condition vs. baseline; P < 0.05, cluster

level FWE) was used as an exclusive mask for the effects of

movement selection and of movement timing. This analysis

thus aimed at revealing regions showing an effect of movement
or timing choice while not showing activity related to reactive
movements. (Supplementary Fig. S2). The masked what’-
contrast (movement selection) revealed that pre-SMA and

bilateral dPMC were exclusively activated in relation to the
internal selection of movements but not by reactive move-
ments as were parts of bilateral DLPFC and of left IPL/IPS (IPL/

Area PF; IPS/Area hIP1 and hIP2). Masking the when-contrast
(timing selection) showed activation in bilateral anterior
putamen and globus pallidus as well as parts of left DLPFC

and an inferior aMCC in movement timing, but no significant
activation evoked by reactive movements.

Discussion

In this study, we manipulated movement selection and timing

within the same paradigm introducing for the first time actual

Figure 5. Comparison of intentional effects with regions of activation due to movement choice (what in yellow) and time selection (when in blue) marked with macroanatomic
labels (P\ 0.05, cluster level FWE). Those regions that feature conjoint activation of ‘‘what’’ and ‘‘when’’ are labeled in using white fond.

Figure 6. Parameter estimates of the aMCC for right (R) and left (L) hand
movements in 3 experimental conditions (confidence intervals in red). Neuronal
activity was increased in the ‘‘Timed’’- (what) and even higher in the ‘‘Free’’-conditions
(what þ when) compared with the ‘‘No Choice’’-condition.
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free determination of a time point for movement initiation in
addition to the free choice of which movement to enact. More
specifically, in our free condition, subjects had to choose
between a left and a right hand movement to be initiated on

a not-cued point in time but rather spontaneously, that is, self-
initiated. Importantly, the current design allowed us to ensure
a high degree of comparability between the conditions, as we

controlled for visual stimulation (by introducing the feedback in
the Free-condition) and used the (randomized) timing and
response parameters from the self-initiated condition for the

subsequent reactive and forced-choice blocks. Finally, we
applied an event-related design with the trigger set on the
movements to be certain to effectively analyze neural activity

related to internally specified movement initiation. By focusing
on spontaneous movement initiation and parceling out activity
due to visual stimulation and movement execution, the current
study allowed to specifically isolate the what and when

components of internally specified movements in an ecologically
valid paradigm.

The choice of ‘‘what to do’’ evoked robust activity in the pre-

SMA extending into the aMCC, along with bilateral dPMC,
which are all involved in movement selection and execution
(Haggard 2008). The choice of when to act reliably increased

neural activity in the aMCC, together with bilateral area 44,
anterior insula, SMA, putamen, globus pallidus, and left
cerebellum, all associated with internal timing and sequencing
of movements (Wiener et al. 2010). Both selection and timing

of movements engaged adjacent regions in the parietal and
prefrontal cortices frequently associated with spatial attention
and behavioral planning (Corbetta and Shulman 2002). The key

finding of this study is that the aMCC was the only region that
featured increasing activity with more intentional components
during movement initiation. Thereby, we provide additional

evidence for a crucial contribution of the aMCC to intentional
motor control (Paus 2001).

The What of Self-Initiated Movements

The decision of what to do, that is, the free selection of a left or
right index finger flexion recruited pre-SMA including aMCC

together with dPMC. Chouinard and Paus (2006, 2010) pointed
out the importance of the dPMC in response selection. As
demonstrated in numerous previous studies, pre-SMA and

aMCC feature increases of activity during internal selection and
initiation of movements (Deiber et al. 1999; Cunnington et al.
2002, 2003; Lau, Rogers, Haggard, et al. 2004; Cunnington 2005;

van Eimeren et al. 2006). Lau, Rogers, Ramnani, et al. (2004)
and Lau et al. (2006) showed that the free selection of
responses is tightly associated with the pre-SMA, whereas
response conflicts triggered activity increase especially in the

aMCC. On the other hand, Nachev et al. (2007) demonstrated
that pre-SMA injury can lead to a selective deficit in the ability
to inhibit a response. Likewise, a recent meta-analysis by Swick

et al. (2011) highlighted the role of the pre-SMA for response
inhibition in both STOP-Signal and GO/ NO-GO tasks. Hence,
there is strong evidence for inhibition of behavior rather than

selection as an essential function of the pre-SMA. Yet, following
the argument of Mostofsky and Simmonds (2008) and
Simmonds et al. (2008), response inhibition can be conception-

alized as selection to withhold a specific response, that is,
selective movement inhibition (Coxon et al. 2009). Conse-
quently, inhibition and selection can be seen as 2 sides of the

same coin (Mostofsky and Simmonds 2008). Well in line is the
predominant role of the pre-SMA in resolving response
competition (Ullsperger and von Cramon 2001; Lau et al.
2006) when the selection of one response and the inhibition of

another are simultaneously required to yield coherent behav-
ior. Thus, the pre-SMA seems to fulfill a gating function in
intentional motor control by inhibiting stimulus-driven reactive

behavior as well as triggering non-cued movements, as for
instance necessary in asynchronous (syncopated) movement
pacing to rhythmic cues (Mueller et al. 2007). Consequently,

our data suggest that the pre-SMA is specifically associated with
the what-component of self-initiated movements conceived as
selective behavior in contrast to stimulus-driven reactive

behavior, that is, selective motor initiation.

The When of Self-Initiated Movements

The decision when to act, that is, the free timing of a finger
flexion, yielded activity increase in aMCC, superior SMA, and
left cerebellum as well as bilateral involvement of area 44

extending to anterior insula, putamen, and globus pallidus. The
interpretation of this result is limited in so far that the free
timing of movement initiation (when) was assessed only

conjointly with the free hand choice (what). Hence, some
aspects of free movement timing may not be captured by the
current subtraction design. Instead, the conducted experiment
was especially designed to maximize comparability between

conditions and thereby between what and when of self-
initiated movements. Importantly, studies specifically examin-
ing the free timing of predefined movements previously

demonstrated the association of aMCC and SMA activity with
self-paced movement initiation (Ball et al. 1999; Deiber et al.
1999; Jenkins et al. 2000). The SMA, however, is also involved in

externally triggered movements (Romo and Schultz 1987;
Thaler et al. 1988; Picard and Strick 2003; Grefkes et al. 2008)
and mediated by the type of movement (Deiber et al. 1999; van

Eimeren et al. 2006; Bortoletto and Cunnington 2010).
Following Lewis and Miall (2003), intentional movement

timing may be scaled in subsecond and in suprasecond intervals
relating to more spontaneous (automatic) and more cognitively

controlled timing, respectively. Both timing processes are
jointly engaged in intentional movement initiation. In a voxel-
wise meta-analysis accounting for 45 imaging experiments,

Wiener et al. (2010) found the SMA and the right area 44 as part
of a core network mediating timing in the brain. Unsurpris-
ingly, the speech dominant left area 44 seemed restricted to

subsecond perceptual timing (Wiener et al. 2010). Regarding
manual control as demanded in this study, area 44 is involved in
execution timing, that is, delay of hand postures (Makuuchi
2005) and in response selection and inhibition on base of

internal representations (Kan and Thompson-Schill 2004;
Zhang et al. 2004). In the same meta-analysis, putamen, globus
pallidus, and cerebellum were consistently implicated in rather

automated subsecond timing, whereas bilateral insula demon-
strated significant contribution to more cognitive suprasecond
timing (Wiener et al. 2010). In self-initiated movements, the

execution of nonroutine movement pattern was demonstrated
to specifically activate bilateral putamen (Francois-Brosseau
et al. 2009) and globus pallidus (Jankowski et al. 2009). Also in

line with our results, lobule VII crus I of the left cerebellum was
found to be especially sensitive to timing in the context of
interval coding (Harrington et al. 2004). Furthermore, the
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anterior insula is thought to play an essential role in evaluating
the consequences of intentional action (Brass and Haggard
2010). Taken together, our results reflect previous findings,
associating area 44, and anterior insula with more cognitive

internal timing of actions and SMA, basal ganglia, and left
cerebellum with rather automatic timing and coordination of
movement execution (Witt et al. 2008). As hypothesized, parts

of the basal ganglia, in particular, bilateral anterior putamen and
globus pallidus are involved in intentional movement timing in
contrast to cued timing. In line with our hypothesis, decreased

control of motor timing in Parkinson’s disease may be explained
at least partly by impaired activation of putamen, SMA, right
insula, and aMCC (Playford et al. 1992; Jahanshahi et al. 1995) as

well as by decreased functional connectivity of left putamen and
right insula with the pre-SMA (Wu et al. 2011).

Intentional Movement Initiation

The aMCC was sensitive to what and when decisions in self-
initiated movements and showed additive effects when both
were combined. In particular, the aMCC (MNI coordinates: x =

–3, y = 18, z = 42) featured not only increased activity for

internal movement selection (what) over reactive movements
but even higher levels of activation for additional internal
timing of movement execution (when). This additive effect of

what and when provides strong evidence for the interdepen-
dence of both components on the neuronal level, as suggested
by Krieghoff et al. (2009). This characteristic is well in line with

the current view of the aMCC as a brain area crucially involved
in various cognitive control functions (cf. Shackman et al.
2011). On one hand, this area accounts for conflict processing,

that is, conflict monitoring (Botvinick et al. 2004; Carter and
van Veen 2007) and conflict anticipation (Murtha et al. 1996;
Brown and Braver 2005). Furthermore, the aMCC is essentially
involved in higher order cognitive processes, such as reward-

guided action selection (Bush et al. 2002; Rushworth et al.
2004; Walton et al. 2004) and the implementation of task sets
(Dosenbach et al. 2006, 2007). Recently, Aarts et al. (2008)

provided evidence for a more fundamental role of the aMCC in
anticipatory control, that is, preparatory activity reflecting
control adjustments in relation to an upcoming task, in-

dependent of anticipated conflict or error likelihood. Our
findings that the very simple task of choosing a finger to flex
and the moment to do so (without any anticipation of conflict

or reward) likewise evoked robust activation in the aMCC
supports this view. Furthermore, anticipation should not be any
factor in the Free-condition as there is no upcoming event but
rather the intentional self-specified decision to perform

a movement. We would thus conclude that the role of the
aMCC may not necessarily be related to anticipatory control,
even though there is always the implicit expectation of sensory

consequences in intentional action (Fink et al. 1999). We
would thus interpret our findings as evidence for the view
(Paus 2001) that the aMCC is situated in a strategic position to

regulate the interaction between high-level cognition and
motor control, which is also supported by the current
knowledge on the structural and functional organization of
the primate anterior cingulate cortex (Hoshi et al. 2005).

Overall, our results thus strongly suggest a key role of the
aMCC in intentional motor control. Its putative function as
a hub for the implementation of intentions into actions in turn

may provide the foundation for other cognitive functions
frequently associated with this area.

Behavioral Planning

‘‘Willed action’’ is typically related to the PFC (Frith et al. 1991;

Hyder et al. 1997) as it was suggested by most of the studies on
intentional action mentioned above. Studies in nonhuman
primates showed that lateral PFC is primarily involved in

behavioral planning and less in the specification of motor
aspects of behavior (Tanji et al. 2007). Likewise, the lateral PFC
in humans preferentially contributes to attentional and working

memory processes involved in the preparation rather than the
initiation of the actual movements (Wiese et al. 2005, 2006).
Using electroencephalography and fMRI in one study, Bortoletto

and Cunnington (2010) directly demonstrated that the lateral
PFC plays an important role in determining the timing for
movement initiation 1 s prior to self-initiated movements. In
their comprehensive review, Tanji and Hoshi (2008) presented

evidence for a functional heterogeneity within the lateral PFC.
Generally speaking, the ventrolateral part is associated with
‘‘first-order’’ executive processes, such as active retrieval and

selection of information, whereas the DLPFC is more involved in
‘‘higher order’’ executive functions, such as monitoring, in-
tegration, and manipulation of information. In our study, the

what and when of intentional action initiation recruited mainly
the DLPFC, which is in line with the concept of intentional
actions being rooted in those higher order executive functions.

However, no convergence of what and when of self-initiated
movements was found within the DLPFC further supporting the
notion of a functional heterogeneous DLPFC.

Movement Intentions and Motor Awareness

Intentional movement initiation reliably activates the inferior
parietal cortex (cf. Deiber et al. 1999; Jenkins et al. 2000),
which seems to be a critical node for the representation of

actions and intentions to act (Tunik et al. 2007). In our study,
movement selection (what) involved bilateral dPMC and IPS,
which conjointly are known as the dorsal attention network

(Fox et al. 2006; Corbetta et al. 2008) and are closely linked to
control of hand movements (Filimon 2010) and motor imagery
(Lorey et al. 2011). Recently, Gallivan et al. (2011) showed that

specific movement intentions can be predicted by the spatial
activity patterns in these areas. Moreover, although lesions in
the inferior parietal cortex do not entail difficulties initiating
voluntary actions, they seem to impair awareness of movement

intentions (Sirigu et al. 2004). Conversely, direct electrical
stimulation of the IPL triggered the strong intention to move
a body part and with increased stimulation intensity led to

illusory movement awareness (Desmurget et al. 2009). Stimu-
lation on the dPMC, on the other hand, evoked movements
without movement intention or motor awareness. Thus, in

context of intentional action, the IPL/IPS seem to contribute to
movement intention and motor awareness, whereas the dPMC
is closer to movement execution.

A Medial and a Lateral Premotor System

Over 2 decades ago, Goldberg (1985) distinguished 2 separate
premotor systems based on phylogenetic characteristics,
structural connectivity pattern, and functional properties of

the areas involved. A medial system consisting of SMA and basal
ganglia was associated with internal movement generation. In
contrast, external movement generation was associated with

a lateral premotor system consisting of the lateral premotor
cortex and the cerebellum. In our study, we focused on
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internal movement generation and found both the medial and
the lateral system involved in this process. In particular, we
observed rostral aspects of the bilateral dPMC activity in the
internal selection (what) of movements in comparison with

external (reactive) movement generation. The cerebellum
(Lobule VIIa Crus I, Lobule VI) as the subcortical part of the
lateral system was involved in both internal and external

movement generation with the left hemisphere showing
increased activity for internal timing (when). Likewise, the
SMA proper as center of this medial system was involved in

both internal and external generation of movements, while its
superior aspect moreover increased activity with internal
movement timing (when). Furthermore, while absent in

external movement generation, the pre-SMA was involved in
internal selection (what), whereas the basal ganglia, namely
globus pallidus and anterior putamen, were exclusively
activated by internal movement timing (when). In contrast,

only aMCC was additively recruited by internal movement
selection (what) and timing (when) without any activity during
the generation of reactive movements. Taken together, our

study thus adds evidence for 2 essential modifications of the
Goldberg model. First, the lateral system is not exclusively
involved in external movement generation but seems to be

rather linked to movement selection (what) per se. Second, as
proposed earlier (cf. Haggard 2008), the medial premotor
system consists of the pre-SMA together with anterior putamen
and globus pallidus subcortically. Possibly mediated by aMCC,

this medial system seems to play a key role in internal
movement generation especially if both what and when of
a movement are internally specified.

Conclusion

In this study, we examined intentional movement initiation and
directly demonstrated the essential involvement of the aMCC

both in internal selection (what) and timing (when) of
movements. The pre-SMA is specifically associated with
selective motor initiation (what), in which the dPMC seems

to account for movement execution. Internal timing (when)
relies crucially on bilateral anterior putamen and globus
pallidus, which together with the pre-SMA are known as the
medial premotor system. Moreover, intentional movement

timing seems to rely on a well-distributed timing network
comprised of bilateral area 44 and anterior insula for cognitive
time processing and SMA, basal ganglia, and cerebellum related

to more automated timing of movement execution. In internal
movement generation, IPL/ IPS are closely related to movement
intention and motor awareness. Finally, we provide additional

evidence for a fundamental role of the aMCC in initiating and
implementing intentional motor control and thereby trans-
lating intentions into actions.

Supplementary Material

Supplementary material can be found at: http://
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