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Willed action and attention to the selection of action
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Actions are said to be ‘willed’ if we consciously pay attention to their

selection. It has been suggested that they are associated with activations

in the dorsal prefrontal cortex (area 46). However, because previous

experiments typically used a ‘free selection’ paradigm to examine this

hypothesis, it is unclear whether the results reflected the attention to

the selection of action or the freedom of choice allowed by the tasks. In

this experiment, we minimized the difference of working memory

demand across task conditions by using novel stimuli in each trial. We

found that activation in the dorsal prefrontal cortex on a free selection

task was not significantly different from that induced by another task

that required attention to the selection of action, although the responses

were externally specified. This suggests that the dorsal prefrontal

cortex is in fact associated with attention to the selection of action, but

does not play a unique role in the generation of internally initiated

actions. However, the presupplementary motor area (pre-SMA) may

subserve this function as activity in this region was found to be tightly

associated with the free selection of responses.

D 2004 Elsevier Inc. All rights reserved.
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Introduction

It has been proposed that activity in the dorsal prefrontal cortex

(area 46) is associated with the selection of ‘willed actions’. Frith et

al. (1991) used PET to compare cerebral blood flow during tasks in

which subjects had to generate pseudo-random finger responses

(‘willed acts’) and tasks in which the responses were externally

specified by the experimenter (‘routine acts’). The dorsal prefrontal

cortex was found to be significantly more activated during the

former tasks. This result has proved to be consistent and replicable

(Deiber et al., 1991; Jahanshahi et al., 1995; Playford et al., 1992;

Spence et al., 1998). Activity has also been reported in the dorsal

prefrontal cortex when subjects freely generate words (Frith et al.,

1991). Hyder et al. (1997) argue that the peaks for words may

differ from the peaks for motor responses, but Buckner et al.
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(1995) have shown that not only are there peaks in the ventral

prefrontal cortex during word generation, but also in the dorsal

prefrontal cortex.

One major problem with the finding that the dorsal prefrontal

cortex is activated during willed action is that its interpretation is

ambiguous. In the original definition, actions are said to be willed

if we consciously pay attention to their selection (Frith et al.,

1991); this definition is taken from James (1890). However, in the

willed action condition, the subjects had a free choice as to which

response to make, and this task has been called the ‘free selection’

task (Playford et al., 1992). It is unclear therefore whether the

activation in the dorsal prefrontal cortex reflects attention to action

or the fact that the actions are freely selected.

One reason why the free selection task has been used to test

willed action is that when the required response is not fully

determined by external parameters (e.g., task instructions and

stimuli), one typically has to spend extra mental effort to make a

deliberate choice between the different possibilities (Frith et al.,

1991). The nonroutine nature of the task means that greater

attention must be paid to the selection of action. Thus, the task

serves as a reasonable test of willed action as originally defined.

However, given this logic, one should also expect other nonroutine

tasks that require high attention to the selection of action to be

associated with activation in the dorsal prefrontal cortex.

In this study, in addition to a free selection task (FREE, Fig. 1a)

and a routine task (ROUTINE, Fig. 1c), we included an extra task

condition (SPECIFIED, Fig. 1b). This condition also demanded

high attention to the selection of action, but the responses were

externally determined. The inclusion of this third condition

allowed us to investigate whether the activation in the dorsal

prefrontal cortex reflects the general function of attention to the

selection of action, or is particularly related to the fact that the

responses are freely chosen.

There is a further possible interpretation of the activation

reported in the dorsal prefrontal cortex (area 46) when subjects

perform a free selection task. It could be argued that the free

selection or random response generation task has a high working

memory demand, because psychological experiments normally

involve many trials, and to generate a sequence of random

responses, one has to maintain in memory the responses made in

previous trials to avoid excessive repetition of a certain response

and thus achieve pseudo randomness (Spence and Frith, 1999).

Brodmann’s area 46 has long been proposed as the neural substrate



Fig. 1. Task conditions (a) FREE: Subjects were required to select one

fractal image randomly. (b) SPECIFIED: The fractal image that matches

with the cursor image was the correct target, which is located in the lower

right corner in this example trial. (c) ROUTINE: The fractal image

highlighted by the bright circles was the correct target.
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for spatial working memory in macaque monkeys (Goldman-

Rakic, 1992, 1995). However, Owen et al. (1998) reported that

in humans, this area was also activated on nonspatial working

memory tasks. Other evidence for the contribution of area 46 on

working memory tasks has been found in humans using functional

imaging (Cohen et al., 1997; D’Esposito et al., 1998, 2000; Owen,

1997; Petrides, 2000) as well as transcranial magnetic stimulation

studies (Mottaghy et al., 2003; Mull and Seyal, 2001). Thus, the

activation in dorsal prefrontal cortex on tasks involving random

response generation may be due to the working memory demand.

It could be argued that this issue has been resolved by recent

studies involving imaging (Desmond et al., 1998; Nathaniel-

James and Frith, 2002) and transcranial magnetic brain stimula-
tion (Hadland et al., 2001). Desmond et al. (1998) asked subjects

to complete word stems with varying number of possible com-

pletions, and reported that there was greater activation in the

dorsal prefrontal cortex for trials with many compared with few

possible completions. Because the word stems differed from trial

to trial, each trial was independent from the others and there was

no need to maintain the previous responses in working memory.

Nathaniel-James and Frith (2002) asked subjects to complete

sentences and reported greater activation where the sentence

encouraged a wide choice rather than a narrow one. However,

because the choices were not presented in front of the subjects, it

could be argued that in both experiments, the subjects called the

various choices into working memory to perform the selection,

and the trials with more possible completions therefore induced a

higher working memory load and thus higher activations in the

dorsal prefrontal cortex.

In a repetitive transcranial magnetic stimulation (rTMS) study,

Hadland et al. (2001) explicitly tried to exclude working memory.

In their random finger movement generation task, subjects made

movement sequence of eight digits and were explicitly instructed

not to repeat the same finger movement in each sequence.

However, the responses made previously in the same sequence

were visually presented to the subjects on the computer screen,

thus eliminating the working memory requirement. It was found

that rTMS over the dorsal prefrontal cortex prolonged the response

time for making randomly generated responses, whether early or

late in sequence. However, it could be argued that when the

subjects generated the sequence, they prepared the moves before

performing the sequence, and that the rTMS interfered with

maintenance of those pregenerated moves in working memory.

In the current study, we therefore adopted an event-related

design, in which the three task conditions were presented in a pre-

randomized order. As the subjects did not know in advance

whether the next trial required a free choice, the working memory

maintenance load before each trial had to be the same for the three

task conditions. To further bypass the problem of working memory,

we used novel fractal images as stimuli, and these never appeared

on more than one trial for each subject (Fig. 1). The spatial

locations and number of targets also varied randomly from trial

to trial so as prevent as best we could the use of spatial working

memory strategies. The design differs from that of Desmond et al.

(1998) and Nathaniel-James and Frith (2002) in that because the

fractals were presented on the screen, there was no requirement to

load responses into working memory.
Method

Subjects

Nine male and three female healthy volunteers participated in

this experiment. All of them were right-handed and were aged 20–

39. They all gave informed consent and received a brief MRI safety

screening before the experiment.

Tasks

An in-house modified, MRI-compatible, gamepad (i.e., a var-

iant of a joystick) was used in the experiment for the subjects to

control a cursor on a computer screen. Subjects were given a very

brief (1–2 min) practice session with the gamepad, during which



Table 1

Summary of task condition

Attentional selection

of action

Random response

generation

Free + +

Specified + �
Routine � �

Fig. 2. Mean response times of different task conditions with varying

number of targets. In FREE and SPECIFIED, response times were higher

when there were more number of targets in a trial. There was no such effect

for ROUTINE. The error scale bars represent standard errors.
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they navigated a white square cursor around a blank screen. All of

them reported no difficulty in controlling the cursor.

The task instructions were then explained to the subjects. On

each trial, two to five target fractal images (c1.5j) were presented
in random locations on the projector screen (c18j), which subjects

viewed through inverting mirror spectacles. The cursor image was

presented at the center of the screen at the beginning of each trial,

and this determined the task in that particular trial. If the cursor was

an aiming-cross, the subjects were required to randomly choose a

target and then move the cursor over it (FREE condition, Fig. 1a).

If the cursor was a small fractal image, the subjects were required

to move it over to the target that matched with the cursor in all

visual properties except size (SPECIFIED condition, Fig. 1b). The

cursor image in this task condition varied from trial to trial, thus

making the task nonroutine. If the cursor was a white square, the

subjects were required to move it over to the target highlighted by

two concentric white circles (ROUTINE condition, Fig. 1c). The

same fractal image never appeared in two different trials for each

subject.

By varying the number of targets, we could study whether

response times increased with the number of targets. Since attention

is typically understood as a serial process (Treisman and Gelade,

1980), one should expect that on tasks that require the subject to

attend to each of the targets in turn, the response times will increase

as the number of possible responses increases. This allowed us to

verify that the FREE and the SPECIFIED conditions were atten-

tionally demanding in a way that ROUTINE was not. Table 1 gives

a brief summary of the main features of the tasks used.

Subjects were instructed to move the cursor only after they had

made the decision of which target to move over to in a particular

trial. Once the cursor image overlapped with the target fractal

image and stopped moving for 1 s, the trial ended and the targets

and cursor image disappeared from the screen. If no choice was

successfully made in 5 s from the onset of the trial, the trial also

ended automatically. A fixation cross (c0.8j) was presented during
the intertrial intervals. Stimulus onset asynchrony (SOA; i.e., the

temporal difference between the onsets of two consecutive trials)

varied systematically from 6 to 12 s to achieve even jittering of

event onsets, to maximize the efficiency of the fMRI statistics

model (Miezin et al., 2000). The three task conditions were

presented in a pre-randomized order throughout the experiment.

A very short 10-trial practice session was then given to make

sure that the subjects understood the instructions properly before

proceeding into the scanner. In the actual experiment, there were in

total 180 trials for each subject, with the three task conditions

distributed evenly in numbers. For each condition, one-third of the

trials involved two targets, one-third involved three targets, and

one-third involved five targets. The experiment lasted for about 27

min for each subject.

Four subjects were randomly selected to perform the same task

again outside the scanner about 2 months after the fMRI session.

The gamepad, visual angles of stimuli, and timing of trials were the
same as in the scanner. Eye movements were measured using an

infrared remote eye-tracking device (SensoMotoric Instruments,

Teltow, Germany).

Imaging procedures

The fMRI data were acquired in a 3T whole-body MRI scanner

(Siemens, Erlangen, Germany) at the Oxford Centre for Functional

Magnetic Resonance Imaging of the Brain (FMRIB). A quadrature

birdcage head coil was used. Head movements were restrained

with foam pads. For each subject, 544 EPI images were acquired

continuously with a TR of 3 s and at an image resolution of 3� 4�
5 mm. The TE and flip angle were 30 ms and 90j, respectively.
Slices were acquired in axial orientation parallel to the anterior

commissure–posterior commissure (AC–PC) line, and they cov-

ered the entire brain volume.

Data analysis

Response times (RT) were measured as the difference between

the onset of stimuli and the onset of the first cursor movement

recorded in a trial. Individual mean response times for the different

task conditions were analyzed at the group level (Fig. 2). The eye

movement data were analyzed for each of the four subjects using

the I-View Data Analysis Software for Windows Version 2.0

(http://www.smi.de/iv/ivsystem.htm). The number of saccades

was estimated by counting the number of fixations in different

task conditions, as computed by the software.

The fMRI data were analyzed with statistical parametric

mapping (Friston et al., 1995), using the SPM99 software (Well-

come Department of Cognitive Neurology, London, UK). The first

four scans of an EPI series were excluded from the analysis to

minimize T1 relaxation artifacts. A mean image of all scan

volumes was created, to which individual volumes were spatially

realigned by rigid body transformation. The realigned images were

then normalized directly to the Montreal Neurological Institute EPI

template, and thus transformed into a standard stereotaxic space

and subsampled into a resolution of 2 � 2 � 2 mm. A Gaussian

filter of 8-mm full width at half maximum (FWHM) was then

applied to smooth the data spatially, to accommodate for anatom-

ical variability across subjects, as well as to satisfy the assump-

tions of Gaussian random field theory, which was used for

correction of multiple comparisons in the analysis (Worsley et

al., 1996).

 http:\\www.smi.de\iv\ivsystem.htm 


Table 2

fMRI results

Anatomical region Cluster size

(number of

voxels)

Peak

coordinates

(x, y, z)

Z score

(at peak)

Free versus routine

Dorsal prefrontal cortex

(area 46) R*

95 36, 44, 32 3.75

Anterior cingulate 1121 �8, 26, 20 4.72

Presupplementary motor 8, 16, 64 4.13

area �2, 10, 52 4.12

Frontal area 8 R 481 42, 8, 56 4.17

34, 4, 62 4.11

46, 4, 38 3.89

Frontal area 8 L 175 �48, 10, 40 3.99

Intraparietal sulcus R 299 34, �60, 38 4.32

36, �52, 46 4.95

Intraparietal sulcus L 260 �40, �62, 52 4.21

�42, �50, 50 3.88

�44, �54, 40 3.60

Lateral cerebellum R 175 40, �62, �30 4.25

42, �62, �18 3.44

44, �74, �14 3.27

Lateral cerebellum L 345 �32, �80, �28 4.08

�38, �80, �16 3.40

�40, �66, �28 3.40

Specified versus routine

Dorsal prefrontal cortex 64 30, 36, 28 3.73

(area 46) R* 32, 46, 38 3.64

Intraparietal sulcus L 142 �28, �60, 56 3.99

�26, �66, 48 3.84

Free versus specified

Anterior cingulate 213 10, 16, 42 3.86

�4, 18, 40 3.21

Presupplementary motor

area

�4, 12, 54 3.67

Medial parietal cortex 206 6, �72, 44 4.66

Intraparietal sulcus R 26, �66, 36 4.28

18, �68, 44 3.73

Free: number of targets as parametric modulator

Striate cortex 1638 10, �98, �6 4.42

Extrastriate cortex 16, �98, 10 4.31

�14, �82, �22 4.66
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The time series data at each voxel were then further processed

using a high-pass filter with a cutoff of 149 s, so as to remove low

frequency drifts that is typically observed in fMRI data. The times

series are also temporally smoothed by using a low-pass Gaussian

filter of 4 s FWHM. The subject-level statistical analyses were

performed using the general linear model (GLM), fitting the time

series data with the canonical hemodynamic response function at

the relevant event onset time points. The statistical parameter

estimates were computed for each task conditions at each voxel

of the brain volume. Additionally, the number of targets was also

modeled as a parametric modulator for the FREE condition in the

design matrix. The following contrast of statistical parameter

estimates images were computed for the relevant task condition

comparisons for each individual subject: FREE versus ROUTINE,

SPECIFIED versus ROUTINE, FREE versus SPECIFIED, and the

effect of number of targets in FREE. The group-level random

effects analyses were then performed voxel-wise on the images of

the 12 subjects. One-sample t tests were performed for all four

contrasts, and regression analyses were performed to test if, across

subjects, the contrast of parameter estimates for FREE versus

SPECIFIED correlated (positively and negatively) with the rele-

vant RT difference.

The resulting images from the random effects analyses were

generated at an uncorrected threshold of P < 0.001 with an extent

threshold of five voxels. They were overlayed onto a high-

resolution canonical structural image of a single subject supplied

with SPM99 to produce Figs. 3 and 4. Brodmann’s area 46 was

identified in both hemispheres as regions of interest a priori.

Small volume corrections (SVC) were therefore performed in this

area, using the coordinates obtained from a previous study (Rowe

et al., in preparation). Activations are reported only if they

survive a corrected cluster threshold of P < 0.05, or contain

voxels that are corrected at a small volume or whole brain level

at P < 0.05.

The adjusted raw data plot for the correlation between BOLD

signal differences and RT differences in Fig. 4c was constructed

using Russell Poldrack’s SPM ROI Toolbox (http://sourceforge.

net/projects/spm-toolbox) together with a standard statistical

package. This allowed us to inspect the raw data on which the

correlations were based, as well as providing a graphical repre-

sentation so that it is easier to understand. For each subject, the

time course of the adjusted raw data of the entire cluster of

interest (pre-SMA, 19 voxels) was extracted for all three task

conditions using the SPM ROI Toolbox. The difference of BOLD

signal between FREE and SPECIFIED in terms of percentage

signal change at the 6th second from onset of stimuli was then

measured for each subject. This measure was then plotted against

the difference of mean RT between FREE and SPECIFIED for

each subject. Hence, each dot in the plot represents an individual

subject.

Medial parietal cortex 171 �4, �58, 56 4.45

Free versus specified: correlation with RT

(activation positively correlated to RT differences)

Superior colliculus L 197 �8, 30, �10 4.43

Superior colliculus R 8, 30, �8 4.40

(activation negatively correlated to RT differences)

Presupplementary motor

area

19 2, 6, 70 5.54

*Does not achieve statistical significance at either a peak voxel or a cluster

threshold of P < 0.05 (corrected), but contains voxels surviving small

volume correction (SVC) with a priori hypothesis at P < 0.05.
Results

Behavioral results

The group averages for the mean response times were 1280.1,

952.9, and 837.1 ms for the FREE, SPECIFIED, and ROUTINE

conditions, respectively. The standard deviations were 335.1,

117.1, and 141.5 ms, respectively. The data significantly violated

the assumption of homogeneity of covariance (Mauchly sphericity
test, P < 0.0005), and therefore the degree of freedom for the

ANOVA F test was adjusted using the Greenhouse–Geisser

correction method in SPSS version 11.0 (http://www.spss.com/

spssbi/spss/). The response times differed significantly across task

conditions (F = 22.375, df = 1.063, 11.144, P < 0.0005).

 http:\\www.sourceforge.net\projects\spm-toolbox 
 http:\\www.spss.com\spssbi\spss\ 


Fig. 3. Dorsal prefrontal cortex: similar activations were found in this region for both (a) FREE versus ROUTINE and (b) SPECIFIED versus ROUTINE.
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To test whether the response times were longer for trials with

more targets, an ANOVA was performed separately for each

condition (with homogeneity of covariance verified in each case).

This effect was only found in FREE (F = 33.588, df = 2, 22, P <
Fig. 4. Presupplementary motor area: activations were found in both (a) FREE v

region in FREE versus SPECIFIED also correlated with the relevant response time

were plotted against response time data in the graph. Each dot in the plot represe
0.0005) and SPECIFIED (F = 5.690, df = 2, P = 0.010), but not in

ROUTINE (F = 0.653, df = 2.22, P = 0.530) (see Fig. 1).

The group averages for accuracy were 98.3% for SPECIFIED

and 98.8% for ROUTINE; the measure of accuracy is not appli-
ersus ROUTINE and (b) FREE versus SPECIFIED. (c) Activation in this

difference at the group level. Adjusted fMRI data at 6 s from onset of stimuli

nts an individual subject.
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cable for FREE. A quick inspection of the recorded coordinates for

the final cursor positions suggested that these ‘errors’ were mostly

due to a failure to overlap the cursor properly with the target, rather

than a failure to identify the correct target. Errors were therefore

not considered in the analysis.

Eye movements

Eye movements were measured in four subjects (see Method).

The number of saccades made during the response time correlated

positively with response times, regardless of the task condition.

The Pearson’s correlation coefficients for the four subjects were

0.47, 0.85, 0.60, and 0.64, respectively. These correlations were

significant for all subjects (P < 0.0005 for all four subjects).

Inspection of the scatter plots suggested that a linear fit was

appropriate for the data for all subjects.

Functional MRI data

These results are summarized in Table 2.

When FREE was compared with ROUTINE, activations were

found in the right dorsal prefrontal cortex (Brodmann’s area 46;

Fig. 3a), anterior cingulate, presupplementary motor area (pre-

SMA; Fig. 4a), and bilaterally in frontal area 8, the intraparietal

sulcus and lateral cerebellum.

When SPECIFIED was compared with ROUTINE, activations

were found in the right dorsal prefrontal cortex (Brodmann’s area

46; Fig. 1b) and left intraparietal sulcus.

When FREE was directly compared with SPECIFIED, no

significant activation was observed in the dorsal prefrontal cortex,

even at the uncorrected threshold of P < 0.001. Activations were

however found in the anterior cingulate, presupplementary motor

area (Fig. 4b), right medial parietal cortex, and right intraparietal

sulcus.

We have also tested the effect of the increment of number of

targets in FREE, modeling it as a parametric modulator. Activa-

tions were found in the striate cortex, extrastriate cortex, and

medial parietal cortex, but not in the frontal cortex.

As the behavioral data showed considerable variability in

response times in the FREE condition, we performed a regression

analysis to look for neural activity that correlated with this

variation. We tested the correlation between the subject-level

activations in FREE versus SPECIFIED and individual differences

in response times between the two conditions. A positive correla-

tion was found for the superior colliculus bilaterally, and a

negative correlation was found for the presupplementary motor

area (Fig. 4c).
Discussion

As in previous studies, we found activation in the dorsal

prefrontal cortex (BA 46) when subjects freely selected between

responses (Deiber et al., 1991; Hyder et al., 1997; Jahanshahi et al.,

1995; Playford et al., 1992; Spence et al., 1998). The discussion

will concentrate on this activation. However, we also discuss the

activations on the medial frontal surface because these have also

been reported in previous studies involving willed action (Frith et

al., 1991; Jahanshahi and Frith, 1998), and rTMS over the medial

frontal surface has been shown to interfere with the free generation

of responses (Hadland et al., 2001).
Dorsal prefrontal cortex

As in the study by Frith et al. (1991), we found activation in the

dorsal prefrontal cortex (BA 46) when we compared a free

selection condition with a routine condition. This suggests that

this result is robust enough to generalize beyond simple movement

or verb generation tasks to the current task in which subjects chose

freely between novel fractal images. This was true even though the

conditions used in the present study were designed either to

eliminate or at least minimize working memory demands.

However, there was also activation in the dorsal prefrontal

cortex (BA 46) when we compared SPECIFIED with ROUTINE.

Furthermore, the location of the activation was very similar in

FREE versus ROUTINE and SPECIFIED versus ROUTINE (Fig.

3). In both FREE and SPECIFIED, the response times increased

with the number of targets from which the subjects had to select,

but this was not true for ROUTINE. This suggests that FREE and

SPECIFIED were attentionally demanding in a way that ROU-

TINE was not.

There was no significant difference in activation of the dorsal

prefrontal cortex for FREE versus SPECIFIED. We carried out a

regression analysis to look for brain activations for this compar-

ison that were correlated with individual variation in response

times. We did not find any such activation in the dorsal

prefrontal cortex. If the activity in dorsal prefrontal cortex had

specifically reflected the free selection of responses, we might

have expected to find a correlation as we did in the pre-SMA.

That we did not do so supports our general conclusion that it is

not the freedom of choice that is crucial for activation of the

dorsal prefrontal cortex.

However, the activation in the dorsal prefrontal cortex does not

simply reflect task difficulty. The response times were longer in

FREE than SPECIFIED, but the degree of activation did not differ

across the two conditions. Furthermore, in the study by Desmond

et al. (1998), activity in this area was greater in the condition in

which reaction times were shorter.

There are other imaging studies that have shown activation in

the dorsal prefrontal cortex when subjects select between actions

even though there are external cues to specify the response. This is

true, for example, where there is response conflict on the Eriksen

flanker task (Bunge et al., 2002; Cohen et al., 2000) or where there

is incompatibility between the stimulus–response mappings (Schu-

macher and D’Esposito, 2002). Using PET, Petrides et al. (1993)

reported that there was a similar level of activation in area 46 when

subjects remembered externally ordered number sequences as

compared to when they remembered self-generated number

sequences. Similarly, Kapur et al. (1994) reported that there was

a significant activation in this region in a semantic judgement task

where subjects were not generating random responses. Further-

more, Hadland et al. (2001) reported that rTMS over the dorsal

prefrontal cortex impaired performance not only when subjects

generated novel finger movement sequences but also when they

performed the sequences as instructed by external cues but under

conditions that made attentional demands. Considered together, the

results of the present study add support to the claim that it is

possible to find activation in the dorsal prefrontal cortex that

reflects attention to the selection of action (Passingham et al., in

press). This idea is also similar to the notion of response monitor-

ing as proposed by Petrides et al. (1993), except that here our

emphasis is on selection within a single trial instead of a sequence

of selections.

21 (2004) 1407–1415
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Frith (2000) have argued that the activation in the dorsal

prefrontal cortex reflects the ‘sculpting of the response space’,

by which he means the selection of ‘the set of responses that are

suitable for a given task’. He described two PET studies, one using

a word generation paradigm (Frith and Friston, in preparation) and

the other using a random number generation paradigm (Jahanshahi

et al., 2000), in which the degree of activation in the dorsal

prefrontal cortex did not change as a function of the rate of

response selection. He supposes that if the activity reflected the

enhancement of a particular response within the set, the activity

should have been greater the more frequently this enhancement

occurs. However, on word or random number generation tasks, the

subjects might have been remembering their responses to avoid

excessive repetition, leading to tonic activation across trials. We

suspect that this might have weakened the sensitivity for detecting

transient signals in PET.

In the present study, we used event-related fMRI and modeled

transient hemodynamic responses time-locked to the selection

events, and we also minimized demands on working memory.

Instead of testing whether activity in the dorsal prefrontal cortex

changed as a function of the rate of response selection, we looked

for activation that varied as a function of the number of targets

between which the subjects selected. We did not find such

activation in the dorsal prefrontal cortex, though there was

activity in visual areas that varied with the number of targets.

If the activity reflected the inhibition of competing responses, one

might have expected it to increase with the number of alter-

natives. However, if it reflected the enhancement of the final

response, as suggested by Passingham et al. (in press), one would

not necessarily have to predict a parametric effect. Two previous

imaging studies have reported greater activation when there were

more possible alternative responses (Desmond et al., 1998;

Nathaniel-James and Frith, 2002). In these studies, however, the

alternatives had to be recalled from memory, whereas in the

present study, the alternatives were presented on the screen. It

remains unclear whether activations in the dorsal prefrontal cortex

reflect the enhancement of a response set or the enhancement of a

selected item within the set. The latter possibility predicts that

there will be transient activity associated with the dorsal prefron-

tal cortex late in the process of selection. This issue could in

principal be resolved by future experiments using methods of

higher temporal resolution.

Medial frontal cortex

We found activations in the anterior cingulate cortex and

presupplementary motor area for the comparison of FREE versus

ROUTINE. However, whereas there was no difference in activa-

tion in the dorsal prefrontal for FREE and SPECIFIED, there was

activation in the anterior cingulate cortex and pre-SMA for FREE

versus ROUTINE, but not for SPECIFIED versus ROUTINE.

It has been proposed that the anterior cingulate cortex is

responsible for the monitoring of response conflict (Botvinick et

al., 1999, 2001; Casey et al., 2000; Cohen et al., 2000; van Veen et

al., 2001). In the FREE task, subjects had to decide between

equally effective responses, and it could be argued that this induced

response conflict. This kind of random response selection has been

described as ‘underdetermined’ (Botvinick et al., 2001). These

authors specifically propose that underdetermined responses trigger

the conflict monitor and that the activation in the anterior cingulate

cortex for underdetermined responses reflects that fact.
The pre-SMA was also activated when FREE was compared

with either ROUTINE or SPECIFIED. Moreover, activation in this

region was also correlated with the performance of free response

selection, providing further evidence that this area is indeed related

to free selection per se. This result is intriguing because previous

studies have demonstrated that the pre-SMA and SMA are in-

volved in the generation of self-initiated and self-paced actions.

Thaler et al. (1995) showed that bilateral lesions of these areas

severely impaired the ability of macaque monkeys to generate a

simple self-initiated action. This involved raising the arm whenever

the monkey decided so as to receive a food reward that was

delivered into a food well below. Yet the monkeys could raise their

arm when the movement was cued by auditory stimuli. It is also

known that a slow negative potential, the readiness potential, or

Bereitschaftspotential, precedes self-paced movements by as much

as about 1 s, as measured by EEG recordings taken over the vertex

(Deecke, 1987; Deecke et al., 1969). Recent imaging studies

(Cunnington et al., 2002; Jahanshahi et al., 1995; Jenkins et al.,

2000; Pedersen et al., 1998; Weilke et al., 2001) have suggested

that at least one source of the readiness potential lies in the medial

frontal cortex. One can think of performing a self-paced movement

task, as in these studies, as generating actions with randomly

varying time intervals and freely selecting between these intervals.

Interestingly, the readiness potential has also been found to be of

higher intensity before randomly selected movements than before

externally specified movements (Dirnberger et al., 1998). Given

these findings and those of the present study, it is a reasonable

hypothesis that the pre-SMA is involved in the endogenous

generation of responses when external stimuli do not adequately

specify the appropriate action.

There are, however, alternative explanations to consider. The

first is that the activity that we ascribe to the pre-SMA might

have been in the supplementary eye field (SEF). One might

worry that our finding in the medial frontal cortex was due to eye

movements made during the selection of the fractal images.

Indeed there was activity in the superior colliculus that correlated

with response times, and thus the number of eye movements.

However, we think it unlikely that the activation in the pre-SMA

was due to eye movements. The reason is that the study of

Grosbras et al. (1999), as well as other studies they review, shows

the SEF to be in general more posterior than the peak in our

study. Furthermore, our eye movement data show that subjects in

general make more saccades in this experiment when the re-

sponse time was long. This means that the negative correlation

between activation in the presupplementary motor area and

response time strongly suggests that the activation in the pre-

SMA was not due to eye movements.

The second alternative is that the activity in the pre-SMA

merely reflects the monitoring of response conflict. Ullsperger

and von Cramon (2001) have suggested that it is the presupple-

mentary motor area, and not the anterior cingulate, that subserves

this function. On the other hand, many other studies (Botvinick et

al., 1999, 2001; Casey et al., 2000; Cohen et al., 2000; van Veen et

al., 2001) have associated activity in the anterior cingulate cortex

with the monitoring of conflict. Since response conflict is typically

gauged by response times (Eriksen and Eriksen, 1974; Gratton et

al., 1992), the negative correlation in our study between activation

in the pre-SMA and response time suggests that our result is not

due to the monitoring of response conflict. To further resolve the

issue, we have specifically compared activation on the Eriksen

conflict paradigm and free selection. As reported in abstract form
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(Lau et al., in press), we again found activation in the pre-SMA on

the free selection task, but we did not find activation here when we

compared conflict with no conflict trials.

A final alternative is that the activation in the pre-SMA reflects

working memory during free selection. Petit et al. (1998) have

reported delay-related activity in the pre-SMA on a working

memory task. However, we deliberately set up our task to minimize

working memory demands. We used novel stimuli for each trial,

which made working memory strategies largely ineffective. Fur-

thermore, the role of the pre-SMA in working memory has so far

only been suggested for the maintenance of memory items.

However, we used an event-related design in this study and the

subjects would not know whether the next trial required free

selection or not; thus, any possible maintenance load had to be

the same across the three task conditions.

Further evidence that the activation in the pre-SMA may not be

related to working memory comes from the rTMS study by

Hadland et al. (2001). These authors also used a free selection

paradigm that minimized working memory demands. They

reported that rTMS over the anterior SMA suggests that the

anterior SMA impaired the random generation of sequences,

whether it was applied on the second move of the sequence. This

was true even though a light indicated the first move that the

subject had made.
Conclusions

The notion of ‘willed action’ to some might seem to be an

unfashionable remainder of folk psychology. However, it can be

translated into terms that are more congenial to cognitive science,

namely attention to the selection of responses. In this experiment,

we confirm activation in the dorsal prefrontal cortex (area 46)

when subjects perform a free selection task, but show that this is

only one example of a task that requires attention to the selection of

action. We also found activation here for the SPECIFIED condi-

tion. In this condition, the subjects had to inspect each of the

targets and vary their response accordingly, whereas in the routine

condition, the appropriate target ‘popped out’ and the response was

always the same. The presupplementary motor area, on the other

hand, was found to be tightly associated with free selection of

responses. Together with previous findings in the literature, we

suggest that this area is genuinely involved in the endogenous

generation of responses when the responses are underdetermined

and there are insufficient environmental constraints.
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