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Abstract
The Tower of London task (TOL) has been widely used to assess the ability to plan. We used H2O15-positron emission
tomography to isolate some of the cognitive components of the task. Ten male volunteers were scanned twice in each of six
conditions. In two conditions (plan) the subjects had to plan the best solution to TOL problems. In two other conditions
(plan–control) the subjects were required to generate four moves without being constrained by a goal. In plan and plan –control
tasks the subjects either planned the moves and then executed them (MOVE conditions) or imagined the necessary moves
(IMAGINE conditions). The plan and plan–control tasks were matched for the working memory load and ‘initial thinking time’.
A visuomotor control task and rest served as baseline conditions. Performance on the plan tasks, in contrast to the baseline
conditions, was associated with activation in the dorsal prefrontal cortex, premotor and parietal cortex, and cerebellum.
Performance of the plan–control tasks was associated with activation of the same areas. Contrasting the plan with the
plan–control tasks revealed no residual activation in the prefrontal cortex. These data show that the activity of the dorsolateral
prefrontal cortex on the TOL can be accounted for by the components of generating, selecting and/or remembering mental moves.
The task of relating the moves to the goal involves a comparison with a representation of the goal in posterior association areas.
We did not find evidence that activation of the dorsal prefrontal cortex is specifically related to the evaluation of a path towards
a specified goal, a key component of planning. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Planning is a complex process essential for normal
daily activities. It describes the ability to think ahead
and evaluate the consequences of possible actions. In
other words to plan is to ‘model a sequence of actions
in preparation for carrying out a particular task’ [47]. A
clear operational definition comes from Dehaene and
Changeux [4], who define planning as ‘the goal-directed, trial-and-error exploration of a tree of alternative moves…When no direct move is available, a move
must be generated, tried out, and accepted or rejected
depending on its ability to bring the problem closer to
a solution’. This highlights the key processes required in
planning: to be aware of the goal; to generate possible
moves; to make moves mentally; to evaluate these
* Corresponding author. Tel.: +44-20-78337472; fax: + 44-2078131420.
E-mail address: j.rowe@fil.ion.ucl.ac.uk (J.B. Rowe).

moves with respect to the goal; to reject or select
moves; and to hold these moves in memory. This study
aims to define the neural correlates of these separate
processes in planning.
The ‘Tower of London’ (TOL) and related Tower of
Hanoi tasks have been used to assess planning in
clinical populations. The planning demands and problem-solving strategies suitable for these tasks have been
reviewed elsewhere [4,13,51] and differences in performance of the two tasks have been reported [17]. The
Tower of London has a clearer rating scale for problem
difficulty [13] has been widely used to assess planning
deficits in patients with neurosurgical lesions [20,37,47],
neurodegenerative diseases [38] and psychiatric illness
[7,9,35,41].
In the TOL, subjects are presented with two sets of
three balls (start and goal arrays), each on three pegs
[47] or in three pockets [37]. Subjects must plan how to
move the balls on the start array, one at a time, in
order to match the goal array. Constraints on valid
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moves are provided by the different colours of the balls
and the different heights of the pegs (or depths of the
pockets). Legal moves consist of moving the top ball of
any given peg (pocket) to a location on another peg
(pocket). Subjects may be required either to make
actual moves [37], or express planning ability by specifying the minimum number of moves required [2,40].
Problem difficulty varies from trivial, requiring one
obvious move, to extreme, requiring at least nine moves
in exact order. With increasing difficulty, moves must
be made which do not directly place a given ball in its
goal position, but are necessary to permit future moves.
Some problems include counterintuitive moves, in
which a ball must be moved temporarily out of its goal
position, to permit intermediate steps [51]. Patients with
prefrontal lesions are particularly poor at problems
which demand such counterintuitive moves [33].
Several groups have used functional imaging to determine the neural correlates of planning in the TOL, in
both normal subjects and patients. Computerised versions of the TOL have been used in studies with
positron emission tomography (PET) and single photon
emission computed tomography (SPECT). When planning in the TOL has been compared to visuomotor
controls, a consistent distributed network of brain activations has been found. This includes the following
areas: the left dorsal prefrontal cortex, left or right
premotor cortex, anterior cingulate cortex, bilateral
parietal cortex, medial parietal cortex (precuneus), prestriate cortex and midline cerebellum [2,7,32,38,39].
Some of these studies have also observed activation of
the right prefrontal cortex [2], and right or left cerebellar hemisphere [2,6]. Further, increased prefrontal activation was seen with more difficult problems [2,39], and
in subjects who took longer to plan moves or made
fewer errors [32].
Although these studies indicate the network of brain
activity required for performance on the TOL, they do
not permit an analysis of the contributions of these
separate regions to the overall task. In the present study
we sought to define the roles of the different brain
regions in terms of the constituent cognitive processes
of the TOL. Previous studies did not control for the
generation, selection and working memory for self-generated moves. We developed control tasks that included
these cognitive processes, but lacked a goal, and therefore did not require ‘the construction and evaluation of
a path from A to B’ [13]. These control tasks were
matched to the TOL for the generation and selection of
moves, the working memory load for moves, and the
execution of moves. Control for the working memory
of self generated moves was particularly important.
Owen et al. [39] showed that working memory for
moves specified by the experimenter was associated
with activation of prefrontal cortex at least as much as
performance of the TOL. However, Deiber et al. [5]

have reported that there is more activation of the
prefrontal cortex when subjects imagine such externally
specified moves compared with self generated (that is,
freely selected) moves. Two of our control tasks required self generated moves because on the TOL the
subjects also generate their own possible moves. We
also included visuomotor and rest baseline conditions
to allow direct comparison with the earlier studies.
In the TOL, subjects are asked to determine the
solution before executing their moves. In this context,
the processes of planning the solution should be the
same whether or not the subjects go on to execute the
moves. We therefore used a TOL task in which the
subjects merely imagined the solution as well as a TOL
task in which they also executed the moves. These were
compared with control tasks requiring either just imagination or imagination and execution of responses. This
created two task pairs, which had in common the
presence or absence of a goal. Since the aim of the
present study was to identify the components of planning (not just performance of the TOL) we used conjunction analyses to reveal the activation that was
common to planning, that is irrespective of the way in
which the TOL task was executed.

2. Methods

2.1. Subjects
Ten normal male volunteers were studied, aged 23–
34 with a mean of 279 4 years. They had no history of
neurological or psychiatric illness, and were not on
medication. Ethical approval was given by the Ethics
Committee of the Institute of Neurology and permission to administer radioactive H2O15 was given by the
Administration of Radioactive Substances Advisory
Committee of the Department of Health, UK. The
subjects gave written informed consent.

2.2. Presentation of stimuli
The format of presentation resembled the TOL as
used by Owen et al. [39], with software written in Visual
Basic 6.0 (Microsoft Corporation, USA). The problems
were controlled from a personal computer (Gateway
computers, Pentium II processor) operating Windows
95 (Microsoft Corporation, USA). The presentation
and responses were made using a touch sensitive screen
(Vision Master, Liyama Electric Co., Japan).
Two patterns of balls were presented, one above the
other. The balls were red, green and blue, resting in
three pockets that could hold one, two or three balls
respectively. An example of the presentation is shown
in Fig. 1. Balls in the lower array could be moved by
touching the screen. A ball was moved by touching it
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and then an empty pocket. When touched, a ball would
be highlighted in yellow until an empty pocket was
touched or it was touched again to cancel the move. If
an illegal move was attempted, such as moving a ball
onto the background, no changes occurred. Subjects
then either moved the ball to one of the other pockets
or cancelled the move as above. Only the topmost ball
in a given pocket could be moved, and pockets could
not be ‘overfilled’. When a trial was completed, the
screen cleared for one second and the next trial began.
Up to 16 different trials could be presented without
interruption.
Pretraining took place half an hour before scanning.
The subjects were familiarised with the presentation
format and also with responding on the touch sensitive
screen, using ‘easy’ TOL problems requiring one to
three moves. The six conditions were then explained,
demonstrated and practised (eight trials maximum) until subjects were confident that they understood each
condition. The sets of problems used in pre-training
were not used in scanning sessions.
The TOL can be used to present 216 formally distinct
problems requiring 0 – 9 moves to solve, each in six
colour combinations. Of these 1296 visually distinct
problems, 174 require four moves. One hundred and
sixty of these were divided between 10 problem sets,
each of 16 trials, to encourage novel planning for each
trial. During image acquisition, all problems in plan
conditions required a minimum of four moves. Subjects
were allowed a maximum of 10 moves or 30 s before
the trial ended and the next problem was presented.
The trials were presented from 30 s before image acquisition and continued for up to 150 s total duration.
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2.3. Experimental design
Twelve sequential measurements of regional cerebral
blood flow were made, two each of six conditions. The
six conditions included two in which there was a specified goal (PLAN–MOVE and PLAN–IMAGINE),
two formally similar but with no goal (PLAN–CONTROL–MOVE and PLAN–CONTROL–IMAGINE),
a visuomotor control condition (VMC) and rest
(REST).

2.3.1. PLAN–MOVE
The two arrays of balls were initially different. The
subjects had to determine the best sequence of moves to
change the lower configuration into the top configuration of balls (goal), in the minimum number of moves.
They were asked to plan the solution ‘in their head’ and
then ‘execute the moves as smoothly as possible’ by
touching the balls and empty pockets in turn. Before
imaging they were reminded to ‘think first then move’.
2.3.2. PLAN–IMAGINE
The presentation of problems was similar to PLAN–
MOVE. They were again asked to plan the solution ‘in
their head’ However, they were not required to execute
the actual moves. Instead, they were asked to press a
button on screen to indicate that they had the solution.
The screen then cleared for one second and the next
problem was presented. To ensure compliance with the
imagination task, ‘catch trials’ were included. These
occurred in pretraining, and before the scanning window in the imaging session. On ‘catch trials’ the screen
did not clear after the button was pressed; instead the
words ‘please show me’ appeared and subjects were
asked to execute their solution by touching the balls on
screen in turn.
2.3.3. PLAN–CONTROL–MOVE
In plan–control conditions, the two arrays of balls
were initially the same, so there was no goal to change
one pattern to the other. Subjects were asked to think
of any four moves on the lower array of balls and,
when they knew the sequence of these moves, to execute it smoothly and swiftly. The duration of each trial
was yoked to the trials in the prior PLAN–MOVE
condition, and the number of moves made matched the
minimum number of moves required in PLAN–
MOVE.

Fig. 1. Example of the screen presentatrion during the PLAN –
MOVE task (colour replaced by greyscale). The lower array shows
the starting pattern and the top array shows the goal. The solution to
this problem requires a minimum of four moves. The button to the
left of the display is shown blank, but in the PLAN–IMAGINE
condition, it is labelled ‘done’, to be pressed when subjects have the
solution to the problem.

2.3.4. PLAN–CONTROL–IMAGINE
Two identical arrays were presented and subjects
were required to think of four moves that could be
made in the lower array. However, they were not to
execute these moves, merely to press a button when
they knew what these four moves would be. ‘Catch
trials’ were included in pretraining and before the scan-
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ning window to ensure compliance. The duration of
each trial was yoked to the trials in the PLAN – MOVE
condition, and the number of moves made matched the
minimum number of moves required in PLAN–
IMAGINE.

2.3.5. VISUOMOTOR CONTROL
This was yoked to the PLAN – MOVE condition. The
subjects repeated the actual moves made in the PLAN–
MOVE condition, one by one, without planning or
remembering moves. The two arrays were initially identical. A ball in the top array was highlighted together
with an empty pocket. Subjects then touched the ball
and the empty pocket in turn, and the ball moved. The
next ball and pocket then lit up according to the timing
of the moves made in PLAN – MOVE.

sources at the start of the scanning session. The interscan interval was 9 min.
Corrected data were reconstructed by three dimensional filtered back-projection (Hanning filter, cut off
frequency 0.5 cycles/pixel) and scatter correction. Sixtythree transverse planes were obtained with 128×128
pixel image matrix, with a resulting pixel size of 2.4×
2.1× 2.1 mm, and a resolution of 6 mm at full width
half maximum.
Anatomic structural images were acquired for eight
of the subjects on the same day, using a VISION MR
scanner at 2 Tesla (Siemens, Erlangen, Germany) with
a T1 MPRAGE sequence (TE= 4 ms, TR =9.5 s,
TI= 600 ms, resolution 1×1 × 1.5 mm, 108 axial
slices.

2.5. Beha6ioural data analysis
2.3.6. REST
The screen showed the two sets of pockets, empty,
against the same neutral background. No moves were
necessary.
The conditions were presented in a pseudo-random
order. There was the constraint that the yoked conditions (PLAN–CONTROL – MOVE, PLAN – CONTROL–IMAGINE, and VMC) had to occur after the
plan condition with which they were yoked. However,
all conditions occurred both early and late in the scanning session.
2.4. Data acquisition
The behavioural data were recorded by the TOL
program in Visual Basic. Data recorded included: the
time from trial presentation to first touching a ball; the
time taken to make each move; all individual moves
made; and the number of error moves in PLAN–
MOVE condition. Attempted illegal moves were not
recorded.
The subjects lay supine in the scanner. Head movement was reduced by a padded helmet with chinstrap,
fixed to the headrest. The screen position was adjusted
to give full view of the screen and easy reach by the
right arm. The visual display extended across approx.
15 degrees of vision. PET was performed using a CTI
ECAT HR plus scanner (CTI, Knoxville, TN, USA) in
three-dimensional mode with inter-detector collimating
septa removed. The axial field of view was 155 mm
providing whole brain coverage including cerebellum.
Regional cerebral blood flow was measured using
H15
2 O. Background activity was counted over 30 s prior
to each image. Six to ten milliCuries (mean 8.9 mCi)
were delivered over 20 s to the left arm. Image acquisition began 5 s before the rising phase of the count
curve, approx. 25 s after injection, and continued for 90
s. Correction for tissue and helmet attenuation was
made using a transmission scan from 68Ga/68Ge

The behavioural data were analysed using Microsoft
Excel SR-1 (Microsoft Corporation, USA). The number of moves per trial and the total number of moves
made in the scanning interval were calculated for each
condition. The mean time taken to initiate movement
and complete each trial was calculated for each condition for trials during the scanning interval. Thinking
time was the time taken from presentation of the arrays
to initiation of the first movement or to pressing the
button to indicate that moves had been determined.
Thinking times were subjected to a two-factor repeated
measures analysis of variance with goal (plan vs. plan–
control) and execution (move vs. imagine) as withinsubject factors. Catch trials lay outside the scanning
interval and were not included in these analyses.

2.6. Imaging data analysis
All analyses of images were made using Statistical
Parametric Mapping software, SPM97d (Wellcome
Dept Cognitive Neurology, London, UK), in the MATLAB 4 environment (Mathworks, Sherborn, MA) on
SUN UNIX Systems (SUN Microsystems, Mountain
View, CA). Images were realigned to the first image by
rigid body correction for head movements between
scans [11]. All images were normalised to a standardised anatomic space [50], by matching each image to a
standardised template [16] using linear and non-linear
spatial transformations [11]. Each image was smoothed
with an isotropic Gaussian kernel (FWHM= 12 mm),
to accommodate inter-subject differences in anatomy.
The effect of global differences in cerebral blood flow
between scans was removed by subject specific AnCova
scaling of activity to a nominal mean global activity of
50 ml/100 g/min [12].
There were two analytical models. First, six orthogonal contrasts were specified corresponding to each of
the six experimental conditions. We wanted to define
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brain regions activated by the presence or absence of a
goal, regardless of method of execution (movement or
imagination). We therefore used conjunction analyses
as defined by Price and Friston [45,46] to identify areas
in which there was a common simple main effect of
plan versus baseline (analysis 1), plan – control versus
baseline (analysis 2), or plan versus plan – control (analysis 3), regardless of whether the solutions were physically executed or imagined. The conjunction analyses
were:
analysis 1: [PLAN-MOVE vs VMC]
and [PLAN-IMAGINE vs REST]
analysis 2: [PLAN-CONTROL-MOVE vs VMC]
and [PLAN-CONTROL-IMAGINE vs REST]
analysis 3: [PLAN-MOVE vs PLAN-CONTROLMOVE]
and [PLAN-IMAGINE vs PLAN-CONTROLIMAGINE].
For activations to be attributable to the common difference of a plan (analyses 1 and 3) or plan – control
(analysis 2), the magnitude of this effect must be similar. In factorial designs, the conjunction may be construed as a main effect in the absence of an interaction
(for all our analyses interactions were excluded at PB
0.05).
The conjunction analyses were used to test hypotheses about regionally specific conjoint condition effects,
producing a statistical parametric map of the t statistic
for each voxel. The SPM{t} was transformed to a map
of corresponding Z values. The resulting foci were
characterised by spatial extent, maximal Z value and
location of the peak value. The significance of each
region after correction for multiple comparisons was
estimated by using the theory of Gaussian fields [10].
Results are presented for voxels at which the Z statistic
exceeded 3.09 (P= 0.001, uncorrected for multiple
comparisons).
In the second model, the times taken to make the
first move or to press the button indicating that a
sequence of moves had been determined (thinking time)
in the plan and plan – control conditions were entered as
covariates of interest. In analysis 4, data is presented
for voxels in which thinking time significantly covaried
with activity. Again voxels at which Z \ 3.09 (PB
0.001) were considered significant.
3. Results

3.1. Beha6ioural results
For the PLAN– MOVE condition, subjects completed a total of 172 trials during imaging (mean 8.6
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trials per scan, standard deviation 2.5). Overall performance was good. During the PLAN–MOVE condition
148/172 (86%) of trials were solved in the minimum
number of moves. Two subjects were error free. For the
172 four-move problems imaged for PLAN– MOVE
condition, the subjects made a total of 700 moves
(mean 4.07 moves made per problem). Errors were not
made on catch trials, suggesting that subjects were
properly imagining the solutions to the problems in
PLAN–IMAGINE. In the PLAN–CONTROL–
MOVE condition, the subjects made varied patterns of
four moves from trial to trial with little repetition. The
mean time to first movement (thinking time) was 7.5 s
(9 0.7 s) for PLAN–MOVE and 7.3 s (9 0.8 s) for
PLAN–CONTROL–MOVE, and the mean time to
button press was 8.1 s (9 0.6 s) for PLAN–IMAGINE
and 8.1 s (9 0.7 s) for PLAN–CONTROL–IMAGINE. By analysis of variance, there was no effect of
plan/plan–control (F=0.5, df= 1,19, P= n.s.) or
movement/imagine (F= 1.1, df=1,19, P= n.s.) in time
to first move, and no interaction (F= 0.9, df=1,19,
P= n.s.).

3.2. Imaging results
3.2.1. Plan 6ersus baseline (analysis 1)
This conjunction analysis identified areas in which
the activation was related to planning on the TOL. The
contrasts [PLAN–MOVE vs. VMC] and [PLAN–
IMAGINE vs. REST] share the common difference of
planning the solution to the TOL. Areas of conjoint
differences in activation for the task pairs are listed in
Table 1. They included the left dorsal and right orbital
prefrontal cortex, bilateral dorsal premotor cortex, left
motor cortex, parietal, prestriate and inferior temporal
cortex, as well as in the insula. Subcortical activations
were seen in the cerebellar vermis and hemispheres
bilaterally. Fig. 2A shows the distribution of SPM{Z}
superimposed on a standard T1 MRI image [16] at the
left prefrontal, premotor and parietal cortex. The parietal activation lay in or above the posterior part of the
intraparietal cortex.
3.2.2. Plan–control 6ersus baseline (analysis 2)
The contrasts [PLAN–CONTROL–VE vs. VMC]
and [PLAN–CONTROL–MAGINE vs. REST] share
the common difference of generation and selection of
moves and memory for selected moves. Areas of conjoint activation for the task pairs are listed in Table 2.
There was again activation of dorsal and orbital prefrontal cortex, bilateral premotor cortex and intraparietal cortex. There was also activation of the anterior
cingulate cortex and right insula. Subcortical activations were seen in the cerebellar vermis and hemispheres. There were no prestriate or inferotemporal
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Table 1
Coordinates of peak significant changes in rCBF in the conjunction analysis 1 [PLAN–MOVE vs. VMC] and [PLAN–IMAGINE vs. REST]
Coordinate
Region of activation

L/R

Brodmann’s area

x

y

z

Z-value

Dorsolateral PFCa
Orbitofrontal PFC
Premotor cortex

L
R
L
R
R
L
R
L
R
R
L
R
L
–
L
R
R

9/46
11
6
6

−50
28
−26
26
34
−18
18
−8
14
2
−26
34
−16
0
−40
38
54

26
30
−2
0
20
−20
−12
−74
−70
−58
−76
−80
−94
−56
−56
−66
−56

42
−28
50
58
0
16
18
54
50
50
38
28
24
−24
−36
−26
−40

3.79
3.91
4.22
4.39
4.19
4.47
3.44
6.36
5.50
4.97
3.86
3.99
4.24
6.96
4.13
5.27
4.77

Anterior insula
Caudate nuclei
Intraparietal cortex
Medial parietal (precuneus)
Prestriate cortex
Striate cortex
Cerebellar vermis
Cerebellar hemisphere

a

7
7
18/19
18/19
17

PFC= prefrontal cortex.

activations. Fig. 2B shows the distribution of SPM{Z}
superimposed on coronal sections through prefrontal,
premotor and parietal cortex.

3.2.3. Plan 6ersus plan– control (analysis 3)
The contrasts [PLAN – MOVE vs. PLAN – CONTROL–MOVE] and [PLAN – IMAGINE vs. PLAN–
CONTROL–IMAGINE] share the common difference
of goal representation and evaluation of moves towards
that goal. Areas of conjoint activation differences for
the task pairs are listed in Table 3. There was no
activation in the prefrontal cortex, but there was activation in the left superior parietal cortex; this lay posteriorly near the back of the intraparietal sulcus. Extensive
activations were observed in the prestriate cortex and
inferior temporal cortex, as well as in the right premotor cortex. Cerebellar activations were seen in the cerebellar nuclei and right paramedian lobe. Fig. 3 shows
the parameter estimates for condition specific effects at
the left dorsolateral prefrontal cortex. This illustrates
that there was no significant difference between plan
and plan–control conditions. Fig. 4 shows the SPM{Z}
distribution superimposed on a coronal section through
the lingual and fusiform gyri.
3.2.4. Correlation with thinking time (analysis 4)
This analyses looks for the effect of planning time on
activations during plan conditions [PLAN – MOVE and
PLAN–IMAGINE]. The results indicate those areas in
which prolonged thinking time in the plan and plan–

control conditions was correlated with greater regional
blood flow. There was a single peak of activation in the
left frontal pole (− 14, 68, 10, Z= 3.66, PB 0.001).

Fig. 2. Significant rCBF increases shown as SPMs for activations
during plan (A) and plan – control (B) conditions, each compared
with visuomotor and rest baseline conditions. Coronal planes are
indicated by the corresponding y coordinate in standard anatomic
space and all voxels shown exceed Z =3.09 (p =0.001). the top row,
A i – iii, shows areas of significantly greater activation in plan conditions than baseline (analysis 1). Activations shown are: i. left dorsolateral prefrontal cortex; i bilateral premotor cortex; iii. bilateral
intraparietal and right inferior temporal cortex. The bottom row, B
iv – vi, shows areas of significantly greater activation in plan–control
conditions than baseline (analysis 2). Activations shown are: iv. the
left dorsolateral prefrontal and right anterior cingulate cortex; v. left
premotor cortex; vi. intraparietal cortex.
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Table 2
Coordinates of peak significant changes in rCBF in conjunction analysis 2 [PLAN–CONTROL–MOVE vs. VMC] and [PLAN–CONTROL–
IMAGINE vs. REST]
Coordinate
Region of activation

L/R

Brodmann’s area

x

y

z

Z-value

Dorsolateral PFCa

L
R
L
R
L
R
L
R
R
L
R
–
–
L
R

9/46
9/46
11
11
6
6
32
32

−46
36
−30
28
−48
26
−10
6
34
−24
50
0
8
−40
30

20
26
56
54
−2
4
14
24
20
−68
−56
−52
−78
−60
−44

42
32
−12
−12
50
58
48
36
0
50
48
−10
−28
−36
−40

3.99
4.49
5.48
5.30
4.76
4.50
3.53
4.27
3.83
4.15
5.21
5.23
4.76
4.21
3.89

Orbitofrontal PFC
Premotor cortex
Anterior cingulate cortex
Anterior insula
Intraparietal cortex
Cerebellar vermis
Cerebellar hemisphere

a

7
7

PFC= prefrontal cortex.

4. Discussion
It has commonly been assumed that because patients
with prefrontal lesions are impaired on the TOL, and
the TOL requires planning, that the prefrontal cortex is
critically involved in the process of planning. In the
present study we have separated some of the mental
components involved in planning, and have shown that
the activation of the dorsal prefrontal cortex can be
accounted for by the processes of generating, selecting
and remembering moves. We have been unable to find
evidence that activation of the dorsal prefrontal cortex
is related to the presentation of problems in which the
subjects must evaluate a path towards a specified goal.

4.1. Planning
We have identified the distributed network of activations during the planning tasks (analysis 1). This network was similar to that observed in previous studies
and was activated irrespective of whether the subjects
were required to execute their solution or not. There
was activation in the left dorsolateral prefrontal cortex
[2,7,32,38,39]. The peak lay posteriorly in the dorsal
prefrontal cortex, probably in the region identified by
Petrides and Pandya [44] as cytoarchitectonic area 9/46.
However, there was also a peak of activation at the left
frontal pole where the activation increased with longer
thinking times (analysis 4). Morris et al. [32] also
observed, using SPECT, a similar correlation between
thinking time and left frontal activation.
There was activation bilaterally in premotor cortex,
parietal cortex and prestriate cortex [2,7,32,38,39], the
right insula [2,7,39], ventral temporal cortex and cau-

date nucleus [7]. We imaged the whole cerebellum and
confirmed activation of the midline cerebellum
[2,7,38,39] as well as activation in the cerebellar hemispheres [7]. The agreement with earlier work supports
our use of conjunction analysis to isolate planning
irrespective of the way the task is presented.
The aim of the subsequent analyses was to identify
the neural correlates of the mental components of
planning. Following Dehaene’s definition of planning
[4], we can say that the subjects were required to detect
and represent differences between the start and goal
arrays of balls, to generate possible moves; to select the
moves, to mentally make these moves, to evaluate these
moves as steps towards the goal, and to hold earlier
moves in working memory until the whole solution was
known. All of these components are common to the
conditions PLAN–MOVE and PLAN–IMAGINE.

4.2. Generation, selection and memory of mo6es
In order to distinguish between these components we
included the plan–control conditions (PLAN–CONTROL–MOVE and PLAN–CONTROL–IMAGINE),
which have much in common with the plan conditions.
The subjects had to generate moves, select and mentally
make these moves, and hold these moves in memory
until the whole sequence was determined. However, the
plan–control conditions differ in that subjects do not
need to think ahead to a particular end-state or goal,
nor evaluate moves in the light of such a goal. By goal
we mean here a particular target or end-state of balls,
rather than the general desire of subjects to comply
with experimental procedures.
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Table 3
Coordinates of peak significant changes in rCBF for conjunction analysis 3 [PLAN–MOVE vs. PLAN–CONTROL–MOVE] and [PLAN–IMAGINE vs. PLAN–CONTROL–IMAGINE]
Coordinate
Region of activation

L/R

Brodmann’s area

x

y

z

Z-value

Premotor cortex
Intraparietal cortex
Prestriate cortex

R
L
L
R
L
R
L
R

6
7
18/19
18/19
37
37

38
−10
−42
16
−30
40
−4
56

6
−68
−60
−68
−48
−46
−56
−56

70
70
6
12
−8
−20
−24
−44

3.36
3.92
4.26
4.57
3.53
3.66
4.48
3.36

Lingual/fusiform gyrus
Cerebellar nuclei
Cerebellar hemisphere

It could be argued that subjects generated a goal
state in mind, and planned the moves towards it. However, debriefing subjects on their understanding and
performance of the task suggested that this was not the
case: each move was determined on the basis of the
start array and previous moves without regard to a
self-determined target pattern. The chosen moves determined the end state rather than a chosen end-state
determining the moves. Further, it would be very
difficult for inexperienced subjects to know whether a
self-generated pattern was exactly four moves away
from the start array. Trial and error attempts to formulate end-states four-moves away from the starting position would require more than one guess for some trials.
Trials would therefore take longer on average than
planning the specified four-move problems in plan conditions. The behavioural data show this was not the
case.
It is also possible that rather than set a particular
goal state in mind four-moves different, subjects may
choose a series of intermediate goals, imagining a goal
state one or two moves different, then ‘planning’ to
move towards it. Such trivial one- or two-move problems however do not necessarily require planning, because they may be solved by a simple visio-spatial
matching strategy without the need to think ahead. In
addition, they do not activate the prefrontal cortex in
normal subjects [39] and performance is not impaired
by lesions of the prefrontal cortex [20,37].
We compared the conditions [PLAN – CONTROL–
MOVE vs. VMC] and [PLAN – CONTROL – IMAGINE vs. REST]. The conjunction for these comparisons
reveals activations common to both plan – control tasks,
that are irrespective of whether the subjects executed
the moves or not (analysis 2). There was bilateral
activation of the dorsolateral prefrontal cortex, intraparietal cortex and premotor cortex, as well as in the
cerebellar vermis and both hemispheres. There were
additional activations in the frontal poles and anterior
cingulate cortex.

The generation and free selection of movements has
been studied previously with functional imaging [24–
26]. Jueptner et al. [24] used PET to study the brain
areas that were active in the generation and free selection of finger movements, compared either with rest or
with repetitive finger movements. Compared with repetitive movements, free movement was associated with
bilateral activation in the dorsal and polar prefrontal
cortex, anterior cingulate cortex (BA 32), premotor
cortex and parietal cortex. The main difference between
these results and our own (analysis 2) is that there was
no activation in the cerebellum. This difference may be
due to the fact that in the present study there was a
delay during which the subjects prepared to perform
the sequence of moves. In another PET study, Jueptner

Fig. 3. Parameter estimates for the left dorsolateral prefrontal cortex
( −50, 26, 42). The values indicate the parameter estimates within the
general linear model of SPM analysis (standardised units) and indicate the relative actvation of that voxel under different task conditions. The six condition effects are: 1. PLAN – MOVE; 2.
PLAN – IMAGINE; 3. PLAN – CONTROL – MOVE; 4. PLAN–
CONTROL – IMAGINE; 5. VC; 6. REST. The chart indicates that
the activation of the left prefrontal cortex does not significantly differ
between plan and plan – control conditions (1 – 4).
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Fig. 4. Significant rCBF increases in analysis 3, shown as a SPM for
a coronal section through the plane of y= −54, illustrating the
activation of the lingual and fusiform gyri when plan conditions were
contrasted with plan – control conditions.

et al. [25] compared the brain activations during free
drawing and copying drawings. In free drawing, there
was greater activation in the left inferior prefrontal
cortex (BA 45, 47; P B0.001), and at a lower significance level (PB 0.01) in the dorsal prefrontal cortex,
cingulate cortex, parietal cortex and insula. Again there
was no activation of the cerebellum. Jeuptner et al.’s
results suggest that the cerebellum is not activated in
the unconstrained generation and selection of movements. The cerebellar activations seen in our study
suggest a role for the cerebellum in remembering moves
during a delay period.
Working memory for four or five moves in the TOL
was studied explicitly by Owen et al. [39]. The subjects
were asked to watch while the balls moved, and then
reproduce this sequence at the end (an externally ordered working memory task). In comparison with a
visuomotor control condition, there was extensive activation of the left dorsal prefrontal cortex (BA 46) as
well as bilaterally in the frontal pole (BA 10) and area
9. Thus the dorsal prefrontal cortex can be shown to be
activated when subjects generate and select moves, or
when they are required to hold moves in memory. The
study did not image below the horizontal plane of
z= − 22 mm (Talairach space); but Krams et al. [31]
have carried out a PET study in which there was
activation in the cerebellar hemispheres when subjects
remembered a sequence of targets and prepared to
touch them, even when movement was controlled for
(30, − 58, − 20: Z= 3.32).
In the plan and plan – control tasks the subjects also
made mental moves: that is, they imagined making the
moves that they selected. In making mental moves the
subjects could either use internal representations of
limb movements, or make saccadic eye movements
between the current and desired location, or both. The
neural correlates of motor imagery have been studied
with PET. Deiber et al. [5] required subjects to repeti-
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tively imagine finger moves that were specified by external cues and found activation in the left dorsal
prefrontal cortex, anterior cingulate cortex/pre-supplementary motor cortex and parietal cortex. This study
did not image the full cerebellum, but Jueptner et al.
[26] also compared imagination of freely selected moves
in PET and imaged the whole brain including the
cerebellum. For imagination of freely selected movements they found activation of the ipsilateral cerebellar
vermis and hemisphere at locations below the lowest z
plane imaged by Deiber et al. [5].
When subjects make mental moves or remember
them they may also make saccadic eye movements and
this may facilitate their mental imagery. Subjects make
saccades during mental imagery [3] and there is interference between making voluntary saccades and mental
imagery [29]. Voluntary saccades also occur during
spatial working memory tasks [15].
The role of gaze–control strategies in the TOL has
been investigated by video-tracking natural scanning
eye movements during the one-touch version of the
TOL [14]. After initially reviewing the goal array, normal subjects then look predominantly at the start array,
either from ball to ball or at a neutral midpoint in the
array, before verifying the solution by looking again at
the goal. On more difficult problems the subjects sometimes look back to the goal during the planning period
(Hodgson, personal communication). During elaboration of the solution, the pattern of fixations depends on
the moves being rehearsed by the subjects. Hodgson et
al. [14,15] proposed that the shifts in gaze strategy
allow manipulation of information within mental imagery and reduce the working memory load during the
TOL.
The use of eye movements to mentally move balls, or
to facilitate the memory of moves may explain the
activations seen in the occulomotor regions of the
cerebellum (posterior vermis and flocculus) when the
plan–control tasks were compared to baseline. We did
not however identify corresponding activations in the
frontal eye-fields. The premotor and prefrontal activations found in analyses 1 and 2 are spatially distinct
from the activations identified by functional imaging
studies as regions for saccadic control [1,42,43,49].
However, subjects could also make mental moves
without eye movements, by covert shifts of spatial
attention. Kosslyn et al. [30] have argued in relation to
mental imagery tasks that parietal areas are involved in
these shifts of spatial attention. Both in plan–control
and plan tasks there was activation in the intraparietal
cortex.

4.3. Path to goal
The plan tasks, but not the plan–control, tasks required the subjects to construct and evaluate a path
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from the starting array to the specific goal array [13].
Thus, the particular goal had to be represented, the
difference noted between the start and goal array, and
the moves evaluated as steps towards that goal. We
identified the corresponding activations by a conjunction analysis of [PLAN – MOVE vs. PLAN – CONTROL–MOVE]
and
[PLAN – IMAGINE
vs.
PLAN–CONTROL – IMAGINE] (analysis 3).
There was no additional activity in the prefrontal
cortex for the plan tasks, over and above that seen for
the generation and selection of moves, the making of
mental moves and the working memory of moves
(plan –control tasks). It could be argued that there
might have been a small additional activation in prefrontal cortex for the plan vs plan – control conditions,
but that PET is not sufficiently sensitive to detect such
a difference. However, inspection of the data for the
left dorsal prefrontal cortex gives no indication of such
a difference (Fig. 3).
There was extensive activation in the prestriate and
inferotemporal cortex, extending along the lingual and
fusiform gyri. Activation of the ventral prestriate and
inferior temporal cortex has been found previously in
studies of imagination of objects, pictures or maps
when these are manipulated in mind. Kosslyn et al.
[29,30] proposed that the generation and use of visual
images depends on a neural system that includes a
visual buffer in prestriate cortex and a subsystem for
encoding object properties and matching them to stored
visual memories in the inferior temporal gyri. Johnsrude et al. [21] found activation in the posterior inferotemporal cortex when subjects mentally reoriented a
remembered spatial array. The goal pattern in the TOL,
or the representation of the difference between the
starting position and the goal position, may be regarded as a visual mental representation or ‘pattern’.
This is also true for the representation of the difference
between the goal and a sub-goal on the path to the
goal.
When comparing plan with no plan conditions there
were small regions of activation posteriorly in the intraparietal sulcus or neighbouring superior parietal cortex.
Kosslyn [30] proposed that this cortex was involved in
attentional shifts during mental imagery tasks. On the
plan tasks the subjects had to evaluate the current
position and move. This could be performed by shifting
attention between the current state after a proposed
move and the representation of the goal in memory.
Our study does not allow us to test this hypothesis
further.
Finally, in the comparison of plan with plan – control
conditions we observed activation of the dorsal premotor cortex, cerebellar nuclei and right cerebellar hemisphere. Both the dorsal premotor cortex [48] and the
cerebellar hemisphere [26] are activated when subjects
represent movements in their imagination. Kim et al.

[27] also reported activation in the dentate nucleus
when subjects planned moves.
It is not clear why there was more activation in these
areas in the plan than plan–control conditions. The
design of our conditions matched the plan–control
tasks to the plan tasks in terms of the total time per
trial and for the actual moves made. The behavioural
data however indicated that they were also equal in the
initial thinking time. Despite this close matching, the
subjects may have made more mental moves on plan
tasks, because some moves would have been selected,
mentally made, and then rejected if they did not contribute towards the goal. If additional generation and
mental movements were occurring, but the initial thinking time was matched, then the processes of generation
and mental moves must have occurred at a higher rate
in the plan conditions. Activations of the cerebellum,
parietal and premotor cortex during finger movements
have been shown to be rate related [19], and this could
explain the persisting cerebellar, parietal and premotor
activations in analysis 3 (plan vs. plan–control). However, Jenkins et al. [19] also found that there was no
relation between the rate at which subjects freely selected moves and the activation of the dorsal prefrontal
cortex, and this may explain the lack of residual activation in the dorsal prefrontal cortex.

4.4. Conjunction analysis
The advantage of using conjunction analysis is that it
isolates regions that are common to planning, irrespective of whether the subjects did or did not execute the
moves. This means that it is not sensitive to differences
that occur for one task comparison [45]. The number of
moves made in PLAN–MOVE was slightly greater
than in PLAN–CONTROL–MOVE (4.07 vs. 4.0
moves per problem) because of errors made on the plan
task, but activations relating to this small difference will
not survive the conjunction analysis. Similarly we used
REST as one baseline for the IMAGINE tasks because
we wanted to be able to repeat one of the conditions
used in previous studies [2,39]. For the comparison
[PLAN–IMAGINE vs. REST] the conditions differ by
one move per trial, but the conjunction of [PLAN–
MOVE vs. VMC] and [PLAN–IMAGINE vs. REST]
(analysis 1) is not sensitive to this difference.

4.5. Clinical implications
The processes of generation and selection of moves,
mentally making moves and memory for moves have
been shown to activate a common cortical network
including dorsal prefrontal, anterior cingulate, premotor and intraparietal cortex. The processes of representing goals and comparing moves with the goal have been
shown to activate the intraparietal, prestriate and
fusiform cortex.
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These results help to explain why patients with frontal lobe lesions are impaired on the TOL. This may not
be because the patients cannot represent the goal or
evaluate moves as steps on the path towards the goal.
The prefrontal cortex is activated by the generation and
selection of moves, by mental moves and the memory
for moves. Patients with frontal lobe lesions may be
impaired on one or more of these processes.
For example, they may be poor at generating moves.
Such an impairment would be analogous to the impairment of patients with prefrontal lesions on tests of
verbal and design fluency. They generate fewer items
than control subjects on these fluency tasks [18,20,22].
Secondly the patients may act before they have selected and mentally made all the moves. Johns [20]
examined 20 patients with neurosurgical frontal lesions
on the TOL. The problems ranged in difficulty from
two to seven moves. The patients solved fewer problems in the minimum number of moves, and this was
the case irrespective of the difficulty of the problem.
Although the initial thinking time increased with problem difficulty, the patients with right sided lesions took
less time to make a first move. This impulsive behaviour, with patients acting without knowing the
whole solution, suggests that they may not have mentally made the moves before acting.
Thirdly, the patients may fail to remember all the
moves they have planned. Frontal patients have been
shown to be impaired on spatial working memory tasks
[40]. Morris et al. [34] demonstrated that patients with
right frontal lesions were impaired at remembering
specified moves in the Tower of Hanoi. This is consistent with our finding that the dorsal prefrontal cortex is
activated as much in the plan – control conditions (requiring working memory for moves) as in the plan
conditions.
There may be other reasons for the impairment of
patients with prefrontal lesions on planning tasks. Morris et al. [33] suggested that poor performance on the
Tower of Hanoi task was due to impaired response
inhibition in novel situations. The patients were impaired on the first four four-move problems that contained goal-subgoal conflicts, but not on four
subsequent five-move problems. The authors proposed
that performance on the new counterintuitive moves
required inhibition of prepotent moves and that the
apparent deficit in ‘planning’ was due to an inability to
deal with novelty in relation to goal-subgoal conflict.
As problems with counterintuitive moves became familiar, the importance of response inhibition diminished.
However, the patients with bilateral and right prefrontal lesions studied by Johns [20] were impaired on
four-move problems when these were spread over 20
trials varying in difficulty from two- to seven-move
problems. The patients were no more error prone than
controls on the most difficult problems, regardless of
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when they were presented. While novel counterintuitive
moves may be particularly problematic for patients, in
our study there was activation of the left prefrontal
cortex even after many four-move problems.
Johns [20] also reported that patients with orbitofrontal lesions as the result of closed head injury
sometimes attempted illegal moves, suggesting poor
response inhibition. The orbitofrontal cortex was activated in a PET study of the TOL by Elliott et al. [8]
when planning was compared with a condition in which
the subjects simply guessed the number of moves to be
made. We also found orbitofrontal activations when
the plan tasks (analysis 1) and plan–control tasks
(analysis 2) were compared with baseline. Others have
shown that the orbital or inferior frontal cortex is
activated under conditions that require the inhibition of
responses [23,28,36].

5. Conclusion
Our findings suggest that the activation of the prefrontal cortex on the TOL may be due to the generation, selection and memory for moves. Prefrontal
activation during planning was not attributable to the
‘goal-directed exploration’ of alternative moves [4] or
the evaluation of a path towards a specified goal.

Acknowledgements
This work has been supported by the Wellcome Trust
(J.B.R., I.S.J. and R.E.P). We are grateful to Professor
T. Shallice for his helpful comments.

References
[1] Anderson TJ, Jenkins IH, Brooks DJ, Hawken MB, Frackowiak
RS, Kennard C. Cortical control of saccades and fixation in
man. A PET study. Brain 1994;117:1073– 84.
[2] Baker SC, Rogers RD, Owen AM, Frith CD, Dolan RJ, Frackowiak RS, Robbins TW. Neural systems engaged by planning: a
PET study of the Tower of London task. Neuropsychologia
1996;34:515 – 26.
[3] Brandt SA, Stark LW. Spontaneous eye movements during
visual imagery reflect the contents of the visual scene. Journal of
Cognitive Neuroscience 1997;9:27 – 38.
[4] Dehaene S, Changeux J. A heirachical neuronal network for
planning behaviour. Proceedings of the National Academy of
Sciences USA 1997;94:13 293 – 3 298.
[5] Deiber M, Ibanez V, Honda M, Sadato N, Raman R, Hallett M.
Cerebral processes related to visuomotor imagery and generation
of simple finger movements studied with positron emission tomography. Neuroimage 1998;7:73 – 85.
[6] Elliott R, Baker SC, Rogers RD, O’Leary DA, et al. Prefrontal
dysfunction in depressed patients performing a complex planning
task: a study using positron emission tomography. Psychological
Medicine 1997;27:931 – 42.

326

J.B. Rowe et al. / Neuropsychologia 39 (2001) 315–327

[7] Elliott R, Baker SC, Rogers RD, O’Leary DA, Paykel ES, Frith
CD, et al. Prefrontal dysfunction in depressed patients performing a complex planning task: a study using positron emission
tomography. Psychological Medicine 1997;27:931–42.
[8] Elliott R, Frith CD, Dolan RJ. Differential neural response to
positive and negative feedback in planning and guessing tasks.
Neuropsychologia 1997;35:1395–404.
[9] Elliott R, Sahakian BJ, Michael A, Paykel ES, Dolan RJ.
Abnormal neural response to feedback on planning and guessing
tasks in patients with unipolar depression. Psychological
Medicine 1998;28:559–71.
[10] Friston K, Frith C, Liddle P, Frackowiak R. Comparing functional PET images: the assessment of significant change. Journal
of Cerebral Blood Flow and Metabolism 1991;11:690–9.
[11] Friston KJ, Ashburner J, Poline J-B, Frith CD, Frackowiak
RSJ. Spatial registration and normalisation of images. Human
Brain Mapping 1995;2:165–89.
[12] Friston KJ, Frith CD, Liddle PF, Dolan RJ, Lammertsma AA.
The relationship between global and local changes in PET scans.
Journal of Cerebral Blood Flow and Metabolism 1990;10:458 –
66.
[13] Goel V, Grafman J. Are the frontal lobes implicated in ‘planning’ functions? Interpreting data from the Tower of Hanoi.
Neuropsychologia 1995;33:623–42.
[14] Hodgson TL, Bajwa A, Owen AM, Kennard C. The strategic
control of gaze direction in the Tower of London task. Journal
Cognitive Neuroscience 2000;12:1–14.
[15] Hodgson TL, Dittrich W, Henderson L, Kennard C. Eye movements and spatial working memory in Parkinson’s disease. Neuropsychologia 1999;37:927–38.
[16] Holmes C, Hoge R, Collins L, Woods R, Toga A, Evans AC.
Enhancement of MR images using registration for signal averaging. Journal of Computer Assisted Tomography 1998;22:324 – 33.
[17] Humes G, Welsh M, Retzlaff P, Cookson N. Towers of Hanoi
and London: reliability and validity of two executive function
tasks. Assessment 1997;4:249–57.
[18] Jason GW. Gesture fluency after focal cortical lesions. Neuropsychologia 1985;23:463–81.
[19] Jenkins IH, Passingham RE, Brooks DJ. The effect of movement
frequency on cerebral activation: a positron emission tomography study. Journal of Neurol Science 1997;151:195–205.
[20] Johns, L.C., The effects of prefrontal damage in patients with
surgical excisions, closed head injury, and gun-shot wounds,
PhD thesis. Oxford: University of Oxford, 1996.
[21] Johnsrude, I.S., Owen, A.M., Crane, J., Milner, B., Evans, A.C.
A cognitive activation study of memory for spatial relationships.
Neuropsychologia, 1999; 37: 829–841.
[22] Jones-Gotman M, Milner B. Design fluency: the invention of
nonsense drawings after focal cortical lesions. Neuropsychologia
1977;15:653 – 74.
[23] Jonides J, Smith EE, Marshuetz C, Koeppe RA, Reuter-Lorenz
PA. Inhibition in verbal working memory revealed by brain
activation. Proceedings of the National Academy of Sciences
USA 1998;95:8410 –3.
[24] Jueptner M, Frith CD, Brooks DJ, Frackowiak RSJ, Passingham RE. Anatomy of motor learning. II. Subcortical structures
and learning by trial and error. Journal of Neurophysiology
1997;77:1325 – 37.
[25] Jueptner M, Jenkins IH, Brooks DJ, Frackowiak RS, Passingham RE. The sensory guidance of movement: a comparison of
the cerebellum and basal ganglia. Experimental Brain Research
1996;112:462 – 4.
[26] Jueptner M, Stephan KM, Frith CD, Brooks DJ, Frackowiak
RSJ, Passingham RE. Anatomy of motor learning. I. Frontal
cortex and attention to action. Journal of Neurophysiology
1997;77:1313 – 24.

[27] Kim SG, Ugurbil K, Strick PL. Activation of a cerebellar output
nucleus during cognitive processing. Science 1994;265:949–51.
[28] Konishi S, Nakajima K, Uchida I, Kikyo H, Kameyama M,
Miyashita Y. Common inhibitory mechanism in human inferior
prefrontal cortex revealed by event-related functional MRI.
Brain 1999;122:981 – 91.
[29] Kosslyn SM, Behrman M, Jeannerod M. The cognitive neuroscience of mental imagery. Neuropsychologia 1995;33:1335–44.
[30] Kosslyn SM, Thompson WL, Alpert NM. Neural systems
shared by visual imagery and visual perception: A positron
emission tomography study. Neurimage 1997;6:320 – 34.
[31] Krams M, Strick P, Passingham R. Cerebellar and basal ganglia
activation during visually guided and memory guided movements. Neurimage 1997;5:s262.
[32] Morris RG, Ahmed S, Syed GM, Toone BK. Neural correlates
of planning ability: frontal lobe activation during the Tower of
London test. Neuropsychologia 1993;31:1367 – 78.
[33] Morris RG, Miotto EC, Feigenbaum JD, Bullock P, Polkey CE.
The effect of goal-subgoal conflict on planning ability after
frontal- and temporal-lobe lesions in humans. Neuropsychologia
1997;35:1147 – 57.
[34] Morris RG, Miotto EC, Feigenbaum JD, Bullock P, Polkey CE.
Planning ability after frontal and temporal lobe lesions in humans: The effects of selection equivocation and working memory
load. Cognitive Neuropsychology 1997;14:1007 – 27.
[35] Morris RG, Rushe T, Woodruffe PW, Murray RM. Problem
solving in schizophrenia: a specific deficit in planning ability.
Schizophrenia Research 1995;14:235 – 46.
[36] Nobre AC, Coull JT, Frith CD, Mesulam MM. Orbitofrontal
cortex is activated during breaches of expectation in tasks of
visual attention. Nature Neuroscience 1999;2:11 – 2.
[37] Owen AM, Downes JJ, Sahakian BJ, Polkey CE, Robbins T.
Planning and spatial working memory following frontal lobe
lesions in man. Neuropsychologia 1990;28:1021 – 34.
[38] Owen AM, Doyon J, Dagher A, Sadikot A, Evans AC. Abnormal basal ganglia outflow in Parkinson’s disease identified with
PET. Implications for higher cortical functions. Brain
1998;121:949 – 65.
[39] Owen AM, Doyon J, Petrides M, Evans AC. Planning and
spatial working memory: a positron emission tomography study
in humans. European Journal of Neuroscience 1996;8:353–64.
[40] Owen AM, Sahakian BJ, Semple J, Polkey CE, Robbins TW.
Visuo-spatial short-term recognition memory and learning after
temporal lobe excisions, frontal lobe excisions or amygdalohippocampectomy in man. Neuropsychologia 1995;33:1–24.
[41] Pantelis C, Barnes TRE, Nelson HE, Tanner S, Weatherley L,
Owen AM, Robbins TW. Frontal-striatal cognitive deficits in
patients with chronic schizophrenia. Brain 1997;120:1823–43.
[42] Paus T. Location and function of the human frontal eye field: a
selective review. Neuropsychologia 1996;34:475 – 83.
[43] Petit L, Clark VP, Ingeholm J, Haxby JV. Dissociation of
saccade-related and pursuit-related activation in human frontal
eye fields as revealed by fMRI. Journal of Neurophysiology
1997;77:3386 – 90.
[44] Petrides M, Pandya DN. Comparative architectronic analysis of
the human and macaque frontal cortex. In: Grafman J, Boller F,
editors. Handbook of neuropsychology. Amsterdam: Elsevier,
1995:17 – 58.
[45] Price CJ, Friston KJ. Cognitive conjunction: a new approach to
brain activation experiments. Neuroimage 1997;5:261 – 70.
[46] Price CJ, Moore CJ, Friston KJ. Subtractions, conjunctions, and
interactions in experimental design of activation studies. Human
Brain Mapping 1997;5:264 – 72.
[47] Shallice T. Specific impairments of planning. Philosophical
Transactions of the Royal Society of London 1982;298:199–209.
[48] Stephan KM, Frackowiak RS. Motor imagery — anatomical
representation and electrophysiological characteristics. Neuro-

J.B. Rowe et al. / Neuropsychologia 39 (2001) 315–327
chemistry Research 1996;21:1105–16.
[49] Sweeney JA, Mintun MA, Kwee S, Wiseman MB, Brown DL,
Rosenberg DR, Carl JR. Positron emission tomography study of
voluntary saccadic eye movements and spatial working memory.
Journal of Neurophysiology 1996;75:454–68.

.

327

[50] Talairach J, Tournoux P. A co-Planar Sterotactic Atlas of the
Human Brain. Stuttgart: Thieme, 1988.
[51] Ward G, Allport A. Planning and problem-solving using the five
disc Tower of London. Journal of Experimental Psychology
1997;127:49 – 77.

