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Summary
The neural basis of attention to action was studied in 12
patients with Parkinson's disease (Hoehn and Yahr
grades II and III) and 12 healthy age-matched controls.
The subjects were studied by functional MRI (fMRI)
during performance of a simple paced overlearned
motor sequence task, with and without an additional
attentional task. For the attentional task, subjects were
instructed to attend either to their actions or to a visual
distractor task. Statistical parametric mapping was
used to implement a random effects analysis of the
regional task-related activations in patient and control
populations. Structural equation modelling of fMRI
time series was used to measure effective connectivity
among prefrontal and premotor areas. In both groups,
the motor task was associated with activation of a dis-
tributed network including the premotor, motor and
parietal cortex, striatum and cerebellum. In control
subjects, but not patients, attention to action (relative to

execution of an overlearned sequence) was associated
with further activation of prefrontal, parietal and para-
cingulate cortex, and the supplementary motor area
(SMA). Patients with Parkinson's disease showed
greater than normal activation of the SMA during exe-
cution of the simple overlearned motor sequence, but
less augmentation when attending to their actions. In
control subjects, attention to action, but not attention to
the visual distractor task, increased the effective con-
nectivity between prefrontal cortex and both the lateral
premotor cortex and the SMA. This represents a spe-
ci®c increase in effective connectivity. Attentional
modulation of effective connectivity between the pre-
frontal, premotor cortex and SMA was not observed in
patients. This de®cit indicates a context-speci®c func-
tional disconnection between the prefrontal cortex and
the supplementary and premotor cortex in Parkinson's
disease.
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Introduction
It has long been observed that movements in patients with

Parkinson's disease are more impaired when distracted from

their primary motor task, whether by performance of a

secondary motor task (Fleminger, 1992; Serrien et al., 2000)

or a simultaneous cognitive task (Oliveira et al., 1998).

Conversely, movements may be improved transiently by

speci®c attention towards the goal of the primary motor task

(Oliveira et al., 1997).

The phenomenon of attention to action has been studied in

healthy young adults using PET (Jueptner et al., 1997a, b).

When subjects were asked to `think about the next move',

there was greater activation of the dorsal prefrontal and
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premotor cortex compared with simple execution of the same

sequence. Similar activations are found when subjects are

required to choose freely which ®ngers to move or when to

move them, both requiring attention to action (Jahanshahi

et al., 1995; Catalan et al., 1999; Jenkins et al., 2000).

The present study investigates whether the mechanism of

attentional modulation of motor performance is normal in

patients with Parkinson's disease. Neuropsychometric testing

of patients has suggested impairments on tests sensitive to

frontal lobe damage (Lange et al., 1993; Stam et al., 1993;

Owen et al., 1997), proportional to the reduction in frontal

and striatal dopamine metabolism (Rinne et al., 2000).

However, the abnormalities in prefrontal function in patients

with Parkinson's disease may result from abnormal inter-

actions between areas, rather than abnormalities within areas.

It is this possibility that is studied in the present paper using

functional brain imaging. The motor programming de®cits of

Parkinson's disease have been proposed to result from a

functional disconnection of the supplementary motor area

(SMA) (Dick et al., 1986). In addition, effective treatment of

Parkinson's disease by pallidotomy has been associated with

changes in cortical and subcortical connectivity of the SMA

(Grafton et al., 1995).

Functional imaging of patients during simple movements

has yielded a complex pattern of results. A recurrent ®nding

has been reduced activity of the SMA, as measured by PET

(Jenkins et al., 1992; Playford et al., 1992; Rascol et al.,

1992; Samuel et al., 1997a; Thobois et al., 2000), functional

MRI (fMRI) (Sabatini et al., 2000; Haslinger et al., 2001) and

event-related potential (ERP) (Jahanshahi et al., 1995),

especially when the movement or its timing is chosen by

the subjects themselves (Cunnington et al., 1995; Jahanshahi

et al., 1995; Praamstra et al., 1996; Catalan et al., 1999).

Furthermore, this underactivity has been reversed by treat-

ments including L-dopa (Haslinger et al., 2001), apomorphine

(Jenkins et al., 1992; Rascol et al., 1992), pallidotomy

(Grafton et al., 1995; Samuel et al., 1997b) and stimulation of

the subthalamic nucleus (Ceballos-Baumann et al., 1999).

However, impaired activation of the SMA is not a

consistent ®nding. Catalan et al. (1999) showed that increas-

ing complexity of a learned motor sequence task led to greater

increases in activation of the SMA in patients than in controls.

Sabatini et al. (2000) reported increased activity of the caudal

SMA in patients during sequential ®nger movements, and

Samuel et al. (2001) observed no difference in SMA

activation in a task that required subjects to select freely

between movements and hold the selected moves in memory.

Many of the studies that have shown SMA impairment with

parkinsonism used motor tasks requiring a degree of attention

to action, including free selection of movement or freely

selected timing of movement. In contrast, movements that

were speci®ed by an external cue, or by their place in a ®xed

overlearned sequence, were associated with lesser or no

de®cits in SMA activity (Cunnington et al., 1995; Jahanshahi

et al., 1995; Praamstra et al., 1996; Catalan et al., 1999;

Nakamura et al., 2001). It is therefore necessary to distinguish

impairments related to movement per se, and de®cits related

to the selection of, or attention to, action.

Compensatory increases in premotor and parietal cortical

activation have also been reported in some studies (Samuel

et al., 1997a; Sabatini et al., 2000; Haslinger et al., 2001). It is

possible that these represent neuronal plasticity for movement

in the presence of a dysfunctional SMA in Parkinson's

disease. However, they may represent different cognitive

strategies for the initiation of movement, for example by

greater attention to action than is given by normal subjects.

The ®rst aim of this study was therefore to determine

regional cortical activations in patients and control subjects

during a motor sequence task and the additional activation

attributable to attention to action. In addition, we aimed to

distinguish the speci®c effects of attention to action from

attentiveness per se, and therefore we also used a non-motor

visual attention task.

The second aim of the present investigation was to study

the interactions between brain frontal regions, not just

activations within discrete brain regions. The in¯uence one

brain region has over another has been termed effective

connectivity (Friston et al., 1997). It may be measured by

structural equation modelling (SEM) of fMRI data over time

(McIntosh and Gonzalez-Lima, 1994; Buchel and Friston,

1997, 2000), within speci®ed constraints based largely on

consideration of anatomical connectivity of the brain. Our

hypothesis was that patients with Parkinson's disease are able

to activate the SMA in association with some motor tasks, but

that they are impaired at modulating this activity under

different conditions, particularly those that include attention

to action.

The third aim of this study was to take into account the

variability between individuals. To permit a valid comparison

between patient and control groups, it is necessary to estimate

the variability of cortical activation during a task from subject

to subject within each population (Friston et al., 1999a, b).

Methods
Subjects
Twelve right-handed patients with idiopathic Parkinson's

disease and 12 age-matched controls participated in this

study, with written informed consent in accordance with the

Declaration of Helsinki. The patients were recruited from out-

patient clinics at the University College London Hospitals

Trust. The study was approved by the joint ethics committee

of the National Hospital for Neurology and Neurosurgery and

the Institute of Neurology. Inclusion criteria included a

clinical diagnosis of idiopathic Parkinson's disease; without

dementia; without symptomatic autonomic dysfunction; with

normal ocular movements; bilateral disease of mild to

moderate severity, Hoehn and Yahr grades II to III (Hoehn

and Yahr, 1967); with no current depressive illness; and no

history of other neurological or psychiatric disease. The

patients' symptoms were either symmetric or greater on the
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right side. A uni®ed Parkinson's Disease Rating Scale

(UPDRS) interview and examination were conducted on all

subjects, immediately prior to scanning. Anti-parkinsonian

medication was stopped at least 12 (standard L-dopa prepar-

ations) or 24 (controlled release L-dopa and dopamine

receptor agonist) h prior to scanning. Residual medication

effects may still have been present, but all subjects were in a

`practical off' state. Demographic details, medication and

UPDRS (Fahn et al., 1987) motor function scores are outlined

in Table 1. Twelve right-handed, age-matched controls (mean

age 62 6 6 years, seven males) were recruited from patients'

spouses and a departmental register of volunteers, and had no

history of neurological or psychiatric disease.

Behavioural paradigm
Motor and cognitive tasks were based on those studied by

Jueptner et al. (1997b) and Coull et al. (1998). Five principal

tasks were performed, each lasting 30 s, with eyes open and

auditory (beep) and visual (small central `x') pacing cues

given throughout. Brief written cues on the screen told the

subject which task they were about to perform. The ®ve tasks

were as follows. (i) MOVE task: paced sequential right ®nger

movements (1, 2, 3, 4, 1, 2, 3, 4 . . . .) at 0.33 Hz. Four lightly

sprung buttons were mounted under the subjects' ®ngertips,

on a moulded splint that supported a comfortable neutral

hand±wrist position. (ii) SEARCH task: in this visual

conjunction search task, a sequence of different coloured

different letters was presented centrally at 0.33 Hz, and the

subjects were required to detect red letter `r's as targets. No

immediate response was made to the target presentation. (iii)

DUAL task: the subjects performed the visual conjunction

search whilst performing the simple ®nger sequence. (iv)

ATTEND task: subjects performed the motor sequence task

(as in MOVE), but they were instructed to attend to the

forthcoming action (`think about the next move'). (v) REST:

subjects rested with eyes open, following each other task. For

statistical parametric mapping (SPM), the MOVE, SEARCH,

DUAL and REST tasks constituted a 2 3 2 factorial design,

with movement and visual conjunction search as independent

factors. For SEM, each motor condition (MOVE, ATTEND,

DUAL) was coupled with a subsequent non-motor condition

(REST or SEARCH). In addition to the principal tasks, there

was a short response period lasting ~5 s, immediately

following the SEARCH and DUAL tasks, in which subjects

indicated by button press whether the target had appeared in

the previous epoch.

Pre-training occurred on the same day as scanning.

Subjects practised the MOVE condition continuously for

10 min in a quiet room. Forward digit span was then measured

during performance of the MOVE task. Next, they were

instructed in the other four conditions, and given practice for

a further 10 min. All subjects clearly understood and reported

a subjective difference between the ordinary MOVE task and

the ATTEND task. A further 5 min practice of the MOVE

task was given in the scanner prior to imaging.

Analysis of behavioural data
The time of each button press was recorded, from which we

calculated the mean and variance of the time between

consecutive button presses within each condition, and the

latency between pacing cues and button presses. Subsequent

behavioural data analysis used SPSS 8.0 for Windows NT.

For each motor task (MOVE, ATTEND, DUAL), the

response latency and standard deviation of response intervals

were entered separately into repeated-measures analyses of

variance (ANOVAs; using the Greenhouse±Geisser correc-

tion for non-sphericity), with factors of disease (patient

versus control) and task (MOVE versus ATTEND versus

DUAL). In addition, the response latency and interval

standard deviation were ®tted to the UPDRS motor severity

Table 1 Demographic details of the patients, the severity of their parkinsonism and usual medication

Age
(years)

Gender UPDRS
motor score

Hoehn and
Yahr grade

Years since
diagnosis

L-dopa
daily (mg)

Dopamine agonists
(daily dose, mg)

Other medication
(daily dose, mg)

61 F 13 2 2 300 ± ±
61 F 36 3 5 400 Pergolide (3) ±
56 F 34 2 2 0 ± Amantadine (200)
61 M 32 2 12 900 Ropinirole (3) ±
63 M 35 2.5 8 800 Bromocriptine (20) ±
68 F 30 2 8 300 Pergolide (3) ±
72 F 32 2 2 0 ± ±
50 F 39 2.5 5 0 Cabergoline (6) ±
63 F 42 3 2 200 ± ±
57 M 42 2.5 6 400 ± ±
69 M 25 3 2 600 ± ±
62 M 44 3 10 300 Pergolide (3.5) Amantadine (200)

Benzhexol (2)
Mean 62 Mean 33.7 Median Mean 5.4 Mean 350
SD 6 SD 8.54 2.5 SD 3.6 SD 295

F = female; M = male.
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score, across all subjects, using linear and quadratic

polynomial regression models in SPSS 8.0.

Functional imaging
Subjects lay supine with head ®xation by ®rm foam pads.

Instructions were projected onto a screen mounted on the

head coil, and auditory pacing cues were delivered through

padded headphones, controlled by an Apple Macintosh 7600

computer operating Cognitive Interface software (Wellcome

Department of Cognitive Neurology, London, UK).

Functional imaging used T2*-weighted echo-planar MRI

at 2 tesla, repeat time 3650 ms, echo time 40 ms,

throughout 28 min of continuous whole brain imaging

(64 3 64 3 40 voxels, 3 mm isotropic resolution). The

®rst ®ve images were discarded to allow steady-state

magnetization. SPM software was used for image pro-

cessing and analysis (SPM99, http://www.®l.ion.ucl.ac.uk/

spm), on Sun Ultra 60 workstations (SUN Microsystems,

Calif., USA) using Matlab5.3 (Mathworks, Calif., USA).

The images were realigned to the ®rst image by rigid

body transformation, sinc interpolated in time to correct

for phase shift during volume acquisition and transformed

by non-linear transformations to normal anatomic space

(Talairach and Tournoux, 1988; Friston et al., 1995b),

using the Montreal Neurological Institute template. For

individual subject analyses, the data were smoothed

spatially with a Gaussian kernel of full-width half-

maximum (FWHM) 6 mm to allow valid statistical

inference according to Gaussian random ®eld theory

(Friston et al., 1995a). High-resolution T1-weighted

images were acquired to permit anatomical localization

of activation foci on each subject.

Individual subject analysis (level 1)
A general linear model was applied voxel-wise to the

functional data (Friston et al., 1995a, 1996), using covariates

for the epochs MOVE, SEARCH, DUAL, ATTEND, REST

and the response period, and transient covariates for the

instruction cues and responses. Each covariate was convolved

by a canonical haemodynamic response function. The ®rst

temporal derivatives of movement parameters estimated

during the realignment pre-processing were also included in

the model, in case there were movement-related artefacts that

could not be corrected by rigid body realignment. Subject-

speci®c grand mean scaling was used, without proportional

scaling of each image. The two groups did not differ in their

mean brain T2* MRI signal (t = 0.1, d.f. = 22, n.s.). Low

frequency drifts in BOLD (blood oxygen level-dependent)

signal were removed by a high pass ®lter with a cut-off of

400 s.

Parameter estimates and variance were derived for each

covariate in a subject-speci®c ®xed effects model. Contrast

images of interest were calculated for each subject, including

the main effects of movement (+ MOVE + DUAL ± REST ±

SEARCH) and conjunction search (+ SEARCH + DUAL ±

REST ± MOVE), interactions between movement and

conjunction search [(+ MOVE ± DUAL ± REST + SEARCH)

and (± MOVE + DUAL + REST ± SEARCH)] and the

subtraction contrast between MOVE and ATTEND condi-

tions (+ ATTEND ± MOVE). A statistical parametric map of

the F-statistic for all conditions in the model was generated,

SPM{F}, from which voxels later were selected for SEM.

Random effects analysis (level 2)
To accommodate inter-subject variability in group analyses, a

secondary spatial smoothing kernel of FWHM 10 mm was

applied to the contrast images from level 1, equivalent to an

overall smoothing of the functional images by a kernel of

FWHM 12 mm (the square root of the sum of squares of the

FWHM for each component smoothing kernel). For each

contrast, the contrast images from level one were entered into

a second level t-test, to create an SPM{t}. For within-group

analysis, a one-sample t-test was used (11 degrees of

freedom) and, for group by contrast interactions, a two-

sample t-test was used (22 degrees of freedom). This two-

stage analysis is equivalent to a mixed effects ANOVA and

enables the inference based on speci®c contrasts to be

extended to the general population from which the subjects

were drawn (Friston et al., 1999b), thereby permitting direct

comparison of patients with control subjects.

For whole brain analysis, voxels were identi®ed at which

P < 0.05 (corrected for multiple comparisons). Given our

hypotheses regarding the effect of attention within the motor

system, anatomically constrained inferences were also made,

with small volume correction for multiple comparisons (again

P < 0.05). The regions of interest were de®ned as spheres of

2 cm diameter, centred on voxels of peak activation that had

been identi®ed on a separate group of young subjects using

the identical behavioural paradigm (J. B. Rowe, K. J. Friston,

R. S. J. Fruckowiak and R. E. Passingham, unpublished).

These included the primary motor cortex, premotor cortex,

SMA, prefrontal cortex, intraparietal cortex, cerebellum and

putamen.

Individual structural equation modelling
(level 1)
Analyses of effective connectivity were performed using the

method described for fMRI time series by Buchel and Friston

(1997, 2000). SEM of fMRI time series does not itself result

in the model of regional interactions in the brain; rather it

estimates the effects of experimental manipulation on con-

nectivity among variables within a speci®ed model. We

adopted a hypothesis-led theoretical perspective to constrain

the model to principal anatomic and cognitive elements. Our

model is illustrated in Fig. 1, and included the prefrontal,

premotor and primary motor cortex of the dominant hemi-

sphere, and the SMA. It was based on known anatomical
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interconnections between primary and non-primary cortical

motor areas in primates, indicated by solid arrows

(Muakkassa and Strick, 1979; Barbas and Pandya, 1987;

Johnson et al., 1996; Rizzolatti et al., 1998).

The speci®c coordinates for these four regions, for each

subject, were taken from the nearest maxima in the ®rst-

level SPM{F}. Two subjects showed no task-related

activation of left prefrontal cortex (y > 15), and were

excluded from the SEM. Regions were de®ned as 5 mm

radius spheres, including all voxels that exceeded P < 0.001

(uncorrected) in the SPM{F} for all effects. The ®rst

principal component of the adjusted BOLD signal was

entered into the model as used by Buchel and Friston

(Buchel and Friston, 1997, 2000).

Our application of SEM included data from all conditions.

To allow for task-related changes in coupling, we included

moderator variables that modelled how changing conditions

altered the connectivity between two areas. These can be

thought of as interactions between the psychological causes

(e.g. attention) of a regional response in a target area (e.g.

premotor cortex) and the physiological causes (i.e. activity in

source area such as prefrontal cortex). For the analysis of

fMRI data, this is preferable to comparing separate models

for each condition, because the sequential scans are not

independent: the gradual BOLD response to neuronal events

means that the early scans of one condition may include

residual effects of the previous task. The moderator variables

incorporate these gradual changes and comprise the product

of regional activity in the source area and the relevant

psychological factor (following convolution by a canonical

haemodynamic response function) (Buchel and Friston 1997).

In our model, these variables were principally motor-related

responses, moderated by attention. Figure 1A illustrates how

attention to action and attention to visual search task may

have in¯uenced the coupling between the anatomic regions

(dashed lines).

This differs from the alternative approach, which uses

separate analyses of inter-regional covariance under different

Fig. 1 (A) The model used for structural equation modelling. The
prefrontal cortex (PFC), premotor cortex (PM), supplementary
motor area (SMA) and primary motor cortex (M1) are
interconnected in an anatomical model (solid lines). The strengths
of these connections may be modulated by attention to action
(AA) or, during the time when not attending to action, the
connections may be modulated by attention to the visual search
task (VS; dashed lines). The mean (6SE) path coef®cients for
each of the four modulatory connections illustrated in A, are
plotted in B, separately for control subjects and patients with
Parkinson's disease. The asterisks highlight the difference between
groups: normal subjects show a speci®c modulatory in¯uence of
attention to action on inter-regional motor-related connectivity.
This is not caused by attention to the visual search task, and is
also not seen in patients (details of ANOVA in the Results
section).

Fig. 2 (A) The mean (6SE) latency between pacing cue and
button press and (B) the mean (6SE) of the subjects' response
interval variability, expressed as the standard deviation of response
intervals, shown for each group (left patients, right controls) for
each of the motor tasks (MOVE, ATTEND, DUAL). Both patients
and controls show increased variability of response intervals when
attending to action (ATTEND) but not when attending to the
visual conjunction search (DUAL).
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conditions (McIntosh and Gonzalez-Lima, 1994; Nyberg

et al., 1996; Coull et al., 1999; Horwitz et al., 1999). In this

form, the covariance between two regions within a condition

arises from scan-to-scan variability, which is not under direct

experimental control and for which the causes are not

speci®ed by the paradigm. Furthermore, dispersion of the

responses by the haemodynamic response function in fMRI

cannot be accommodated easily if the fMRI data are divided

between different epochs.

In constructing the moderator variables, the time course for

the conjunction search (SEARCH) was orthogonalized with

respect to attention to action (ATTEND), such that the search

task was treated as `not attending to action'. The task

covariates were convolved by a canonical haemodynamic

response function and multiplied by the activity in the

prefrontal and parietal cortex to form the interaction or

moderator variables.

The structural model was implemented by the SEM

Toolbox of SPM99 using an iterative maximum likelihood

algorithm (Higham, 1993) to estimate covariances that

best predict the observed variance±covariance structure of

the empirical data. Statistical inferences about the path

coef®cients were based on the comparison of a free

model with a model constrained to zero for a given

connection. The difference in goodness of ®t between free

and constrained models was expressed as c2 (with degrees

of freedom determined by the number of constraints).

Under the null hypothesis, that one area has no in¯uence

over another, the free and constrained models do not

differ in goodness of ®t.

Group effects structural equation modelling
(level 2)
A path coef®cient from the subject-speci®c structural equa-

tion model indicates the in¯uence of one region, or one

moderator variable, over another. Although the signi®cance

of a path coef®cient can be determined for each subject

separately, our primary interest was to compare the patient

and control groups in terms of the attentional effects on their

inter-regional coupling. Therefore, for each interaction term

representing attentional modulation of cortico-cortical con-

nectivity, the path coef®cient was entered into a second-level

three-way repeated measures ANOVA (SPSS 8.0). The three

factors were disease (two levels: patient versus control),

attentional moderator (two levels: attention to action and

attention to search) and the connection (four levels: prefrontal

to premotor, prefrontal to SMA, SMA to primary motor and

premotor to primary motor cortex).

Table 2 Regions of signi®cant activation for the main effect of motor sequence execution (MOVE and DUAL versus REST
and SEARCH)

Region L/R x y z t Pu Pc-SVC Size

Controls
Premotor L ±32 ±8 60 7.54 0.0001 0.001 0.63

R 40 ±4 64 5.41 0.001 0.01 0.31
SMA ± 0 2 68 7.86 0.0001 0.001 0.89
Paracingulate L 0 4 52 6.21 0.0001 0.001 0.92
Primary motor L ±50 ±28 48 7.88 0.0001 0.001 1.10
Parietal L ±38 ±46 52 5.41 0.001 0.01 0.53
Putamen L ±28 2 2 5.44 0.001 0.01 0.26
Thalamus L ±16 ±18 ±2 4.85 0.001 0.05 0.21
Cerebellum L ±22 ±56 ±26 5.55 0.001 0.01 0.62

R 26 ±52 ±24 10.6 0.001 0.001 1.36
Patients

Premotor L ±32 ±4 66 6.95 0.0001 0.01 1.36
R ±32 ±4 60 3.94 0.01 0.05 0.58

SMA L ±6 ±12 74 7.16 0.0001 0.01 0.96
Paracingulate L ±6 ±2 52 5.28 0.001 0.01 1.02
Primary motor L ±42 ±28 64 7.46 0.0001 0.01 1.26
Parietal L ±36 ±46 32 5.54 0.0001 0.01 0.47
Thalamus L ±4 ±14 8 4.62 0.001 0.05 0.53
Cerebellum L ±26 ±64 ±22 5 0.001 0.05 0.71

R 36 ±60 ±26 5.47 0.0001 0.01 0.92
Controls greater than patients

Putamen R 28 0 ±8 3.89 0.001 0.05 0.31
Patients greater than controls

SMA R 2 ±12 72 3.57 0.001 0.05 0.78

The voxel-wise threshold of uncorrected P value (Pu) and corrected value within regions of interest (Pc-SVC) are shown, together with
the mean effect size (Size), expressed as BOLD signal change as a percentage of whole brain mean signal. The peak voxel coordinates
and t values are also shown. L = left; R = right.
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Results
Behavioural data
The variability of the response interval (the standard

deviation of response intervals) for each subject was averaged

for each group for each task, and is shown in Fig. 2. The

response interval variability differed signi®cantly between

tasks [F(1.6,35.2) = 3.8, P < 0.05], but also between groups

[F(1,22) = 5.9, P < 0.05]. The task by group interaction was

not signi®cant [F(1.6, 35.2) = 0.8, n.s.].

The response latencies for the two groups on the three

movement tasks are shown in Fig. 2. ANOVA indicated a

signi®cant main effect of task [F(1.8,36.7) = 3.7, P < 0.05],

but no main effect of disease [F(1,21) = 0.2, n.s.] and no

disease by task interaction [F(1.8,36.7) = 0.3, n.s.].

Forward digit span during the MOVE condition (before

scanning) was 5.4 [SE (standard error) 0.2] in control subjects

and 5.0 (SE 0.2) in patients. This difference was not

signi®cant, by a two-sample t-test [t(22) = 1.7, n.s.]. In

DUAL and SEARCH conditions, half of scanned epochs

included the target red letter `r'. Three of 60 targets were

missed by patients, and two of 60 targets were missed by

control subjects.

There was no signi®cant linear or non-linear relation-

ship between the UPDRS severity score and the mean

response latency across subjects for the MOVE condition

[F(1,21) = 1, n.s., and F(2,20) = 1.9, n.s., respectively].

The variability of response intervals (as indicated by the

standard deviation of response intervals for each subject)

did increase linearly with severity of motor symptoms

[F(22) = 4.3, P < 0.05], at ~3 ms per point on the motor

scale of the UPDRS.

SPM
Table 2 lists those areas for which there was a signi®cant

main effect of movement (MOVE + DUAL ± REST ±

SEARCH) in normal subjects, patients, and the difference in

this effect between groups. The pattern of activations is

similar in patients and control subjects, including medial and

lateral premotor regions, primary motor cortex, parietal

cortex and cerebellum. Signi®cant disease by contrast

interactions are present, including relative underactivity of

the putamen in patients, and overactivity of the caudal SMA.

Table 3 lists those areas in which there was a signi®cant

main effect of conjunction search (DUAL + SEARCH ±

MOVE ± REST) in normal subjects, patients, and the

difference in this effect between groups. Parietal and

inferotemporal regions are activated in both groups, but the

patients failed to show the normal pattern of prefrontal

activation during the visual search task. There were no

signi®cant interactions between the motor task and visual

search task, in terms of activation within the speci®ed regions

of interest.

Table 4 lists those areas in which there was activity

attributable to attention to action (ATTEND ± MOVE), in

both groups and the difference in this effect between groups.

There was increased activation of prefrontal cortex, SMA,

paracingulate cortex and cerebellum in control subjects, but

not patients. The patients showed signi®cantly less activation

in the SMA and parietal cortex.

Figure 3 shows the SPM results for normal controls,

patients, and the group differences, superimposed on a T1

image of a representative brain. The results are shown for the

main effects of each task, and the additional activation

Table 3 Regions of signi®cant activation for the main effect of visual conjunction search (SEARCH and DUAL versus
REST and MOVE)

Region L/R x y z t Pu Pc-SVC Size

Controls
DLPFC L ±46 32 26 4.48 0.0001 0.01 0.62

R 42 40 26 5.3 0.001 0.01 0.81
ITc L ±44 ±54 ±8 12.3 0.00001 0.001 0.92

R 48 ±66 ±18 22.4 0.00001 0.001 1.51
Parietal L ±32 ±62 58 7.59 0.0001 0.001 1.38

R 38 ±56 44 10.04 0.00001 0.001 1.10
Patients

ITc L ±48 ±64 ±18 6.38 0.0001 0.01 1.36
R 44 ±58 ±20 6.12 0.0001 0.01 1.36

Parietal L ±38 ±58 56 6.78 0.0001 0.01 1.02
R 38 ±56 56 5.51 0.0001 0.01 1.11

Controls greater than patients
Parietal L ±26 ±56 44 3.73 0.001 0.05 0.71
VLPFC L 50 20 14 4 0.001 ± ±
DLPFC L 42 28 30 4 0.001 ± ±

The voxel-wise threshold of uncorrected P value (Pu) and corrected value within regions of interest (Pc-SVC) are shown, together with
the mean effect size (Size), expressed as BOLD signal change as a percentage of whole brain mean signal. The peak voxel coordinates
and t values are also shown. L = left; R = right; DLPFC = dorsal lateral prefrontal cortex; VLPFC = ventral lateral prefrontal cortex;
ITc = inferotemporal cortex.
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associated with attention to action. The formal statistical

comparisons of controls versus patients, shown in Fig. 3C and

D, show fewer areas of signi®cant difference than do

anecdotal visual comparisons of the thresholded images

shown in Fig. 3A and B. This difference highlights the

importance of random effects analyses in comparing two

populations.

Structural equation modelling
Path coef®cients for the moderator variables were calculated

for each subject. The modulation of each connection by each

attentional level for each group is summarized by the group

mean (6SE) path coef®cient. These are displayed in Fig. 1B.

In normal subjects, attention to action was associated with

greater coupling between prefrontal and premotor cortex, and

between prefrontal cortex and SMA. In patients, this

attentional modulation of coupling did not occur, either to

premotor or to SMA. Attention to the visual conjunction

search was not associated with changes in inter-regional

connectivity in either controls or patients.

ANOVA of these values indicated a signi®cant difference

between the two attention tasks [F(1,19) = 10.1, P < 0.01] and

an interaction between the effects of task and the patient

group [F(1,19) = 16.8, P < 0.001], con®rming the greater

modulatory effect of attention to action in the control group.

There was a trend to an overall effect of connection

[F(3,57) = 2,2, P < 0.1], but no overall effect of patient

group [F(1,19) = 0.6, n.s.],

Discussion
Task-related activations: within and between
groups
SPM was used to identify activations associated with motor

and attentional tasks, and the interaction between disease and

task-related regional activation. Our attention tasks were

designed to be as similar as possible to those used by Jueptner

et al. (1997b) to study attention to action and Coull et al.

(1998) to study visuospatial attention with no motor

component. In normal subjects, performance of the motor

sequence (MOVE and DUAL) was associated with a typical

network of cortical (primary motor cortex, premotor,

paracingulate, parietal cortex and SMA) and subcortical

(putamen, thalamus, cerebellum) regions. The absence of

signi®cant prefrontal activation is consistent with the motor

task having become automatic (Toni et al., 1998). The

behavioural data also suggest that after pre-training, the

motor task was automatic or `directly' processed (Cohen

et al., 1990), in that the addition of a visual distractor task did

not signi®cantly increase the response time variance (DUAL

versus MOVE) (see Fig. 2).

The patients showed a broadly similar pattern of motor-

related activations (see Fig. 3B), with two notable exceptions.

First, there was increased activation of the caudal SMA (see

Fig. 3D and Table 2). Secondly, there was diminished

putamen activation associated with movement (Table 2),

consistent with functional imaging and metabolic studies that

have shown reduced putamen metabolism in Parkinson's

disease (Brooks, 1997).

The dysfunction of the SMA in Parkinson's disease has

been emphasized in previous neuroimaging studies. We have

shown that on a simple overlearned motor sequence task,

patients with Parkinson's disease do show activation of the

SMA relative to rest, as part of a typical distributed network

of non-primary motor areas. In fact, the caudal SMA

activation was signi®cantly greater than that in normal

subjects. This has been reported previously (Sabatini et al.,

2000). These authors speculated that it may have been due to

the early stage of disease in their subjects; the complexity of

their motor sequence (cf. Catalan et al., 1999); or to a greater

functional similarity between caudal SMA and parietal-

premotor cortex than rostral SMA. Against the ®rst two of

these explanations, our result was obtained from more

severely affected patients, on a simple sequence.

However, when asked to attend to their actions, patients

failed to show the normal increase in SMA activation (see

Fig. 3C). Reduced activation of the SMA in motor tasks that

are attentionally demanding has been reported in PET and

Table 4 Regions of signi®cant activation for attention to action (ATTEND) compared with simple execution of the same
moves (MOVE)

Region L/R x y z t Pu Pc-ROI Size

Controls
DLPFC L ±38 52 18 5.51 0.0001 0.01 0.22
SMA L ±6 ±16 74 4.17 0.001 0.05 0.27
Paracingulate L ±6 8 54 5.85 0.001 0.01 0.20
Cerebellum R 28 ±60 ±32 5.66 0.001 0.01 0.09

Controls more than patients
SMA L ±6 ±14 74 3.76 0.001 0.05 0.18
Parietal R 32 ±50 52 4.16 0.001 0.05 0.15

The voxel-wise threshold of uncorrected P value (Pu) and corrected value within regions of interest (Pc-ROI) are shown, together with the
mean effect size (Size), expressed as BOLD signal change as a percentage of whole brain mean signal. The peak voxel coordinates and t
values are also shown. L = left; R = right; DLPFC = dorsal lateral prefrontal cortex.
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Fig. 3 Statistical parametric maps, SPM{t}, rendered to the surface of a representative brain in standard anatomic space for (A) normal
controls, (B) patients, (C) the contrast of controls versus patients and (D) the contrast of patients versus controls. For each group or group
contrast, the data are displayed for the main effect of movement (®rst column) (MOVE + DUAL versus SEARCH + REST), the main
effect of visual search (second column) (SEARCH + DUAL versus MOVE + REST) and the contrast of attention to action (third column)
(ATTEND versus MOVE). The arrows highlight that patients show greater than normal activation of the caudal SMA during simple
movement (D), but are impaired at further activation of the SMA when attending to action (C). There is a trend towards reduced
activation of the right prefrontal cortex during the visual search task. The annotated image at the bottom is to assist orientation to the
surface images. The threshold corresponds to P < 0.05 corrected for multiple comparisons within the regions of interest.
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ERP studies of Parkinson's disease (Cunnington et al., 1995;

Jahanshahi et al., 1995; Praamstra et al., 1996; Catalan et al.,

1999; Nakamura et al., 2001). We have shown that in normal

subjects, attention to action is associated with greater

coupling between prefrontal cortex and both the SMA and

lateral premotor area; but that this is not true for patients with

Parkinson's disease (see Fig. 1B). In other words, in this

disease, the SMA is not differentially sensitive to input from

prefrontal cortex under different task demands. This repre-

sents a context-sensitive functional disconnection or de-

afferentation of the SMA, rather than persistent underactivity.

One might have expected compensatory increases in

activation of premotor and parietal cortex in patients

(Samuel et al., 1997a; Sabatini et al., 2000; Haslinger et al.,

2001). Although these areas were not signi®cantly different

on direct comparison of the two groups, the magnitude of

premotor activation associated with movement was greater

for patients than controls bilaterally (percentage signal

change left 1.36 versus 0.55, right 0.58 versus 0.31). This

was not signi®cant on the formal group comparison, because

of the high inter-subject variability within each group.

The performance of the visual search task (SEARCH and

DUAL) by control subjects was associated with activation of

prefrontal, parietal and inferotemporal cortex bilaterally,

These areas had been identi®ed in young healthy subjects by

Coull et al. (1998), using the same task. The patients showed

signi®cant activation only in parietal and inferotemporal

cortex. On direct comparison between groups, the only

signi®cant difference (P < 0.05 corrected) was in parietal

cortex. However, at reduced threshold (P < 0.001 uncor-

rected), patients did show less activation than normal subjects

in dorsal (42, 28, 30, t = 4) and ventral (50, 20, 14, t = 4)

prefrontal cortex. There were no regions of greater activity in

patients than controls. Although patients with Parkinson's

disease often perform less well on cognitive tests typically

associated with frontal lobe function (Lange et al., 1993;

Stam et al., 1993; Owen et al., 1997), they do not necessarily

show frontal hypometabolism during these tasks (Owen,

1997; Owen et al., 1998), and the cognitive impairments have

been attributed to a dysfunction of connectivity within

corticostriatal circuits.

Attention to action
In control subjects, attended action compared with simple

execution was associated with greater activation within the

prefrontal, paracingulate and supplementary motor cortex

(see Fig. 3A). Jueptner et al. (1997b) also reported greater

activation in prefrontal and cingulate cortex, with trends

towards greater activation of SMA, premotor cortex and

cerebellum, when subjects attended to their action. Patients

failed to show this pattern of enhanced activation at all (see

Fig. 3B), and direct comparison con®rmed signi®cant

impairments in the attention-related activation of SMA and

parietal cortex (see Fig. 3C).

In control subjects, the instruction to attend to action was

also associated with increased coupling between prefrontal

areas and both the medial and lateral premotor regions. It has

been proposed that the prefrontal cortex exerts cognitive

control by a general mechanism of attentional selection of

neuronal representations (Miller, 1999). This may operate in

the motor domain, as well as sensory (Rees et al., 1997;

Brefczynski and DeYoe, 1999) and mnemonic (Rowe et al.,

2000) domains. The consequence would be increased activity

in neuronal populations representing actions (e.g. in premotor

regions), in response to speci®c input from the prefrontal

cortex, appropriate to a particular task.

In the patients, attended action compared with simple

execution was associated with less additional activation of the

SMA than in controls. A reduction of activation associated

with attention to action could account for the de®cits in SMA

activity reported in many earlier motor studies in Parkinson's

disease. In previous studies, SMA activation was reduced in

tasks that required attention to action, rather than the

automatic execution of pre-learned sequences or set

responses to external cues (Cunnington et al., 1995;

Jahanshahi et al., 1995; Praamstra et al., 1996; Catalan

et al., 1999). Both new sequence learning and free selection

tasks require the representation of a set of alternative actions

and selection of one of these in preference to the others.

Biased competition models of attention (Desimone and

Duncan, 1995; Desimone, 1999) have proposed that alternate

representations are mediated by mutually inhibitory neuronal

populations. One representation may dominate temporarily if

the balance of mutual inhibition is disturbed. This perturb-

ation may result from `bottom-up' or `top-down' in¯uences,

including inputs from prefrontal cortex. In the prefrontal

cortex, there are neurones whose activity may encode

arbitrary task-speci®c rules or goals (Asaad et al., 1998,

2000), or the context of behaviour (Cohen et al., 1996). These

neurones may control the selection of representations within

remote regions, by top-down in¯uence appropriate to the

current task, in a process called `attentional selection' (Miller,

1999).

We propose that both the free selection of movements and

attention to action require such a process. For this experiment,

the consequence is increased activation of premotor cortex

under the in¯uence of prefrontal cortex, speci®c to the

attention to action condition, and not during attention to the

visual conjunction search. In contrast to studies of visual

attentional selection (Brefczynski and DeYoe, 1999), we

have not attempted to show the selectivity for one motor

representation over another within premotor cortex, since

there is limited motor somatotopy in premotor cortex (Fink

et al., 1997).

The ATTEND condition required subjects to `think about

the next move'. Although this may seem at ®rst open to

different interpretations, the consistency of the behavioural

and neuroimaging results across all subjects suggests that the

instruction induced a common set of cognitive processes. The

short latencies for ATTEND in both patients and controls
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shows that the subjects were thinking about the moves before

the pacing cues. Tasks requiring imagination or preparation

of movement may involve attention to action, and have been

associated with increased activity in a similar distributed

network including prefrontal, premotor, parietal cortex and

SMA. An attentional formulation of imagination, preparation

and free selection of action has several advantages. First,

attentional selection of action by prefrontal modulation of

premotor regions represents a parsimonious explanation of

the effects of these multiple motor-related paradigms.

Secondly, by drawing on the mechanisms of attentional

selection of visual representations in occipital and infero-

temporal cortex, it presents a testable hypothesis of the

mechanism of underlying neuronal interactions. Thirdly, it

acknowledges that individual neurones of the prefrontal

cortex have different properties according to the speci®c

current task (Asaad et al., 2000), and that attentional selection

by these neurones may be supra-modal, occurring in the

sensory, mnemonic and motor domains (Miller, 1999).

Interpretation of between-group comparisons
To make inferences about patient abnormalities in functional

neuroimaging data, there are two essential criteria, First, that

the patients and controls are actually performing the same

tasks (Price and Friston, 1999). In the current study, the

equality of tasks and performance between our groups is

suggested by the behavioural data. Secondly, that the

inferences may be extended to the general patient population,

and are not restricted to the particular subjects studied on

particular days. This second criterion is especially important

for fMRI studies, in which there are signi®cant differences in

MRI BOLD signal and sensitivity in different subjects, and

between different days even for the same subject under the

same conditions (McGonigle et al., 2000).

It could be argued that patients attend to their actions

more in the MOVE condition than controls, contributing

to greater activation of SMA in the contrast MOVE

versus REST. When instructed to attend to their moves,

the `additional' attention to action might then be less,

associated with reduced activation of SMA in the contrast

ATTEND versus MOVE. It is possible that patients did

attend to their actions during the MOVE condition, but

there are three reasons to believe that this is not a

signi®cant contributor to the group by task interactions.

First, the simple motor task is very easy in its cognitive

and motor demands. It is a simpler sequence than many

®nger tapping sequences used previously (cf. Catalan

et al., 1999). At 0.33 Hz, it is also much slower than the

2±3 Hz ®nger tapping used as a common clinical test for

bradykinesia. Secondly, the forward digit span during

performance of the tapping task did not differ signi®-

cantly between groups. If attention to action was neces-

sary for the simple motor task, then digit span would be

expected to be reduced. Thirdly, the behavioural data

during scanning suggest that the patients were able to

attend more to their actions in ATTEND compared with

MOVE, like the controls. Although patients' response

times were more variable overall, the differences between

tasks were similar to those of control subjects. Relative to

the MOVE condition, both groups increased response

variance during the ATTEND condition (35 and 50 ms,

respectively), and reduced response latencies (110 and

130 ms, respectively). There was no group by task

interaction in response variance or response latencies.

Extension of statistical inference from the particular

subjects to the general population of patients and controls

requires a random effects model (Friston et al., 1999b). The

two-stage `random effects' model implemented by SPM in

our study calculates the statistics based on variance estimates

that include both within- and between-subject variance.

Further, in ®xed effects models, signi®cant group differences

may arise from large effects occurring in just one or two

subjects. The consequence of this is that the inference from

®xed effects analyses cannot be extended properly to the

general population of either group (Friston et al., 1999a).

Other sources of bias must be considered. Our within-

subjects analyses at the ®rst level used grand mean scaling.

This preserves the regional independence of task-related

activations, in preference to proportional scaling. Systematic

group differences in signal intensity could affect between-

group comparison for a given task effect. However, in our

study, there was no signi®cant difference of global MRI

signal between our groups.

Inferences based on regional interactions
(effective connectivity)
SEM has many advantages in the analysis of the interactions

between psychological conditions such as attention, and

physiological variables such as BOLD fMRI time series

(McIntosh and Gonzalez-Lima, 1994; Horwitz et al., 1999).

An anatomical model is used to specify which regions are

interconnected, and this is the basis of a mathematical model

used to determine how strong the interconnections are. The

model may also include terms for the interaction between

cognitive and physiological variables. These interaction

terms behave as moderator variables, indicating the extent

to which the covariance between source and target region

activity changes with cognitive context such as attention

(Buchel and Friston, 1997, 2000).

The path coef®cients of the moderator variables describe

the extent to which the interaction between source area

activity (prefrontal or parietal cortex) and cognitive processes

(attention to action or to conjunction search) in¯uence the

target (premotor cortex). There are two interpretations of a

signi®cant positive value in the model. First, the activity of

the source area in¯uences target area activity more under one

cognitive condition than another. An alternative interpret-

ation is that the activity of the source area changes the extent

to which the cognitive condition in¯uences target area
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activity. Both interpretations are valid and are identical to

psychophysiological interactions as de®ned for neuroimaging

(Friston et al., 1997). These effects of attention are speci®c,

and not merely due to increased attentiveness per se: attention

to a non-motor task does not change the coupling between

prefrontal and premotor regions.

We used a simpli®ed model of the brain to characterize the

changes in effective connectivity in the frontal lobe. This

model is clearly not a complete account of all possible regions

engaged in the ®ve tasks, or all possible direct and indirect

connections between them. Such a comprehensive model

may be useful in an exploratory sense, but it would be much

less powerful in relation to our speci®c hypothesis. Elaborate

models, permitting cyclical connections between regions for

example, can become computationally unstable (McIntosh

and Gonzalez-Lima, 1994). Therefore a theoretical perspec-

tive is necessary for SEM (McIntosh and Gonzalez-Lima,

1994). Our model of interactions among frontal cortical

regions was based on known primate anatomy of direct

cortico-cortical interactions. It is suf®cient to address key

questions regarding the in¯uence of prefrontal cortex over

medial and lateral premotor cortices under different condi-

tions.

Although our model is based on primate cortico-cortical

interconnections, inferences cannot be drawn about whether

the connections are mono- or polysynaptic, or whether they

are excitatory or inhibitory. The interpretation remains

limited to the systems level (Horwitz et al., 2000). Indeed,

indirect cortico-striatal-thalamo-cortical connections of the

type proposed by Alexander and DeLong (1990) could

contribute to the in¯uence of prefrontal cortex on the medial

and lateral premotor cortex. For example, Owen and

colleagues have shown that in parkinsonian patients, per-

formance of tasks sensitive to frontal lobe damage was

associated with abnormal basal ganglia activation in PET,

rather than intrinsic frontal cortical dysfunction (Owen et al.,

1998). The patients' impaired performance may have resulted

from impaired connectivity between frontal regions, without

reduced activation per se. Analogous changes in connectivity

between regions rather than activation within regions have

been demonstrated in normal subjects after manipulation of

mono-aminergic neurotransmission by clonidine (Coull et al.,

1999).

Conclusion
Attention to action was associated with increased coupling

between prefrontal cortex and the medial and lateral premotor

regions in healthy adults. This is not the result of increased

attentiveness per se, since another attentional task was not

associated with increased coupling. Our results suggest that

the motor abnormalities in Parkinson's disease are due, at

least in part, to a functional disconnection of the SMA and

premotor cortex from prefrontal in¯uences, measured here as

a reduction in effective connectivity. The consequence is

task-speci®c abnormalities of function in the SMA. We

suggest that in comparison with the execution of automatic

movements, tasks that require attentional selection of motor

representations (including attention to action and free selec-

tion of movement) are associated with lesser activation of the

SMA in Parkinson's disease.
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