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Abstract-—In recent years, considerable progress has been made in understanding the cognitive and neu-
roanatomical basis of high-level planning behaviour through a combination of neuropsychological,
neuropharmacological and functional neuroimaging approaches. In this article, early evidence suggesting
a relationship between planning impairments and damage to the frontal lobe is reviewed and several
contemporary studies of planning behaviour in patients with circumscribed frontal lobe excisions are
described in detail. These neuropsychological investigations, together with recent functional neuroima-
ging studies of normal control subjects, have identified a specific area within the mid-dorsolateral frontal
cortex of humans which appears to be critically involved in the cognitive processes that mediate efficient
planning. The functions of this region, both in cognitive planning and in related functions such as work-
ing memory, are then discussed in the context of a general theoretical framework for understanding the
functional organization of “executive” processes within the human lateral frontal cortex.

In the final sections, the relationship between the planning deficits observed after intrinsic frontal lobe
damage and those exhibited by patients with neuropathology of primarily sub-cortical origin, such as
Parkinson’s disease, is discussed. A central model for much of this work has been the concept of cortico-
striatal circuitry which emphasizes the relationship between the neocortex and the striatum. The com-
bined evidence from comparative studies in patients and from functional neuroimaging studies on Par-
kinson’s disease suggests that altered cortico-striatal interactions may disrupt normal planning function
at a number of levels, possibly consequent upon intrinsic striatal pathology on the one hand and the par-
tial loss of (frontal) cortical input to the basal ganglia on the other. © 1997 Elsevier Science Ltd
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ABBREVIATIONS
CBF cerebral blood flow MSA multiple system atrophy
fMRI functional magnetic resonance imaging PD Parkinson’s disease
GPi internal segment of the globus pallidus PET positron emission tomography
HD Huntington’s disease rCBF regional cerebral blood flow
MRI magnetic resonance imaging SPECT single photon emission tomography
SRO Steel-Richardson—Olszewski Syndrome

1. INTRODUCTION

The ability to plan, or “think ahead”, is a central
component of many aspects of complex behaviour
and is a basic requirement of many cognitive and
motor tasks. High-level, or “cognitive”, planning
may be defined as the ability to organize cognitive
behaviour in time and space and is necessary in situ-
ations where a goal must be achieved through a
series of intermediate steps each of which does not
necessarily lead directly towards that goal.
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Cognitive planning is required, therefore, when
sequences of responses must be generated and
scheduled and when novel courses of action must be
formulated and carried out.

The frontal lobes have long been thought to play
an important role in planning behaviour; For
example, Harlow, 1868, argued that frontal lobe
lesions in humans result in a loss of “planning
skill”, whilst much later, Bianchi, 1922, described a
loss in the ability to “co-ordinate the different el-
ements of a complex activity” in monkeys with large
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frontal lesions. More contemporary accounts have
characterized the role of the frontal cortex in plan-
ning behaviour using various, similarly descriptive,
terms; e.g., “as a general system for sequencing or
guiding behaviour towards the attainment of an im-
mediate or distant goal” (Jouandet and Gazzaniga,
1979), or as crucial for the “planning of future
actions” (Damasio, 1985; for review, see Shallice,
1988). Until recently, however, the assumed relation-
ship between cognitive planning and the frontal
lobes lacked solid empirical support and was based
largely on anecdotal reports of disorganized beha-
viour in patients with relatively non-specific brain
injury, or on the behaviour of monkeys with large
excisions of the frontal cortex. Moreover, planning
difficulties are not unique to patients with circum-
scribed frontal lobe damage. For example, “frontal-
like” planning deficits have been regularly described
in patients with mild Parkinson’s disease (Morris et
al., 1988; Owen et al., 1992, 1995a), and other basal
ganglia disorders, suggesting that an equivalence
between the prefrontal cortex and planning function
cannot be assumed.

In recent years, however, improved methods of
neuropsychological assessment combined with a the-
ory-driven approach to task design has led to great
advances in our understanding of the fundamental
mechanisms which mediate higher-order cognitive
processes such as planning. Moreover, the func-
tional architecture subserving such processes has
been investigated more directly in functional neuroi-
maging studies using techniques such as positron
emission tomography (PET) and functional mag-
netic resonance imaging (fMRI). This article will
seek to summarize the progress that has been made
recently in understanding the cognitive and neural
basis of planning ability through the integration of
cognitive, neuropsychological, neurobiological and,
most recently, functional neuroimaging approaches.

2. NEUROANATOMICAL CONSIDERATIONS:
PLANNING AND THE FRONTAL LOBES

In 1935, Wilder Penfield and Joseph Evans, neu-
rosurgeons at the Montreal Neurological Institute,
described three cases of patients who had sustained
extensive neurosurgical excisions of the frontal lobes
(Penfield and Evans, 1935). Of particular interest
was one young woman who, following surgery,
exhibited a marked failure to organize and plan her
daily activities. For example, she was unable to plan
and prepare an entire family meal, but was, never-
theless, perfectly capable of cooking the individual
dishes. Subsequently, such disabilites have usually
been accounted for in terms of deficits in the cogni-
tive processes involved in planning, although rather
few studies have addressed this issue directly. An
early investigation by Porteus and Kepner (1944),
established that, following prefrontal leucotomy,
patients were impaired at maze learning, a deficit
attributed to a loss of “planning skill”. A more
direct approach was taken by Klosowska (1976)
who developed a novel task that specifically required
the development of a plan for successful perform-
ance. Subjects were shown a number of objects on a
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table and were given a specific goal (to cork a bot-
tle). This goal could only be reached by combining a
number of discrete steps into a comprehensive plan
of action, and then executing each step in the correct
order. Fifty patients with unilateral or bilateral fron-
tal lobe damage of mixed aetiology exhibited a
marked deficit on the task relative to a group of 25
patients with more posterior lesions. In addition,
many of the frontal lobe patients reported difficul-
ties with planning and structuring their everyday ac-
tivities.

Whilst the tasks developed by Klosowska (1976),
and earlier by Porteus and Kepner (1944), certainly
appear to require cognitive planning, they also have
strong visuo-spatial components which may have
independently contributed to the deficits described.
To overcome this difficulty, Shallice and McCarthy
(described in Shallice, 1982), developed the “Tower
of London” test, a series of problems thought to
depend more heavily on planning than on spatial
processing abilities. In this test, subjects are required
to move coloured beads between three vertical rods
of different lengths in order to match a goal
arrangement displayed on three similar rods (see
Fig. 1). The difficulty of the problem can be manipu-
lated by varying the starting position of the initial
arrangement with respect to the goal arrangement.

The Tower of London task clearly requires “for-
ward thinking” or planning, since an early, incor-
rect, move can render the problem virtually
unsolvable unless all previous steps are retraced,
and reversed, in order to correct the inappropriate
move. Accordingly, successful performance typically
involves a number of stages; the overall situation is
considered by assessing the inital and goal states
with reference to differences in the positions and
overall configuration of the balls, a series of sub-
goals is defined, a sequence of moves is generated to
attain these sub-goals, this sequence is refined and
revised according to the results of mental rehearsal

Fig. 1. A three-move problem from the original Tower of

London planning task (adapted from Shallice, 1982).

Subjects are required to rearrange the balls in the fore-

ground set to match the positions of those in the rear set.

In each set, the left peg can hold three balls, the middie

peg can hold two balls and the right peg can hold just one
ball.
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and, finally, the correct solution is executed. In the
original study, reported in Shallice (1982), patients
with left anterior cortical pathology were shown to
be impaired in the number of moves required to
complete the Tower of London problems. This find-
ing could not be explained in terms of visuo-spatial
factors since the results were unchanged when per-
formance was covaried against performance on the
spatially demanding Block Design sub-test of the
Wechsler Adult Intelligence Scale (WAIS).

Owen et al. (1990), followed up this important
finding using a computerised version of the Tower
of London task from the Cambridge
Neuropsychological Test Automated Battery
(CANTAB), presented on a touch-sensitive screen.*

In the computerized task, the subjects are pre-
sented with two sets of three coloured “balls™ (i.e.
circles), one in the top half of the screen and the
other in the bottom half (see Fig. 2). The three balls
are distributed in three “pockets” (or “‘socks”™),
which can hold one, two, or three balls. On each
trial, a red ball, a blue ball and a green ball are
placed in predetermined positions in both the upper
and the lower pockets of each of the two displays.
The subjects are told that the balls in the top half of
the screen can not be rearranged, but any ball in the
bottom half of the screen can be moved between
pockets by touching it with the index finger of the
right hand, and then by touching one of the empty
positions in one of the other pockets. Once touched,
a tone sounds and the selected ball begins to flash,
indicating that it is ready to be moved. When an
empty pocket is touched, the selected ball moves,
automatically, from its original position to the new
one. At any time, the subject can cancel his/her
selection of a ball by touching it a second time. Two
types of moves are not allowed: a) placing a ball
high in a pocket when there is no other ball beneath
to support it and b) trying to remove a ball while
there is another sitting above it in the same pocket.
When such moves are attempted, there is no re-
sponse from the computer.

The position of the balls in the top half of the
screen is varied with each problem such that a sol-
ution can be reached in exactly two, three, four or
five moves. The subjects are told to examine the pos-
ition of the balls in each problem and to attempt to
find the solution that requires the number of moves
indicated at the side of the screen. They are encour-
aged not to make a first move until they are confi-
dent that they can execute the entire sequence
needed to solve the problem, thereby maximizing
the planning demands of the task. The computer
records the number of moves made by the subject to
rearrange the balls, which provides the main index
of performance, although selection and movement
latencies for each move are also recorded.

In general, the two and three-move Tower of
London problems require very little cognitive plan-
ning, and can be solved using a simple, visual
matching-to-sample strategy. This strategy, whereby
each ball in the bottom half of the screen is moved

*CeNeS Ltd, 4 Flint Lane, Ely Road, Waterbeach,
Cambridge CBS5 9QZ.
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Fig. 2. The computerized Tower of London planning task
from the Cambridge Neuropsychological Test Automated
Battery (CANTAB). Subjects are required to move the
balls around in the bottom half of the screen to match the
goal arrangement in the top half of the screen. As in the
original non-computerized task, in each set, the left pocket
can hold three balls, the middle pocket can hold two balls
and the right pocket can hold just one ball. The example
shown is a five-move problem.

directly to its goal position (i.e. the position corre-
sponding to the same coloured ball in the top half
of the screen), is illustrated on the left side of Fig. 3
(see Fig. 3a). In contrast, the more difficult four and
five-move problems can not be solved using a visual
matching-to-sample strategy. In fact, in many cases
these problems require the subject to make visually
counter-intuitive moves (i.e. to move a ball away
from its final destination), in order to execute the
appropriate solution, which involves a considerable
amount of “thinking ahead” or planning. This more
complex task requirement is illustrated on the right
side of Fig. 3 (Fig. 3b).

For each test problem, a “yoked” control con-
dition is also given to provide a baseline measure of
motor initiation and execution times. On each trial
of this control condition, the subject is required to
follow a sequence of single moves executed by the
computer in the top half of the screen by moving
the corresponding ball in the lower arrangement.
Thus, initially the two arrangements differ by just
one ball. Once the subject has made the appropriate
move, the top arrangement changes again so that
the subject has to make another single move. The
test is ““yoked” to the main test in the sense that in
each trial, the movement of the balls is an exact
replication of those moved by the subject in the cor-
responding planning trial. By subtracting the re-
sponse time from each move in this control
condition from that of the corresponding move in
the planning condition estimates of initial and sub-
sequent “thinking time” are generated. Initial think-
ing time refers to the average (per move) time
between the presentation of the planning problem
and the first touch, minus corresponding motor in-
itiation time from the yoked control condition.
Subsequent thinking time refers to the time between
the selection of the first ball and the completion of
the problem minus the average (per move) motor ex-
ecution time derived from the corresponding control
problem.
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A (2 moves) B (4 Moves)
coPY copy
THIS THIS
copY CcoPY
THS 5 1st move THS
COPY copY
THIS THIS
2nd move
copY
™S
3rd move
COPY
THIS
4th move

Fig. 3. Two trials from the computerized version of Tower of London task (Owen ez al., 1990). The pro-

blem shown on the left (a) requires 2 moves. These moves are shown schematically below the problem.

A more difficult, four-move problem is also shown on the right side of the figure (b). Again the correct
sequence of moves is shown below the problem.
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Fig. 4. Twelve slices from a single MRI (one subject), to illustrate the location and extent of the neuro-

surgical excision in a representative case. All slices shown are in the horizontal plane and are progress-

ively more superior (top left to bottom right). The patient shown sustained a left-sided removal which

included the frontopolar region together with the anterior portion of the orbital surface. On the right

side of the figure a diagram based on the neurosurgeon’s drawing at the time of the operation is pre-
sented. The blackened area defines the estimated lesion site.

Owen et al. (1990) assessed performance on this
task in 26 neurosurgical patients with unilateral or
bilateral frontal lobe excisions and later (Owen et
al., 1995b), in a group of 20 patients with unilateral
temporal lobe excisions and a group of 11 patients
in whom the more selective, amygdalo-hippocam-
pectomy had beer. performed. An example of a
representative frontal lobe excision, examined using
high-resolution magnetic resonance imaging (MRI),
is given in Fig. 4, together with the neurosurgeon’s
drawing at the time of the operation.

Compared to age- and IQ-matched controls, the
frontal lobe group required more moves to com-
plete the problems and produced fewer perfect sol-
utions (Fig. 5). Initial “thinking”, or “planning”
time was unimpaired in these patients although the
amount of time spent thinking on line (i.e. sub-
sequent to the first move) was significantly pro-
longed. This pattern of impairment appears to be
relatively specific at the cortical level since no defi-
cits were observed in the two groups of neurosur-
gical patients with damage to the medial temporal
lobe region (Owen ef al., 1995b).

In a follow-up study (Owen et al., 1995a), the
Tower of London task was modified to examine the
relationship between thinking (planning) time, pro-
blem difficulty and solution accuracy in the group of
patients with frontal lobe excisions. Subjects were
required to study each of the original Tower of
London problems and then to decide how many
moves would be required to reach an ideal solution
(i.e. with the minimum number of moves), without

actually moving any of the balls. Because this modi-
fication required subjects to evaluate and solve the
problems in full, without executing any of the
necessary sub-goals (i.e. moving the balls), it was no
longer possible to compromise ‘“‘initial planning
time” (i.e. the time before a response was made) in
favour of “on-line” consideration of the problem
during the execution of the solution (i.e. “‘sub-
sequent thinking time”’). This modification served to
encourage subjects to plan the solution in full,
before they initiated a response. The effects of this
alteration were clear from the performance of the
control subjects in this study compared to that of
those studied previously by Owen e al. (1990) using
the earlier version of this task. Thus, difficulty-
dependent, linear increases in thinking time, which
were (during the more challenging four and five
move problems), approximately twice as long as
those reported previously (e.g., Owen et al., 1990),
were observed (see Fig. 6). In the frontal lobe
patients, the results of the previous study were
essentially confirmed; that is, that, compared to the
matched control group, the frontal lobe patients
were significantly impaired in terms of solution ac-
curacy, whilst solution latency (or “initial thinking
time’”), was relatively preserved (Fig. 6). One might
have expected to see prolonged thinking times in the
frontal lobe group given those patients’ profound
difficulty with solving these problems and the fact
that prolonged ‘“subsequent thinking” times on the
earlier version of this task were reported previously
(Owen et al., 1990). In the previous study however,
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Fig. 5. Performance data from the Tower of London planning task (Owen ez al., 1990). The proportion

of problems solved in the minimum number of moves (perfect solutions), as a function of task difficulty

for the frontal lobe patients (frontal), the combined temporal lobe and amygdalo-hippocampectomy
patients (temporal + AH), and for the matched group of normal controls. Bars represent S.E.M.

prolonged subsequent thinking time in frontal lobe
patients was assumed to reflect the additional time
required to revise and refine a solution following an
inadequately planned, or impulsive, attempt to solve
the problem. Because performance on the modified
Tower of London task used in the later study was
measured by a single response, the results further
suggest that the behaviour of frontal lobe patients in
tests that require forward thinking or planning is
indeed impulsive; that is, these patients initiate a re-
sponse, or make the first move, before they have
successfully generated an appropriate solution to the
problem, a view consistent with the conclusions of
other investigators (e.g., Stuss and Benson, 1984).
The results of these studies demonstrate, there-
fore, a significant association between cognitive
planning and the frontal cortex in humans. In spite
of this evidence, a number of important neuroanato-
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Selections to solution
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0.0
1 move 2 moves 3 moves 4 moves S moves
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mical and neuropsychological issues remain unre-
solved. Most importantly, the frontal cortex is not a
homogenous region of the brain (see Fig. 7), but
comprises several architectonic areas that differ in
terms of their connections with other cortical and
subcortical areas (Pandya and Barnes, 1987).
Relative to the enormous amount of information
that is available about the structural and functional
organization of the monkey brain, very little is
known of the connections between specific cortical
areas in humans. In spite of this, a recent reparcella-
tion and comparative cytoarchitectonic analysis of
the human and macaque frontal cortex has revealed
a remarkable degree of topographic and architec-
tural similarity between the two species in this
region (Petrides and Pandya, 1994; Fig. 7).

In patient studies, however, it is not possible to
establish which areas of the frontal cortex are

50 1
—&— Frontal
40 - —O0— Control
—~
g 30 1
A
g
]
§ 20
104
L ) L s L

3 moves 4 moves 5 moves

Difficuity

1 move 2 moves

Fig. 6. Performance data from the modified Tower of London planning task for frontal lobe patients

and a matched group of healthy control subjects (Owen et al., 1995a). On the left, the number of re-

sponses needed to identify correctly the number of moves required for the ideal solution at each level of

difficulty (planning accuracy), is shown. On the right, the response latency, for correct responses only, at

each level of difficulty is shown (planning latency), for the two groups. In both cases, bars represent
S.E.
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involved in a given cognitive process with any
degree of anatomical precision since the excisions
are rarely confined to specific cytoarchitectonic
areas (e.g., see Fig. 4). In recent years, functional
neuroimaging techniques such as single photon
emission tomography (SPECT), PET and fMRI,
have provided a unique opportunity for assessing
the relationship between patterns of cortical and
subcortical activation and different aspects of cogni-
tive processing in healthy control volunteers. The
most widely used blood flow activation techniques
use regional cerebral blood flow (rCBF) as an indir-
ect index of neuronal (synaptic) activity. Several
recent SPECT studies of normal subjects have
demonstrated increased cerebral blood flow in the
frontal cortex during versions of the Tower of
London task (Morris et al., 1993; Rezai et al., 1993),
further implicating this region in some of the higher-
level processes involved in planning. However, the
spatial resolution of neuroimaging techniques such
as SPECT is inadequate for investigating functional
specialization within the human frontal cortex,
given the large number of distinct cytoarchitectonic
areas within this region (Fig. 7). More recent studies
have measured rCBF using PET, which has
improved spatial resolution, combined with struc-
tural MRI, to achieve a higher degree of precision
with respect to neuroanatomical localization. Using
PET, rCBF is measured by determining the spatial
distribution of a positron-emitting tracer, 'O,
throughout the brain, during a 60-120 sec time win-
dow. Typically, the subject performs the task of

a)

Fig. 7. Schematic drawing of the lateral surface of the
macaque brain (a) and the human brain (b), to indicate the
location of the dorsolateral frontal cortex (areas 9, 46 and
9/46), and the ventrolateral frontal cortex (areas 45, 47,
12). Adapted from Petrides and Pandya (1994). sp, sulcus
principalis; ifs, inferior frontal sulcus; mfs, middle frontal
sulcus; sfs, superior frontal sulcus. Numbers refer to
cytoarchitectonic areas as defined by Petrides and Pandya
(1994), and based on the original analysis by Brodmann
(1905, 1908, 1909).
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interest (e.g., a planning task), in one scan or set of
scans and a “control” task requiring many, but not
all, of the same motoric, perceptual and cognitive
components during another scan or set of scans.
The imaging data are then reconstructed, smoothed
and normalized for global CBF, which may vary
between different scans. The data are then usually
transformed into a standardized stereotaxic coordi-
nate system based on the three-dimensional atlas of
Talairach and Tournoux (1988). The reconstructed,
normalized and transformed CBF images are then
averaged across all subjects included in a particular
study and subtraction images are generated. These
images represent the difference between the rCBF
during the (planning) task of interest and that
during the ‘“‘control” task. Statistical parametric
maps (Friston et al., 1991), or t-maps (Worsley et
al., 1993), are then generated and the stereotaxic
coordinates of local maxima are calculated within
the standardized stereotaxic system.

Owen et al. (1996a), used PET combined with
MRI to investigate the role played by specific fron-
tal lobe regions in cognitive planning. Planning was
examined directly in two functional (PET) scans
which required that subjects solve either simple or
difficult Tower of London problems. Blood flow
during these conditions was compared to that
during a control condition which involved identical
stimuli and responses but required minimal plan-
ning. Thus, by subtracting between the two con-
ditions, the blood flow changes related to the
planning component of performance could be iso-
lated.

When activation in the control condition was sub-
tracted from that during the difficult planning con-
dition, a significant rCBF change was observed in
the left mid-dorsolateral frontal cortex (Fig. 8). In
the human brain, the region generally referred to as
the dorsolateral frontal cortex comprises mainly
cytoarchitectonic areas 9 and 46 which occupy the
mid-part of the superior and middle frontal gyri, a
considerable proportion of this cortex lying within
the depths of the middle frontal sulcus (see Fig. 7).

The significant focal blood flow change in the left
dorsolateral frontal cortex during the difficult plan-
ning problems was located within area 9, in the
lower part of the middle frontal gyrus, just below
the intermediate frontal sulcus (see Fig. 8). This
change was only statistically significant in the left
frontal cortex, although an area of increased blood
flow, which failed to reach significance by standard
criteria, was observed slightly more anteriorly in the
opposite hemiphere. It is important to acknowledge,
however, that the apparent emphasis on the left
frontal cortex may simply reflect the subtraction
method employed rather than a lateralization of
function per se. Thus, in the present study, both the
difficult planning condition and the control con-
dition make considerable demands on visuospatial
processes which are widely assumed to be preferen-
tially mediated by the right hemisphere (Milner,
1971, 1974). The neural correlates of these processes
may therefore be ‘“‘subtracted out” when the two
conditions are compared directly. This interpret-
ation is entirely consistent with the finding that a
change in rCBF, albeit non-significant, was also
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observed in the right mid-dorsolateral frontal cortex
during the difficult planning condition, and the fact
that planning deficits have been reported in patients
with both left and right frontal lobe excisions
(Shallice, 1982; Owen et al., 1990, 1995a). Likewise,
in a recent PET study employing a modified version
of the Tower of London task, similar to that used
by Owen et al. (19952), to study patients, bilateral,
but predominantly right, frontal activation was
observed (Rogers et al., 1994; Baker et al., 1996). In
that study, subjects were required to imagine and
compute the number of required moves mentally,
rather than execute the solution itself. This task,
which undoubtedly places more emphasis on visual
imagery than the task used in the study by Owen et
al. (1996a), presumably also places greater demands
on right hemisphere regions (Milner, 1971, 1974).
No prefrontal blood flow changes were observed
during the simple, three-move planning task in the
study by Owen et al. (1996a), although significant
areas of activation were observed, in right premotor
cortex and bilaterally, in posterior regions of the
parietal and occipital lobes. This pattern of rCBF

change is consistent with the fact that these simple
three-move problems could be solved using a visual
matching-to-sample strategy (unlike the more com-
plex four- and five-move planning problems), which,
presumably, places a significant load on posterior
visual and attentional systems and requires little
complex planning or “executive” input from an-
terior regions of the frontal lobes. The fact that sig-
nificant blood flow changes were observed in areas
of premotor cortex during the simple (and the diffi-
cult) Tower of London scans, may reflect the more
basic processes of “motor planning”, as opposed to
“cognitive planning”, which are an integral com-
ponent of any complex task of this type.

In summary, functional neuroimaging studies
using PET and MRI have been able to confirm and
extend previous investigations in patients by identi-
fying, more precisely, the frontal cortical area that
appears to be critical for performance on the Tower
of London planning task; namely, the mid-dorsolat-
eral frontal region. The combined evidence from
different functional neuroimaging studies (e.g.,
Rogers et al., 1994; Baker et al., 1996; Owen et al.,

Fig. 8. Difficult (4 and 5 moves) Planning minus Ditlicult Control. The average PET subtraction images
are shown superimposed upon the corresponding averaged MRI scan for the twelve normal control sub-
jects included in the study. The schematic (top left), illustrates the approximate position of the two coro-
nal slices shown in the lower half of the figure. Subtraction of two conditions yielded the focal changes
in blood flow shown as a r-statistic image, whose range is coded by the colour scale placed to the left of
the figure. The sagittal section (top right) at x = — 39 (left hemisphere), illustrates the significant rCBF
increase observed in the mid-dorsolateral frontal cortex. This rCBF increase is also visible on the coronal
section at y = + 18 along with three additional areas of significant blood flow change in the left presup-
plementary motor area, in the right superior premotor cortex and in the left caudate nucleus (see text).
The more anterior coronal section at y = + 35 (bottom left), illustrates the rCBF increase in the right
mid-dorsolateral frontal cortex, which just missed statistical significance, along with the most anterior
edge of the significant left mid-dorsolateral frontal rCBF change.
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1996a), together with previous investigations in
patients (e.g., Owen er al., 1990, 1995a), suggests
that, within the dorsolateral frontal region, neither
hemisphere plays a disproportionate role, at least in
the type of high-level planning that is required in
the Tower of London task. It is important to
emphasize however, that none of the results dis-
cussed above suggest that this region of the dorso-
lateral frontal cortex is either wholly, or uniquely,
involved in mediating cognitive planning processes.
In the monkey it has been shown that specific
regions of the lateral frontal cortex are reciprocally
connected with multiple posterior cortical and sub-
cortical regions, which undoubtedly reflects close
functional relationships between anatomically dis-
tant areas. For example, the ventrolateral frontal
region receives visual information directly from the
inferotemporal cortex (Kuypers et al., 1965; Jones
and Powell, 1970; Chavis and Pandya, 1976; Barbas,
1988; Ungerleider et al., 1989), whilst more posterior
parietal cortical areas project preferentially to more
dorsal regions within and below the sulcus principa-
lis (Schwartz and Goldman-Rakic, 1984; Cavada
and Goldman-Rakic, 1989; Petrides and Pandya,
1994). The mid-dorsolateral region of frontal cortex
(areas 9 and 46), which appears to be most critical
for cognitive planning is closely connected with the
ventrolateral frontal cortex (Barbas and Pandya,
1989; Watanabe-Sawaguchi et al., 1991), and, at the
same time, with the limbic region of the medial tem-
poral lobe (Adey and Meyer, 1952; Nauta, 1964;
Goldman-Rakic et al., 1984). In addition, descend-
ing cortico-striatal inputs to the caudate and the pu-
tamen project back to discrete frontal lobe regions,
including the mid-dorsolateral frontal cortex
(Middleton and Strick, 1994, 1995), via various
thalamus nuclei, closing the so-called *‘cortico-stria-
tal loops”. These neuroanatomical data concur fully
with the results of the neuroimaging studies
described above. Thus, a number of non pre-frontal
cortical and sub-cortical regions were also activated
by the planning task used by Owen ez al. (1996a),
including the caudate nucleus (see Fig. 8), the pre-
supplementary motor area, the anterior premotor
cortex and the posterior parietal cortex. The avail-
able anatomical and functional neuroimaging data
suggest, therefore, that whilst the mid-dorsolateral
frontal cortex plays a critical role in complex plan-
ning behaviour, it does so through close functional
interactions with multiple cortical and sub-cortical
regions.

3. NEUROPSYCHOLOGICAL
CONSIDERATIONS: PLANNING VERSUS
WORKING MEMORY

Due to the inherent complexity of most tasks
used to study planning behaviour, the precise cogni-
tive components that combine to produce an effi-
cient plan of action have not been clearly defined
experimentally. The Tower of London task requires
an active search of possible solutions and the gener-
ation of an appropriate response sequence to solve
each of the problems. In addition, the chosen sol-
ution must be temporarily stored and transposed
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into an appropriate sequence of motor movements,
which must be carefully monitored during its ex-
ecution. Many of these task requirements place a
significant load on active working memory. The
term ‘‘working memory” was introduced into the
experimental psychology literature by Baddeley
(1986) to replace the existing concept of a passive
short-term memory store and to emphasize, within a
single model, both the temporary storage and the
“on-line” manipulation of information that occurs
during a wide variety of cognitive activities. The re-
lationship between planning and various aspects of
working memory function has been investigated
recently in a large scale, factor analytical study in
normal control volunteers (Robbins et al., 1997). In
all, 341 subjects were assessed on the computerised
Tower of London task and on two tests which tap
different aspects of spatial short-term, or working
memory. In one test, based on the Corsi Block
Tapping Task (described by Milner, 1971), the sub-
jects were required to remember sequences of boxes
which changed colour on the computer screen
(Robbins et al., 1997; for description see Owen et
al., 1990). The longest remembered sequence or
“spatial span” provided a simple index of the sub-
jects ability to retain, transpose and execute a
defined sequence of spatial moves, all of which are
component processes in the Tower of London task.
In another self-ordered “‘spatial search” test, sub-
jects were required to search among a number of
boxes on the screen, looking for coloured “tokens”
which were hidden by the computer (Robbins et al.,
1997; for description see Owen et al., 1990, 1995b,
1996¢). Once a token had been found in a box, that
box would never again be used to hide a token.
Thus, the subject’s task was to search for the tokens,
trying to remember and avoid those locations where
one had previously been found. This task is some-
what more complex than the spatial span task,
requiring the subject to constantly maintain and
update an ongoing representation of the current
“state of affairs”, which is, again, a central require-
ment of the Tower of London planning task.
Subjects who perform well on this task tend to do
so by adopting a search strategy which involves
retracing a systematic “route” and “‘editing” or
“monitoring” those locations along the route where
tokens have been found previously. This searching
strategy can be captured by an index which is
demonstrably uncontaminated by overall mnemonic
performance, and yet which correlates highly with
such performance (for discussion, see Owen et al.,
1990, 1996¢). Factor analysis of performance in 341
subjects (Robbins et al., 1997), demonstrated that
aspects of performance on all three of these tests
(Tower of London, Spatial Span and Self-Ordered
Spatial Search), loaded, to varying degrees, on a
single factor. Thus, measures of both accuracy and
subsequent thinking time on the Tower of London
test, error score and strategy score on the spatial
search test and spatial span score were all inter-re-
lated. This finding clearly suggests that both short-
term spatial memory (spatial span), and *‘strategic”
or “organizational” aspects of spatial working mem-
ory are important determinants of normal perform-
ance on the Tower of London planning task.
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It seems likely that this functional relationship
between cognitive planning and aspects of working
memory performance reflects some degree of com-
monality in the neural circuitry that mediates these
different processes. Like cognitive planning, in
recent years, considerable evidence has accumulated
to suggest that many aspects of working memory
involve the lateral surface of the frontal lobe. This
evidence comes from the study of patients with exci-
sions of frontal cortex (Petrides and Milner, 1982;
Owen et al., 1990, 1995a, 1996¢c; see Petrides, 1989
for review), from lesion and -electrophysiological
recording work in non-human primates (see
Goldman-Rakic, 1987 and Petrides, 1994 for
reviews), and more recently, from functional neuroi-
maging studies in humans (e.g., Jonides et al., 1993;
Petrides et al., 1993a,b; McCarthy et al, 1994;
Courtney et al., 1996; Gold et al., 1996; Goldberg et
al., 1996; Owen et al., 1996a,b; Smith et al., 1995,
1996; Sweeney et al., 1996; for review, see Owen,
1997). On the basis of this, and related evidence, a
general theoretical framework regarding the role of
the different regions of the lateral frontal cortex in
working memory processing and its relationship to
other high-level or “executive” functions such as
cognitive planning has recently been described
(Petrides, 1994). According to this view, there are
two executive processing systems within the lateral
frontal cortex which mediate different aspects of
working memory through reciprocal connections to
modality specific posterior cortical association areas.
The first stage of interaction between these posterior
association areas and frontal regions occurs primar-
ily within the ventrolateral frontal cortex (i.e.
cytoarchitectonic areas 45 and 47). Thus, these areas
(see Fig. 7) are concerned primarily with the active
organization of sequences of responses based on
conscious, explicit retrieval of information from
short-term memory. By contrast, the mid-dorsolat-
eral frontal cortex (dorsal area 46 and area 9) is
assumed to constitute a second level of interaction
of executive processes with memory and is recruited
only when the active manipulation and monitoring
of information within working memory is required
(Fig. 7). This two-stage model of lateral frontal cor-
tical function, by which two anatomically and
cytoarchitectonically distinct regions of the frontal
lobe are linked with different aspects of executive
processing, describes how information is both
retained and manipulated within working memory
to optimize performance on a variety of tasks. In
particular, the functional characteristics of the ven-
trolateral and dorsolateral frontal processing sys-
tems relate very closely to those processes assumed
to be involved in the tests of spatial span and spatial
working memory described above, which emphasize
the short-term retention and execution of sequences
of spatial responses on the one hand, and active,
“on-line” manipulation of spatial information on
the other. A recent functional imaging study com-
bining PET and MRI has verified that this is,
indeed, the case (Owen et al., 1996b). When normal
volunteer subjects performed a modified version of
the spatial span task, a significant region of
increased cerebral blood flow was observed in ven-
trolateral frontal cortex (area 47) in the right hemi-
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sphere. No significant changes were observed in
more dorsolateral areas of frontal cortex, even when
subjects were required to learn and reproduce a
“supra-span” sequence of eight boxes. In contrast,
when subjects performed a modified version of the
spatial search task, significant changes in CBF were
clearly observed in the right mid-dorsolateral frontal
cortex (areas 46 and 9). Clearly, the emphasis on
“strategy” in this task implicates the dorsolateral
frontal executive processing system according to the
model proposed by Petrides (1994). However, like
the spatial span task, this test also places a signifi-
cant load on short-term memory for spatial infor-
mation. Perhaps unsurprisingly, therefore, the same
area of the ventrolateral frontal cortex (area 47),
was also activated in this spatial search task. These
results have been confirmed and extended using a
number of spatial and non-spatial working memory
paradigms (for review, see Owen, 1997).

The results of these functional neuroimaging stu-
dies (Owen et al., 1996a,b), combined with the nor-
mal control factor analytic study described above
(Robbins et al., 1997), clearly suggest that cognitive
planning is functionally and structurally related to
aspects of working memory. On this basis, one
might predict that the Tower of London planning
deficits in patients with frontal lobe damage would
be accompanied by impairments on tests of working
memory function. Neurosurgical patients with fron-
tal lobe damage who are impaired on the Tower of
London task are also significantly impaired on the
spatial searching task described above, making more
returns to boxes in which a token has previously
been found, even at the simplest levels of task diffi-
culty (Owen et al., 1990, 1995a, 1996¢). In addition,
these patients are less efficient in the use of the re-
petitive searching strategy which is known to
improve performance on this task, confirming that
at least some of their impairment in spatial working
memory arises secondarily from a more fundamental
deficit in the use of organizational strategies.
Although this task is also sensitive to deficits in
patients with temporal lobectomy or the more selec-
tive amygdalo-hippocampectomy (Owen er al.,
1995a, 1996¢), unlike the frontal lobe patients, these
groups utilize a normal and effective searching strat-
egy. Patients with frontal lobe damage are not
impaired according to the basic spatial span
measure (Owen et al., 1990), although deficits are
observed when one considers the number of trials
required to reach maximum span (T. W. Robbins et
al., unpublished observations). This task is not sen-
sitive to unilateral temporal lobe damage, or amyg-
dalo-hippocampectomy (Owen et al., 1995b).

In the light of these observations the specific fron-
tal lobe impairment in cognitive planning can be
more clearly understood. As discussed previously,
successful planning on the Tower of London task
requires working memory, both for the storage and
execution of a correct sequence and also in the
search processes required in any analytical problem
of this type, by which possible solutions are tried
and tested, and then accepted or rejected. Given
that frontal lobe patients are specifically impaired in
“strategic” aspects of performance on the spatial
working memory test, the inappropriate use of or-
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Fig. 9. A schematic diagram illustrating the intimate anatomical relationship that exists between the
frontal cortex and the basal ganglia (adapted from Alexander ef al., 1986). Widespread topographically
organized cortical projections converge upon the striatum, which is connected to the other basal ganglia
structures via “direct” and ‘“‘indirect” projection systems. The inhibitory direct pathway projects mono-
synaptically onto the internal segment of the globus pallidus (Gpi) and the substantia nigra pars reticu-
lata (SNr), which are the main output nuclei of the basal ganglia. The indirect pathway projects through
the external segment of the globus pallidus (Gpe), and the sub-thalamic nucleus (STN), to the Gpi/SNr
complex. The basal ganglia project back to discrete frontal lobe regions via various thalamic nuclei, clos-
ing the so called fronto-striatal “loops™. The activity of the basal ganglia thalamocortical circuitry is
modulated by dopaminergic projections, arising in the substantia nigra pars compacts (SNc). In PD, the
most significant structural damage is in the dopamine producing cells of the SNc leading to the degener-
ation of the nigro-striatal dopamine system and loss of dopamine in the striatum. PD is also character-
ised by degeneration of several other subcortico-cortical projection systems illustrated here. Most
notably, the cholinergic (ACH), noradrenergic, (NE), dopaminergic (DA), and serotonergic (5-HT), cor-
tical projections from the substantia innominata (SI), the locus coeruleus (LC), the ventral tegmental
area (VTA) and the raphé nucleus, respectively, are affected. Abbreviations: VA-dc, Ventral Anterior,
denso-cellular region; VA-me, Ventral Anterior, magno-cellular region; VA-pc, Ventral Anterior, parvo-
celtular region; MD, Dorso-medial.

ganizational strategies to assess the problems may
also explain the deficit observed in the Tower of
London planning task.

The results of these behavioural studies suggest
an association, therefore, between aspects of cogni-
tive planning and working memory. Thus, in normal
control subjects, strong inter-relationships are
observed between different tasks which emphasize
either planning or working memory (Robbins ef al.,
1997), whilst in frontal lobe patients, deficits are
observed in both types of task (Owen et al., 1990,
1995a). Moreover, the results of recent functional
neuroimaging studies suggest that planning and cer-
tain aspects of working memory function activate
the same cortical region within the mid-dorsolateral
frontal cortex (Owen et al, 1996a,b). Thus, both
functionally and neuroanatomically, it appears to be
the second order executive system described by
Petrides (1994), that is most closely related to cogni-
tive planning; that is, area 9/46 of the mid-dorsolat-
eral frontal cortex, which is recruited when the task
being performed requires the active manipulation of

information within working memory. Whether this
strong association between both the cognitive basis
of, and the neural mediation of, planning and work-
ing memory processes represents a single mechanism
that is common to both types of process, or an
emergent property of the interaction between
specialized cognitive sub-systems remains to be
determined.

4. BEYOND THE FRONTAL LOBE:
COGNITIVE PLANNING AND THE BASAL
GANGLIA

There is now overwhelming evidence that patients
with neurodegenerative disorders that affect the
basal ganglia nuclei, including Parkinson’s disease
(PD), Huntington’s disease (HD), progressive supra-
nuclear palsy (or the Steele—Richardson—Olszewski
syndrome, SRO), and multiple systems atrophy
(MSA), exhibit diverse patterns of cognitive impair-
ment that can include deficits of cognitive planning
(Robbins er al.,, 1992, 1994; Lange et al, 1992;
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Fig. 10. Performance data from the Tower of London planning task (Owen et /., 1992). On the left, the
proportion of problems solved in the minimum number of moves (perfect solutions), as a function of
task difficulty are shown for the non-medicated PD patients (NMED PD), the medicated PD patients
with mild clinical symptoms (MED PD (mild)), the medicated PD patients with severe clinical symptoms
(MED PD (severe)), and the matched controls. On the right, the average initial thinking times (planning
time), prior to the first move as a function of task difficulty are shown. Bars represent one standard
error of the difference between the means (calculated according to the formula provided by Cochran and
Cox, 1957).

Owen et al., 1992, 1995a; Owen and Robbins, 1993;
Lawrence et al., 1996). A central model for much of
this work has been the concept of cortico-striatal
loops (Alexander et al., 1986), which emphasizes the
functional inter-relationships between the neocortex
and the striatum. According to this model, the wide-
spread topographically organized cortical projec-
tions which converge upon the striatum, project
back, via pallidal, nigral and thalamic structures, to
discrete frontal regions (Fig. 9).

Thus, different sectors of the caudate nucleus pro-
ject to specific premotor regions such as the sup-
plementary motor area or to discrete regions within
the dorsolateral and orbitofrontal cortex which are
implicated in  higher  cognitive  functions.
Furthermore, it is known that damage to different
regions of the caudate nucleus produces cognitive
deficits which resemble the effects of damage to their
corresponding targets of projection within the pre-
frontal cortex (Divac et al., 1967).

Whilst planning deficits have been reported in
MSA (Owen and Robbins, 1993; Robbins et al,,
1992, 1994), SRO (Owen and Robbins, 1993;
Robbins et al., 1994), and HD (Lawrence et al.,
1996), the majority of studies in this area have
focused on PD, an emphasis that undoubtedly
reflects the greater patient availability in this group
and the fact that the underlying neuropathology is
relatively well established. Taylor et al. (1986),
suggested that the principal cognitive deficits in
patients with PD occur in tasks that involve “self-
directed behavioural planning”, although in a later
study no deficits were found using a three disk
planning problem similar in design to the Tower of
London test (Saint-Cyr et al., 1988). Morris et al.
(1988), did find deficits in terms of initial thinking
time in a group of 12 medicated patients with mild
or moderately severe clinical symptoms using a
computerized version of the Tower of London task.

One important consideration in comparing different
studies is that PD is a progressive neurodegenera-
tive disease and, therefore, like the motor symp-
toms, cognitive deficits may be qualitatively and
quantitatively different at various stages of the dis-
ease process. In addition, medication may play a
role given that several studies have now shown that
levodopa (L-DOPA) can accentuate or ameliorate
different aspects of cognitive function in PD (e.g.,
Bowen et al., 1975; Gotham et al., 1988; Lange et
al., 1992). To address some of these issues, Owen et
al. (1992), compared three groups of patients at
different stages of PD on the same computerized
Tower of London test of planning used to assess
performance in patients with frontal lobe damage
(Owen et al., 1990). In general the results lend sup-
port to the notion that deterioration of cognitive
planning in these patients progresses in parallel
with the degeneration of motor functions that
characterizes this disorder. Thus, no deficits were
observed in de novo patients with mild clinical (i.e.
motoric) symptoms. Medicated patients who were
still in the early stages of PD also had no deficits
in solution accuracy, but were impaired in terms of
their initial thinking time, a result which concurs
fully with the earlier report by Morris et al. (1988).
Finally, medicated patients with severe -clinical
symptoms were slower than controls to initiate sol-
utions to the planning problems (Fig. 10), and, like
the frontal lobe patients, were significantly less
accurate at solving the problems.

The fact that patients with mild PD were not
impaired in terms of accuracy of solutions contrasts
markedly with the severe impairment observed in
these patients on other “frontal lobe” tests which,
for example, emphasize sorting or attentional set
shifting abilities (Owen er al., 1992; for similar pat-
terns of results, see Lees and Smith, 1983; Downes
et al., 1989; Owen ef al., 1993a,b), and may suggest



Cognitive Planning in Humans 443

2.6

2.4 —8— NMP

—O— Control

Selections to solution

1

1.oj,
{ 1 A 1 1 1

0.0
1 move Zmoves 3 moves 4 moves 5 moves

Difficulty

2.4 —®— MP-mild

——O—  Control
2.2

2.0

Selections to solution
2

e
L.

4 moves

-
(=]
1
\

1 move 2 moves 3 moves 5 moves

Difficulty

2.6

—&— MP-severe
——O— Control

2.4

2.21

2.0

1.84

1.6

Selections to solution

1 . . , . .

0.0
1 move 2 moves 3moves 4 moves 5 moves

Difficulty

Fig. 11. Performance data from the modified Tower of
London planning task for the non-medicated PD patients
(NMP), the medicated PD patients with mild clinical symp-
toms (MP-mild), the medicated PD patients with severe
clinical symptoms (MP-severe), and their respective
matched control groups (Owen et al., 1995a). The number
of responses needed to identify correctly the number of
moves required for the ideal solution at each level of diffi-
culty (planning accuracy), is shown. Bars represent S.E.M.

a limited anatomical focus for the cognitive deficits
occurring early in the course of PD. An alternative
possibility, is that planning may be affected in early
PD, but that deficits remain undetected, if the task
employed is insufficiently challenging for these
patients. This possibility was confirmed in a follow-
up study using the operationally more complex ver-
sion of the Tower of London task which requires
that subjects respond with a single overt response
based on the number of moves needed to solve the
problem (Owen et al., 1995a). Thus, in that study,
non-medicated PD patients with mild clinical symp-
toms were significantly impaired on this task in
terms of both accuracy and latency of performance
(Figs 11 and 12).

The results of the follow-up study by Owen et al.
(1995a), also provided new information about the
effects of L-DOPA medication in PD and the possi-
bility that some aspects of impaired planning per-
formance may be more readily ameliorated by L-
DOPA medication than others. For example, like
the non-medicated PD patients, a group of medi-
cated patients with a similar degree of clinical dis-
ability were impaired in terms of planning latency,
but were completely unimpaired in terms of plan-
ning accuracy (Figs 11 and 12).

On the other hand, medicated patients with severe
clinical symptoms were impaired in terms of both
accuracy and latency measures suggesting that the
beneficial effects of L-DOPA medication on cogni-
tive performance may decline in more elderly
patients or in the later stages of the disease.

In general, the results of these investigations are
in agreement with previous studies which have
suggested that, like patients with frontal lobe
damage, parkinsonian patients are impaired on
tasks that involve cognitive planning (Taylor er al.,
1986; Morris et al., 1988), although it is not clear
whether this deficit is truly “frontal” in behavioural
or neural terms. For example, like frontal lobe
patients, in PD, impaired accuracy on the original
computerized Tower of London task correlates sig-
nificantly with impaired performance on the self-
ordered test of spatial working memory described
(Owen et al., 1992). Qualitatively however, the two
groups differed in terms of their performance on the
spatial working memory task. Thus, whilst the fron-
tal lobe group were impaired on the measure of task
“strategy”, the PD group performed normally in
this respect. It seems likely, therefore, that planning
ability may be adversely affected by spatial working
memory deficits in both frontal lobe patients and in
patients with PD, although the precise cognitive
mechanisms responsible may not be identical.
Behaviourally, the PD and frontal lobe patients also
differed in the extent to which their planning beha-
viour was characterized by prolonged initial “think-
ing”, or planning time. Thus, both medicated PD
patients with mild clinical symptoms (Morris et al.,
1988; Owen et al, 1992), and non-medicated
patients (Owen et al., 1995a), have been shown to be
significantly slower in initiating their solutions to
Tower of London problems, although this pattern
has not been observed in patients with frontal lobe
damage (Owen et al., 1990, 1995a). Moreover, slow-
ness of thinking in the PD group, appears to be
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specific to the planning phase of the task since,
unlike the frontal lobe group, prolonged “sub-
sequent thinking time” was not observed in these
patients (Owen et al., 1992). Since the increase in
latency varied as a function of task difficulty in all
three PD groups (Owen et al., 1995a), it is clearly
not related to any basal slowing of reaction time but
rather, represents a specific slowing of cognitive pro-
cesses; a possible correlate of “bradyphrenia”.

These and other subtle neuropsychological differ-
ences between patients with circumscribed frontal
lobe damage and patients with PD undoubtedly
reflect the fact that PD is neuropathologically com-
plex, and affects many other cortical and sub-corti-
cal regions than the prefrontal cortex. Thus, post
mortem studies have confirmed that the most signifi-
cant structural damage found in PD is in the dopa-
mine-producing cells of the substantia nigra pars
compacta leading to the degeneration of the nigro-
striatal dopamine system and widespread loss of
dopamine in the caudate nucleus and putamen. The
motor symptoms that are characteristic of PD,
including akinesia, bradykinesia, rigidity, imbalance
and tremor, appear when striatal dopamine levels
reach approximately 70-80% loss and, at least in
the early stages of the disease, can be partially
reversed by administration of dopaminergic agents
such as L-DOPA. One recent detailed post mortem
neurochemical analysis (Kish et al., 1988), has con-
firmed the well documented finding that dopamine
depletion is more severe in the putamen than the
caudate nucleus in PD, and extends the analysis to
show that the caudal putamen is more affected than
the more rostral portions. However, in view of ana-
tomical and electrophysiological evidence, the pu-
tamen is generally implicated in the motor deficits
associated with PD. Dopamine levels in the caudate
nucleus, which appears to be a more serious candi-
date for mediating the cognitive sequelae of PD, are
also substantially depleted. This depletion is greatest
(to a maximum of about 90%) in the most rostro-
dorsal extent of the head of this structure, an area
which is heavily connected with the dorsolateral
regions of the frontal lobe (Yeterian and Pandya,
1991), that have been implicated in the higher cogni-
tive processes that are involved in planning (Owen
et al., 1996a,b). By contrast, ventral regions of the
caudate, which are preferentially connected with
more ventral regions of the frontal lobe (Yeterian
and Pandya, 1991), are relatively spared in early
PD, which may leave functions which are maximally
dependent this neural circuitry relatively intact.

However, it is important to point out that PD is
characterized by dopamine depletion within the
frontal cortex itself (Scatton et al., 1983), and de-
generation of the mesocortical dopamine system,

Fig. 12. Performance data from the modified Tower of
London planning task for the non-medicated PD
patients (NMP), the medicated PD patients with mild
clinical symptoms (MP-mild), the medicated PD patients
with severe clinical symptoms (MP-severe), and their re-
spective matched control groups (Owen et al., 1995a).
The response latency, for correct responses only, at each
level of difficulty is shown (planning latency). Bars rep-
resent S.E.M.
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which projects to the frontal lobes and other cortical
areas, may also play a significant role in the occur-
rence of frontal-like planning deficits in PD.
However, this system is known to be less severely
affected (50% depletion) than the nigrostriatal dopa-
mine system in PD (Agid et al., 1987) and possibly
at a later stage of the disease process. In short, two
possible mechanisms exist whereby dopamine de-
pletion might affect frontal lobe cognitive functions
in PD; via disruption of one or more of the corticos-
triato-cortical circuits at the level of the striatum or
via direct depletion of dopamine in regions of the
prefrontal cortex innervated by the ventral tegmen-
tal area. In addition, however, the presence of a
range of non-doparninergic forms of pathology in
PD, including noradrenergic, serotonergic and
cholinergic deafferentation of the cortex (Agid et al.,
1987), suggests that some of the cognitive deficits
observed may arise from one or more of these
alternative forms of pathology. Finally, cortical
Lewy bodies may also be implicated in PD (Byrne et
al., 1989; Gibb et al., 1989), although these are most
evident in the later stages of the disease and cannot,
therefore, account for the profound deficits observed
in non-medicated patients with mild clinical symp-
toms.

Slowed “thinking” in patients with PD, which
was not seen in patients with frontal lobe damage
has been interpreted in a number of ways (Rogers,
1986; Morris et al., 1988, 1990; Sagar et al., 1988;
Watts et al., 1988; for discussion, see Owen et al.,
1992), although little is known about the neural sub-
strates responsible. The lack of effect of L-DOPA
and of frontal lobe damage on thinking times
(Owen et al., 1995a), suggests that neither the dopa-
minergic mechanisms in the striatum nor the pre-
frontal cortex itself, mediate this aspect of planning
ability. It seems likely, therefore, that slowed think-
ing in PD may arise from one or more of the
alternative non-dopaminergic forms of pathology
described above.

On the other hand, the fact that accuracy of plan-
ning appears to be selectively ameliorated by dopa-
minergic therapy in patients with early PD (Owen et
al., 1995a), suggests that the “frontal-like” aspects
of performance are indeed related to the central
dopaminergic deficit in these patients. A critical
question, however, is whether these effects are
mediated primarily through cortical or sub-cortical
dopaminergic changes; that is, whether they reflect
striatal dopamine depletion and its likely affect on
the normal flow of information through frontal-
striatal circuitry or whether they are the result of
disease related depletion of dopamine within the
frontal cortex itself.

In a recent study, PET was used to examine
whether blood flow in the prefrontal cortex and in
the striatum may be differentially affected in PD,
during tests of planning and working memory
(Owen et al., 1996¢c). Regional cerebral blood flow
was measured in six patients with moderate PD and
in six age-matched controls while subjects performed
easy and difficult versions of a modified Tower of
London planning task and a control condition that
involved identical visual stimuli and motor re-
sponses (Owen et al., 1996d). In the six age-matched
control subjects, significant increases in rCBF were
observed in the dorsolateral, ventrolateral and pre-
motor areas of the left frontal lobe, in the ventral
frontal, premotor, posterior parietal and prestriate
cortices of the right hemisphere and in the striate
cortex at the midline. In PD patients, significant
changes in rCBF were also observed in dorsolateral,
ventrolateral and premotor regions of the right fron-
tal lobe when blood flow in the visuomotor control
conditon was subtracted from that in the difficult
planning condition. An increase was also observed
in the left mid-dorsolateral frontal region (—46.9,
23.56, 27.0, ¢t = 2.80), although this failed to reach
significance according to conventional statistical cri-
teria. Significant changes were also seen in the right
posterior parietal cortex and in two regions of the
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left prestriate cortex in these patients (Owen et al.,
1996d).

When the patient and the control groups were
compared directly, no significant difference in acti-
vation pattern was observed in the prefrontal cortex.
Since previous studies in normal control subjects
(Baker et al., 1996; Owen et al., 1996a), had specifi-
cally implicated the mid-dorsolateral frontal region
in planning, an exploratory qualitative analysis was
conducted in this area. Mean normalized blood flow
values (ml/100 g/min) were extracted for both left
and right hemispheres, using 5 mm diameter regions
of interest around the highest peak of activation
identified for each subject group, within each sub-
traction (Fig. 13). Similar rCBF changes were
observed in the mid-dorsolateral region of the fron-
tal cortex in the control subjects and in the patients
with PD.

The groups did differ, however, in one subcortical
area centred on the right internal segment of the
globus pallidus (GPi) (Fig. 14). Thus, when com-
pared directly, there was a significant difference
between the PD patients and the control subjects in

the rCBF change observed in this region during the
planning task.

The GPi constitutes the main basal ganglia out-
flow nucleus by which descending cortico-striatal
inputs project back to discrete frontal regions,
including the mid-dorsolateral frontal cortex
(Middleton and Strick, 1994, 1995), via the thala-
mus, closing the so-called “‘cortico-striatal loops”.
Extraction of mean normalized rCBF values in this
region, revealed that, relative to the visuomotor con-
trol task, the difficult planning task was associated
with an increase in controls, but a decrease in PD
patients (Fig. 15). The same rCBF pattern (increase
in controls, reduction in PD) was not observed in
any other cortical or subcortical area examined,
including the mid-dorsolateral frontal cortex, which
is known to be involved in these cognitive tasks.

This result is strengthened by the results of a par-
allel study in which the same six patients and age-
matched controls were compared on a test of spatial
working memory known to activate both dorsal and
ventral frontal lobe regions (Owen et al., 1996a).
When the patients and the controls were compared
directly, no significant differences were observed in

Fig. 14. The averaged PET subtraction images are shown superimposed upon the corresponding aver-
aged MRI scan of all 12 subjects participating in the study. Direct comparisons between the six patients
and the six control subjects yielded the focal difference in blood flow shown as a z-statistic image, whose
range is coded by the colour scale placed to the right of the figure. In the coronal section, the ¥ coordi-
nate represents the position relative to the anterior commissure (positive = anterior) and has been cho-
sen to illustrate the statistically significant difference in the region of the right GPi, between the control
subjects and the PD patients when the difficult planning condition was compared to the visuomotor con-
trol condition. The same peak is also shown in the horizontal plane (z = — 3). The schematic (bottom
right), illustrates the approximate position of the two MRI slices shown. On the left of the figure, identi-
cal slices are shown from a high resolution MRI of a single (normal control) subject, to assist anatomical
localization of the significant blood flow change to the Gpi.
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Fig. 15. Difference in mean blood flow (ml/100 g/min) for
PD patients and for control subjects at the peak coordinate
in the region of the Gpi. Mean normalized blood flow
values measured in ml/100 g/min were extracted for each
scanning condition, from the six patients, and seperately,
from the six control subjects, using a 5 mm diameter region
of interest centred around the stereotaxic coordinates of
the peak difference between the two groups.

the prefrontal cortex during this task (Owen et al.,
1996d). Thus, the within-group analysis revealed
similar changes in mid-dorsolateral frontal areas 9
and 46 in PD and in controls. Changes were also
observed in both groups in the ventrolateral frontal
region and in both dorsal and ventral frontopolar
cortex. These results demonstrate that, like plan-
ning, working memory is associated with similar
blood flow changes in the prefrontal cortex in
patients with PD and age-matched control subjects.
The two groups did differ, however, in one subcorti-
cal area, which was again centred very close to the
right GPi, although in a slightly more medial pos-
ition than that observed during the planning con-
ditions at the border of the GPi and the subthalamic
nucleus. Extraction of normalized blood flow values
again revealed that the pattern of rCBF change
observed in the region of the right GPi in the con-
trol subjects was opposite to, and approximately
equal to, that observed in the patients with PD.
Thus, blood flow increases centred on the right GPi
were observed in the age-matched control subjects,
whilst blood flow decreases were observed in the
patients with PD.

The difference between PD patients and controls
in the region of the right GPi is unlikely to reflect
the movement requirements of the tasks and the
motor deficits that characterize PD for several
reasons. First, in the direct comparison between the
PD patients and their age-matched controls, differ-
ences in the frequency and type of movements made
during the difficult planning task were taken into
account by subtracting the pattern of rCBF during
the visuomotor control task, which required the
same movements at the same relative moments in
time. In addition, the difference in the region of the
GPi was only observed in the right hemisphere; that
is, ipsilateral to the side of movement and unlikely,

47

therefore, to be related to motor factors in any
direct way.

It seems likely, therefore, that the group difference
in the right GPi is related to cognitive, rather than
motor, aspects of performance on the test of plan-
ning and on the test of working memory and, pre-
sumably, to the deficits that are observed in PD
patients, although the relatively small number of
subjects precludes measuring direct correlations
between performance and rCBF. The most likely in-
terpretation of these results is that striatal dopamine
depletion disrupts the normal pattern of basal
ganglia outflow in PD and consequently, affects the
expression of frontal lobe functions by interupting
normal transmission of information through fron-
tostriatal circuitry.

5. CONCLUSIONS: TOWARDS AN
INTEGRATED ACCOUNT OF COGNITIVE
PLANNING IN HUMANS

In recent years, increasingly sophisticated
methods of cognitive analyses and neuropsychologi-
cal assessment combined with a better understand-
ing of functional neuroanatomy have lead to
considerable advances in the conceptualization of
cognitive planning in humans. For example, correla-
tional analyses of the inter-relationships between
vafious experimental neuropsychological tests have
demonstrated that there is a significant association
between aspects of spatial working memory and ac-
curacy of planning on the Tower of London task,
suggesting that working memory is a major contri-
butor to some aspects of planning on this task. At
the neural level, this strong functional association
between planning and working memory is sup-
ported, both by patients studies and by recent func-
tional neuroimaging studies using PET and MRI.
Thus, neurosurgical patients with localized excisions
of the frontal cortex exhibit characteristic impair-
ments of planning accuracy on the Tower of
London task and are also significantly impaired at
tests which emphasize aspects of spatial working
memory. In contrast, patients with damage to the
medial temporal lobe region are not impaired at the
Tower of London task and, although impaired in
certain aspects of working memory, exhibit a pat-
tern quite different from that seen in patients with
frontal lobe damage. These general observations
have been confirmed and extended by recent func-
tional neuroimaging studies in normal control vol-
unteers. Thus, both planning, assessed using the
Tower of London task, and working memory,
assessed using a wide variety of different tasks, have
been shown to activate a specific region of the mid-
dorsolateral frontal cortex. This region, which
includes dorsal areas 9 and 46, has played a central
role in several recent theoretical accounts of lateral
frontal lobe functioning, most notably that of
Petrides (1994). According to this model, the mid-
dorsolateral frontal cortex is assumed to constitute a
high-level executive processing system, recruited
only when the active manipulation and monitoring
of information within working memory is required
in tasks that require, for example, the formation of
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sequences of actions or “plans”. The extent to
which this proposed functional and structural as-
sociation between planning and working memory
represents the operation of a single common mech-
anism, or alternatively, emergent properties of inter-
actions between specialized cognitive sub-systems
remains to be determined.

Whilst the findings discussed above clearly suggest
a critical role for the mid-dorsolateral frontal cortex
in cognitive planning, it is now quite clear that this
executive influence is mediated through close func-
tional connections with multiple cortical and sub-
cortical regions. In view of the intimate circuitry
linking the striatum to the prefrontal cortex, via par-
allel, segregated cortico-striatal loops that feed back
via the pallidum and the thalamus to frontal cortex
(Alexander et al.,, 1986), it seems likely that both
cortical and subcortical components of this distribu-
ted system are required for efficient planning to
occur. This suggestion is supported fully, by the
results of recent functional neuroimaging studies
which have shown specific areas of activation in the
basal ganglia during high-level planning and, par-
ticularly, by recent comparative neuropsychological
studies of patients with circumscribed frontal lobe
excisions and patients with PD. Much of this work
has sought to verify the “frontal” nature of cogni-
tive deficits in PD and, on the whole, experimental
results have supported such a model. However, that
is not to say that cognitive deficits arising from
striatal dysfunction are identical to those seen fol-
lowing damage to associated frontal regions. In fact,
when task demands are subjected to careful process
analysis, subtle but important differences emerge
between frontal lobe patients and patients with PD
suggesting that the study of these different disorders
may enable us to dissociate different aspects of task
performance which may depend upon different el-
ements within functional neural loops. Accuracy
and efficiency of planning for example, appears to
be mediated by mechanisms within the fronto-stria-
tal system whilst speed of thinking may be modu-
lated by non-dopaminergic neurotransmitter systems
of subcortical origin that innervate either or both
the cortex and the caudate nucleus. In normal sub-
jects these facets of performance are in balance, pro-
ducing optimal trade-off between speed and
accuracy. However, this balance appears to be dis-
rupted in patients with PD or frontal lobe damage,
though in rather different ways, possibly reflecting
altered cortico-striatal interactions consequent upon
striatal dopamine depletion or the partial loss of
cortical input to the striatum, respectively.

In future, increasingly sophisticated functional
imaging techniques such as PET and fMRI will sup-
plement such comparisons between groups of
patients with different pathology of the cortico-stria-
tal circuitry and provide a mechanism by which the
neural underpinnings of some of the deficits
described can be more clearly defined. For example,
a recent activation study using PET has sought to
examine how blood flow in the frontal cortex and in
the basal ganglia may be affected in PD, during two
tests of planning and working memory that are
known to recruit fronto-striatal circuitry. The results
clearly suggest that “frontal-like” deficits in PD are
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the result, not of frontal lobe abnormalities per se,
but rather of dopamine depletion at the level of the
basal ganglia which disrupts the normal trans-
mission of information through fronto-striatal cir-
cuitry. Such investigations, when combined with
information derived from cognitive psychology, neu-
ropsychology and neurobiology can only improve
our understanding of the relationship between brain
and behaviour and help to further refine the way we
think about planning, working memory and other
complex cognitive processes in terms of the precise
mechanisms involved.
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