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Motor set in Parkinson's disease

C Robertson, K A Flowers

Abstract
Three experiments employing a five-
choice button-pressing task tested the
ability of Parkinsonian patients to learn
and generate sequences of movement,
and to switch between alternative
sequences at will. It was found that
patients could learn and generate
individual patterns of movement nor-
mally, even complex ones involving an
incompatiblestimulus-response relation-
ship. They had difficulty, however, in
maintaining a sequence if two different
ones had been learnt and subjects were
required to switch spontaneously from
one to the other within a trial. Providing
external cues at the start of each
sequence to guide the ordering of
movements improved the stability of
patients' performance. Most errors in
sequencing consisted of reverting to the
alternative pattern of movement.
Parkinsonian subjects thus show an
impairment in motor set similar to that
found previously in cognitive activity.
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One of the difficulties Parkinson's disease
(PD) patients experience in controlling their
actions is in coordinating two or more
movements. In addition to the well-documen-
ted abnormalities of initiating individual
movements (akinesia) and executing them
(bradykinesia, hypokinesia), Parkinsonian
subjects seem unable to do two things at
once,' 2to execute two or more actions
smoothly in sequence" or to generate contin-
uous movements without visual guidance.67
These difficulties in coordination may

occur simply as a consequence of the in-
accuracy of execution of individual
movements by Parkinsonian subjects, or they
may reflect a separate higher-level impairment
in response selection. The first explanation
suggests that patients may be unable to
integrate sequences of action because they
cannot be sure what the outcome of any
attempted individual movement will be and so
have to monitor each one as it is executed.
They can then only plan and initiate
movements one at a time and not in combina-
tions or sequences. The second hypothesis is
that there may be a separate higher-level
abnormality (independent of the processes
involved in generating individual movements)
in controlling the selection of movements in
an appropriate order to fulfil an overall plan of
action. Several authors have suggested that

basal ganglia malfunction results in such an
impairment."'0 Previous investigations,
however, have not tried, or have not been able
with the tasks used, to make a distinction
between these explanations.

Previous descriptions of motor planning
deficits in Parkinsonism have variously
characterised them as an inability to elaborate
a motor pattern or plan of action,8 a problem
of praxis,9 or a difficulty in the automatic
execution of motor plans."' According to
Marsden,'0 a motor plan has motor programs
for individual movements as its constituent
elements and involves the smooth integration
and sequencing of a series of motor programs.
Thus while a motor program describes the
characteristics of a single movement, a motor
or action plan involves the selection of one or
more motor programs to achieve a goal. This
hierarchical model is similar to those in motor
skills research which postulate a hierarchical
organisation of motor control, with response
selection determined by a central supervisory
program assembling prepared subroutines for
individual movements.'" Thus the difficulty
Parkinsonian patients have in generating
sequential or simultaneous motor programs
would reflect a dysfunction at the level of
motor planning, implying a deficit in putting
together response programs independent of
any impairment in response programming of
individual movements.

In another study Cools et al"2 considers the
Parkinsonian deficit in sequential movement
to be one of central programming and further
to this Cools et al" coined the term "shifting
aptitude" to describe the ability to rearrange
"arbitrarily" the serial order of components of
behavioural actions. They hypothesised that
Parkinsonians have a decreased shifting
aptitude for behaviour not directed by
currently available sensory information, and
that this diminished capacity is a behavioural
impairment which manifests itself in both
cognitive and motor activities.
One measure employed by Cools to test

their shifting aptitude theory was a motor
activity task, where subjects were asked
to tap with their fingers in two sequences:
(a) 1-2-3-4- and then (b) 1-3-2-4- with
subjects having to change from the first to the
second sequence within an allotted time. The
reduction in score on the second task was
taken as a measure of their difficulty in shift-
ing from the strategy appropriate to the first
task, whose score is a baseline for comparing
the second sequence: this was accounted for in
terms of an inability to generate finger
movements spontaneously.
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This task can be criticised, however, for a
lack of controls. It is not clear that what was
tested was specifically the ability to "shift
aptitude", that is, switch from one sequence
to another, because there was no procedure to
establish if subjects could produce each of the
requisite sequences individually. Nor, having
switched from the first to the second
sequence, were patients tested for long
enough without a time constraint to see if they
could at any point reach the same level of
performance as control subjects. Moreover,
there was no control for the possibility that
the deficit was due to an inability to make use
of external cues. Thus the evidence put for-
ward by Cools et al is equivocal and their
hypothesis requires more rigorous testing.
Hopefully, this investigation provides such a
test.

Cools' definition of shifting aptitude-"the
ability to reorganise behaviour according to
the requirements of the task"-is very similar
to those of Buchwald et al,'4, Denny-Brown
and Yanagisawa'" and Flowers and Robert-
son.'6 The latter described Parkinsonian
patients as having a difficulty with maintain-
ing a mental "set". Flowers and Robertson'6
define set as "a state of brain activity which
predisposes a subject to respond in one way
when several alternatives are available." The
essential characteristic of set is that it operates
in circumstances where the response is not
determined solely by the information in the
stimulus, either because it is initiated ahead of
the stimulus or because there are several
equally possible alternative responses and the
choice has to be determined internally by the
subject according to the goal currently in
operation. Flowers and Robertson showed
such an effect in a choice discrimination task
(the Odd-Man-Out test) where subjects had
to utilise two rules alternately on successive
trials. Parkinsonian subjects had difficulty in
using the rules appropriately, although they
had no difficulty in performing the reasoning
task itself. Like Cools, they suggested that an
instability of set was a behavioural character-
istic that applied to both mental and motor
activities in Parkinsonian patients. The
experiments here were designed to replicate
the effect in a motor task to test this hypo-
thesis, that is, to see if Parkinsonian subjects
show a similar instability in motor set for arm
movements to their lability of cognitive set in
the mental reasoning task.
Motor set can be described as the character-

istic of an action plan which determines the
kind of movement or sequence of movements
to be executed to fulfil the goal or intention
contained within the plan. (It is not concerned
with the parameters of movement such as
force, timing or precision but rather with the
general description of the movement for
example, press button A rather than B, or
push rather than pull the handle.) A
secondary aspect of this process is the ability
to alter the sequence where appropriate, either
in response to a change in environmental
circumstances or with a change in goal.
Therefore, set functions (a) to maintain a

series of movements within the parameters of
the action plan to achieve a given goal; (b) to
exclude other competing possible sequences
of action; and (c) to react to any events
requiring a change in the motor sequence by
initiating a new movement program or
sequence of programs. When there is a break-
down of set, the action plan will be disrupted
and there is likely to be an inability to main-
tain the task. Therefore, failure to achieve an
action plan may be a consequence of the
failure to maintain motor set (as distinct from
other deficits such as miscalculating what the
appropriate movement should be, mistiming
the onset of action with events in the external
world, or failing to coordinate the components
of complex actions, all of which could equally
well disrupt the execution of a motor plan,
even though the subject's initial selection of
responses was correct within the plan).
To explore the concept of motor set

difficulties in Parkinsonism resulting in
poorly executed action plans, three
experiments were performed designed to
reveal whether patients can a) learn and
execute repeatedly different response
sequences; and then b) change from one
sequence to another within an action plan.
The intention was to distinguish between the
ability on the one hand to understand,
remember and generate spontaneously the
correct motor sequences, and on the other, to
initiate or restrain them at will. The test used
a sequential button-pressing task, and was
devised to give a measure of response selec-
tion accuracy independent of the subjects'
performance of the chosen movement,
because the interest here was in the subjects'
choice of response as distinct from their speed
or accuracy of execution.

EXPERIMENT 1
Method
Experimental task
The experimental task required subjects to
make a series of discrete movements in a given
order in various repetitive sequences. The
display consisted of five red push-button
microswitches which could be illuminated as
stimulus lights by LEDs inside them. They
were mounted on a board sloping at 300 from
the horizontal (figure) and placed equidistant
around a sixth similar green button, so that a
subject could see all the red switches while
resting the index finger of the preferred hand
on the centre green button. (For the purposes
of analysis and description the lights will be
referred to as 1, 2, 3, 4, and 5 numbered
clockwise from the bottom left-hand corner,
but the numbers did not appear on the actual
display.) The buttons measured 15 mm in
diameter and were spaced 10 cm apart, so that
the subjects' choice of response was never in
doubt and they were easily able to hit the
button of their choice each time.
During initial training trials, subjects were

required to move from the centre button to a
peripheral target button when it lit up, to press
the button (causing it to go out) and then return
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Figure Arrangement of 5-choice task display and
apparatus.

to the centre. Upon returning to the centre
green button, the next red button would
illuminate indicating the next target. Again the
subject moved to the illuminated peripheral
target button, pressed it and returned to the
centre, whereupon the next button lit up, and
so on. Subjects continued in this manner until
the lights stopped, indicating that the sequence
had finished. This arrangement produced a
continuous series of movements in and out
from the centre button, the sequence of peri-
pheral (outer) buttons being constant within a
trial but varying from trial to trial. On later
training and test trials subjects were required to
follow or generate spontaneously first one
sequence and then the other, and the essential
interest was in their ability to maintain each
action plan and to switch between them when
required.

Subjects
Parkinsonian subjects were drawn from a pool
of patients who attended the Parkinson's dis-
ease clinic at Hull Royal Infirmary. In view of
the cognitive component of the experiments, it
was decided to test mild to moderate PD
patients, to reduce the possibility of including
cases with dementia or depression. Patients
were judged independently by a neurologist
providing an assessment of their suitability for
testing, and that the diagnosis was not
complicated by other concomitantly existing
diseases or syndromes. Patients were assessed
as mild (score 1-7) or moderate (score 8-12)
according to the Webster clinical severity
rating scale.'7 Ten PD patients with ages rang-
ing from 50 to 72 years (mean 60-0 SD 5-2)
participated. Overall Webster ratings ranged
from 5 to 12 (mean 8 0, SD 4 0) and duration of
symptoms from one to 15 years (mean 7 0, SD
4-0). Informed consent was obtained from each
subject to take part in the study.
At the time of testing patients were stable on

their individual drug regimens. Patients
received a combination of drugs which
included anticholinergics (for example,
Artane) and dopaminergics (for example,
Sinemet, Madopar and/or Bromocriptine.)
The control group comprised 10 local

volunteers and patients' spouses and were
matched with the Parkinsonian group for age
and educational background. None were taking
drugs which affected the central nervous
system and none had a history of neurological
disease or head injury. Ages ranged from 50 to
70 years (mean 60-0, SD 4-0).

Experimental design
For this experiment only four of the peripheral
buttons were used in the sequences. The but-
ton not used was the top centre (button No 3);
the reason for this is explained below. A single
sequence used four outer buttons and a trial
comprised 40 outer button responses (80
responses in all). Each trial was equivalent in
length, but could contain either ten repetitions
of a single sequence or five repetitions of two
different sequences.
The first sequence of outer buttons was 2-4-

1-5-. This sequence of four lights was repeated
ten times, which comprised one training trial.
A minimum of three trials were presented to all
subjects during this learning phase. The ins-
tructions to all subjects were uniform. They
were to follow the lights and learn the sequence
so that they would be able to reproduce it later.

After three trials had been completed (a total
of 120 outer button responses) subjects were
given a test trial to determine if the sequence
had been learnt. For this purpose they were
requested to reproduce the sequence by press-
ing the buttons in the correct serial order, but
the lights did not illuminate. The computer
recorded the button presses and displayed
them on a visual display unit for inspection. In
all cases the sequence was correct for all 10
cycles of the four-light sequence which made
up the test trial, so subjects then proceeded to
learn the second sequence (5-1-4-2-), the
procedure for which was exactly the same as for
the first. It was again followed by a test trial to
establish that the sequence had been learnt.
Having learnt the two sequences separately,

subjects were then instructed that they were to
learn to produce them successively within one
trial. The signal to switch sequences would be
the illumination of the top red button (Number
3) which needed to be pressed to switch it off.
Thus subjects were to follow the first sequence
as the lights came on; when the top button lit up
they were to press it to turn it off and then
continue with the second sequence. The switch
occurred half-way through the trial. The
purpose of this phase of the experiment was to
familiarise subjects with the conditions of the
"set" task. Two trials of this task familiarisa-
tion were given.
At this point subjects had completed six

learning trials plus two test and two task
familiarisation trials. They then did two
"switching" trials: this constituted the test
proper. In these trials they were required to
reproduce the first and then the second
sequences in the same manner as in the task
familiarisation trials, but the four red lights for
the sequences did not illuminate. The only
lights involved were the green reference button
and the top centre button which indicated
when to switch sequences. After these trials
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Table 1 Experiment 1: Order of trials and accuracy scores in test trials

Mean number correct responses per subject per trial
Peripheral

Trial Task lights Control group PD group

1, 2, 3 Follow sequence A On
4 Test sequence A (N = 39) Off 38 3 38-0 (U = 33, NS)
5, 6, 7 Follow sequence B On
8 Test sequence B (N = 39) Off 38-8 38-9 (U = 49, NS)
9, 10 Follow sequence A, then sequence B On
11,12 Test sequenceA(N = 19) Off 18-5 9-8 (U = 15,p < 0-01)

then sequence B (N = 19) 19-0 7-9 (U = 5, p < 0 01)
13, 14 Follow sequence A, then sequence B On
15,16 Test sequence A (N = 19) Off 19.0 10-7 (U = 10, p < 0-01)

then sequence B (N = 19) 19.0 12-0 (U = 15, p < 0-01)

two additional familiarisation trials took place
followed by two further test trials. The order of
trials is summarised in table 1.

Rationale for scoring
Subjects were given scores for the number of
outer button presses made in the correct order
within each sequence or half-sequence. Within
any sequence string each correct response is
determined by what the preceding response
was and then, in its turn, designates the next
response. Therefore, the method of analysis
employed here was a running score of pairs of
responses, with each button press compared to
its predecessor to see if it followed in the correct
sequence or not, and ifnot, what kind of error it
was. As sequence B was the reverse of sequence
A, all responses could be put into one of four
categories:
i) a correct response (following the designated
sequence)
ii) a response appropriate to the alternative
sequence (following the reverse pattern to the
one currently required)
iii) a repetition of the previous response (same
button as before)
iv) an "error" response which did not fit into
any of the above categories (pressing the fourth
possible button)

This method is preferred to one where, for
instance, the number of complete strings of
sequences (four responses) are scored and
aggregated. Such a method would fail to
distinguish individual errors, protracted error
sequences or different kinds of errors deter-
mined by the criteria for scoring given above.

cccccccaaaaaaaacccc
First sequence
Example 2

24152415142514252415
Number correct (c) = 11
Number of alternatives (a) = 8

Total 19
Second sequence

cccccccaaaaccaacccc
51425142415251525142
Number correct (c) = 13
Number of alternatives (a) = 6

Total 19
Example two shows the method of scoring

for alternative responses as intrusions into the
currently required sequence.

Example 3
First sequence

ccccaraecccaaaaraaa
24152551241514255142
Number correct (c) = 7
Number of alternatives (a) = 9
Number of repetitions (r) = 2
Number of errors (e) = 1

Total 19
Example three shows the method of scoring

for alternative, repetition and error responses.

Statistics
Non-parametric Mann-Whitney, Wilcoxon
and Chi-square tests were used for statistical
analysis because of the ceiling effects and
skewed distributions found for control subjects
in most cases.

Criteria for scoring
The method is shown in the examples.
Example 1

24152415241524152415 3 51425142514251425142
First Sequence Change-over Second Sequence

Response
A typical printout is shown in example 1 for a

trial with 38 possible correct responses from
two sequences (lst = 2-4-1-5- and 2nd =

5-1-4-2-) the numbers corresponding to the
peripheral buttons pressed. The first sequence
is reproduced five times giving a total of 20
responses; however, because of counting pairs
of responses the total number of correct
responses can only be 19 per half trial and 38 for
a complete trial of two sequences.

Results
Table 1 shows the total scores for the learning
test trials (Trials 4 and 8; Sequences 1 and 2)
for the Parkinson's disease and Control groups.
At this stage no significant differences emerged
in the number of correct responses. Table 1
also shows the results for the switching test
trials (Trials 11, 12, 15 and 16) where the
differences between Parkinson's disease and
Control scores were highly significant for both
sequences, on a Mann-Whitney U-Test
(results in Table 1 are pooled for clarity of
presentation but the effect was significant for
each trial separately.) Thus while Parkinsonian
subjects were able to reproduce each sequence
on its own with few errors, they produced
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Table 2 Experiment 1: Parkinsonian error distribution on switching trials (mean error per subject)

Sequence (A) Sequence (B)

Trial Alternative Repetition Error x2 Alternative Repetition Error x2

11 4-6 2-3 1-8 15-38 (p < 0-001) 7-9 2-3 0-6 81-06 (p < 0-001)
12 7-4 1-9 0-5 81-45 (p < 0-001) 7-9 3-0 0-5 72-23 (p < 0-001)

15 5-4 2-0 0-7 43-63 (p < 0-001) 5-2 2-8 1-0 29-60 (p < 0-001)
16 6-0 1-3 1-3 51-37 (p < 0-001) 3-1 1-5 0-4 19-00 (p < 0-001)

significantly more errors when having to con-
tinue the "set" task. Scores for each sequence
were about equal in all test trials in both subject
groups, none of the differences between
Sequence A and Sequence B scores reaching
significance on a Wilcoxon test.
Table 2 shows the number of Alternative,

Repetition and Error responses made by the
Parkinsonian group in the switching test trials
(Controls were not included because they
produced very few errors). In all sequences a
Chi-square analysis showed a significant effect,
with Alternative responses constituting the
great majority of errors. Thus where patients
make mistakes they involve predominantly
reverting to the alternative sequence ofactions.

Discussion
In this first experiment many patients had
significant difficulties compared with control
subjects in maintaining control over the
sequencing of their actions when two
incompatible series had to be generated in
the same trial. The impairment is not a failure
of memory for motor actions, because their
performance on the initial test trials (4 and 8)
showed that the Parkinsonian patients can
reproduce the sequences separately over an
equivalent period of time and number of
responses. Nor, for the same reason, is the
problem due to any cognitive misunderstand-
ing. It arises as a behavioural disturbance
whereby patients experience difficulty produc-
ing one sequence of actions when two or more
are equally available. This is similar to the
suggestion by Cools et al2 13 that patients have a
difficulty with "shifting their aptitude" and
switching their behaviour on an arbitrary basis.
But whereas that study involved separate tasks,
the experiment here showed the effect with two
similar motor sequences each ofwhich subjects
had been shown capable of reproducing alone.
The Odd-Man-Out mental set test used in

our previous investigation'6 showed that, when
there are alternatives which provide ambiguity
in a cognitive decision task, Parkinsonian
subjects have difficulty in suppressing the
intrusion into behaviour of an alternative rule,
resulting in an instability in applying the
currently correct rule. Patients were not simply
distracted by novelty, nor were they generally
confused, because neither the third alternative,
nor the common item of the group was consis-
tently selected. In the motor set experiment
reported here there was also ambiguity in the
test situation and the results indicate that a
similar effect was taking place. That is, the
alternative sequence was intruding into the
designated one and patients were fluctuating
between sequences. Note that Sequence A is

disrupted as much as Sequence B; thus the
effect is not merely one of perseveration or
forgetting to switch between sequences. Again
the Error response was not selected very often,
and therefore patients were not generally con-
fused. The lack of Repetition responses also
militates against the effect being a "frontal"
one such as perseveration. Instead the fluctua-
tions suggest that the Parkinsonian group are
repeatedly switching between the two response
sequences rather than maintaining a designated
motor set.
Thus in this experiment the Parkinsonian

deficit manifests itself as a lack of control over
self-generated actions, where the cognitive
element (understanding ofthe action sequence)
and the motor element (ability to execute the
sequences separately) are both shown to be
intact. It is in the integration of the two that an
operational fault appears, disrupting the plan-
ning process at the point where the appropriate
behavioural strategy engages the motor
mechanism. In other words, it affects the
interface between the cognitive content of a
movement plan and the mechanisms through
which the plan finds expression. The results
indicate that in patients the action plan is
understood but the key ability to repeatedly
execute one motor sequence whilst holding
another in abeyance is compromised.
Parkinsonian subjects exhibit a difficulty in
executing a designated sequence while at the
same time suppressing the alternative, curren-
tly unwanted, sequence. The effect occurs from
the start of any trial where two sequences are
primed, so it is the potential of an alternative
action plan that causes the interference, not just
a perseverative influence from the first
sequence carrying over to the second one.
This effect has similarities with firstly, the

inability of pre-frontally lesioned animals to
suppress previously-acquired response pat-
terns, reported by Settlage et al;'8 secondly, the
report by Schwab et all that Parkinsonian
subjects cannot execute two acts simul-
taneously; thirdly, the involvement of basal
ganglia in set postulated by Buchwald et al'4 or
in performing a complementary inhibitory and
arousal function (Denny-Brown and Yanagis-
awa);"5 and fourthly, Hassler's suggestion that
basal ganglia perform an integrative function
focusing attention on one event to the exclusion
of others.'9

EXPERIMENT 2
Several investigations202' have suggested that
Parkinsonian subjects need an external cue to
initiate movements. If so, it might be expected
that in the five-choice task patients would be
able to continue a given motor sequence if it
was initiated for them by light signals indicat-
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ing the buttons to press. This was investigated
in the second experiment.

Method
Experimental design
The experiment replicated the first, except that
on some of the test trials where two sequences
were to be generated signal lights were
provided for the first eight responses of each
sequence to guide the subjects' response selec-
tion. The remaining 11 responses constituted
the test proper where no signal lights were

illuminated. The aim was to see whether an
initial visual cue improved the subjects' ability
to maintain or switch between motor sets.
The procedure employed for learning the

motor sequences was similar to Experiment 1,
except that two rather than three learning trials
per sequence were given. These were again
each followed by a test trial to determine if
learning had taken place. After the initial
learning phase, two test familiarisation trials
were undertaken where subjects, still following
the lights, switched from sequence 1 to
sequence 2. Then, after a single test trial
without lights, four "preview" trials and then
two further test trials were given. All the test
trials were similar to those of Experiment 1,
that is, reproduction of the sequences was

required without any peripheral lights.
The main difference between Experiments 1

and 2 were the preview trials. In the initial
stages of each sequence of preview trials
subjects were given cues to aid their selection of
responses. That is, the next button in sequence
would always light up one step ahead of the
motor response, indicating what the next
choice should be. This happened for the initial
eight responses, after which the remainder of
the sequence had to be completed without the
aid of lights.

In this condition subjects, having learnt the
sequences separately and satisfactorily, were

required to reproduce them together, switch-
ing from first to second. After this, subjects
were given an additional cue during preview
trials to aid their selection and had to reproduce
the sequence during the remainder of the
requisite trial. After completing four preview
trials, subjects then completed two further test

trials without any cues or lights illuminating.
The sequences used were different from
Experiment 1 but were of the same length (first
sequence 4-2-5-1-; second sequence 1-5-2-4-).
The sequence of trials is summarised in table 3.

Subjects
Nine Parkinsonian patients from Experiment 1

participated in Experiment 2 (one patient
dropped out due to extraneous illness). Ages
ranged from 54 to 72 years (mean 63, SD 7-1
years). Webster ratings were from 6 to 12
(mean 8-3, SD 2 0) and duration of symptoms
were from one to 10 years (mean 5-6, SD 3-1
years). The same 10 control subjects from
Experiment 1 took part in this experiment.

Results
Table 3 shows the number of correct responses
in each test trial of Experiment 2. On trials 3
and 6 the results show that satisfactory learning
had taken place in both groups with no

significant differences between them. On Trial
9, however, (reproducing both sequences in
one trial without cues) Parkinsonian and Con-
trol group performances differ for both
sequences. Also the patient group's scores are

significantly worse for each sequence than
those on the comparable trials 3 and 6 (Wil-
coxon T = 1, p < 01 in both cases, using pro-
rated scores for comparison.) Up to this point
Experiment 2 mimics the effect seen in
Experiment 1.

Scores on Trials 10 to 13 (preview condition)
are also shown in Table 3. On these preview
trials significant between-group differences
were found on Trial 10 for both sequences and
on Trial 11 for the second sequence only; on

Trials 12 and 13 scores were not significantly
different. Therefore, over the second halfofthe
preview condition the Parkinsonian perfor-
mance showed marked improvement. On these
latter trials 12 and 13 the pro-rated Parkinson-
ian scores for both sequences do not differ
significantly from the comparable scores of
trials 3 and 6 (all Wilcoxon tests not
significant), and all are better than those of trial
9, although with the reduced number of
responses scored in these trials only one score

Table 3 Experiment 2: Order of trials and accuracy scores in test trials

Mean number correct responses per subject per trial
Peripheral

Trial Task lights Controlgroup PDgroup

1,2 Follow sequence A On
3 Test sequence A (N = 39) Off 39-0 37 9 (U = 28, NS)
4, 5 Follow sequence B On
6 Test sequence B (N = 39) Off 39 0 38-6 (U = 31, NS)
7, 8 Follow sequence A, then sequence B On
9 Test sequenceA(N = 19), Off 19-0 11-6 (U = 2,p < 0-01)

then sequence B(N = 19) 190 11-8 (U = 10,p < 0-01)
10 Test A + cues (N = 11), On first 8 responses 11-0 7-4 (U = 14, p < 0-05)

then B + cues (N = 11) Only 11-0 5-7 (U = 9,p < 0-01)
11 Ditto Ditto 11-0 8-1 (U = 28,NS)

11-0 5-4 (U = 9,p < 0-01)
12 Ditto Ditto 11-0 8-3 (U = 22,NS)

11-0 7-6 (U = 22, NS)
13 Ditto Ditto 11-0 9-1 (U = 27,NS)

11-0 8-8 (U = 27, NS)
14 Test sequence A (N = 19), Off 19-0 13-2 (U = 10, p < 0-01)

then sequence B (N = 19) 19-0 13-4 (U = 5, p < 0-01)
15 Ditto Off 19-0 15-6 (U = 10,p < 0-01)

19-0 14-7 (U = 15, p < 0-05)
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Table 4 Experiment 2: Parkinsonian error distribution on switching trials (mean errors per subject)

Sequence (A) Sequence (B)

Trial Alternative Repetition Error X 2 Alternative Repetition Error X2

9(No cues) 46 18 12 1261 (p <001) 40 2-0 1-2 9-26 (p < 001)
10 (Cues) 20 08 06 775 (p < 005) 28 1-3 1.1 847 (p < 005)
11 (Cues) 19 06 03 1254 (p <001) 30 1-6 10 892 (p < 005)
12 (Cues) 1-2 1.0 04 3 25 (NS) 1i6 1 3 04 5-60 (NS)
13 (Cues) 08 06 06 047 (NS) 09 08 0-6 0-72 (NS)

14 (No cues) 28 20 10 7-42 (p < 005) 3-1 1-4 10 1204 (p < 001)
15 (No cues) 21 06 07 12-20 (p < 001) 27 0-8 0-8 15-21 (p < 0001)

reaches statistical significance (trial 13
sequence A Wilcoxon T = 6, p < 05). Scores
for the final test trials (14 and 15), however,
show that this improvement does not carry over
when the cues are removed; here again there is a
significant deficit in the Parkinsonian group
(and the scores are all significantly worse than
those of trials 3 and 6, and not significantly
different from those of trial 9)-even after all
the practice undergone in the course of the
experiment.
Table 4 shows the distribution of Alter-

native, Repetition and Error responses for the
Parkinsonian group in the test trials of
Experiment 2. These reach significance on a
Chi-square test on Trials 9, 14 and 15 (no-cue
trials) and on the first two cued trials (Trial 10
and 11). On the second two trials with cues,

however, the distribution flattens out, largely
because of a reduction in the number of errors
in the Alternative category. There are fewer
errors of this type in all the cued trials than in
any of the non-cued trials, but with the small
numbers in the former the differences only
reach significance for Trials 12 and 13
compared to Trial 9 (WilcoxonT = 6, p < -05
or better for both sequences using pro-rated
scores). Alternative error scores did not differ
between cued trials nor between non-cued
trials, nor were there any changes in the relative
occurrence ofthe other kinds of error from trial
to trial.
Taken together, these results indicate that

Parkinsonian subjects show signs of an

improvement in performance when given
visual cues at the start of a sequence. They
could not maintain this improved performance,
however, when the cue is no longer available.

Discussion
The introduction of a visual cue during the
preview test trials in Experiment 2 influenced
the Parkinsonian group to the extent that they
were better able to maintain their motor set.
This result suggests that when given the
opportunity to make use of an external cue to
help select their responses the Parkinsonian
group are capable of improving upon their
previous no-cue performance levels. In the
no-cue trials patients had to initiate response
selection for themselves. However, without the
initial cue to assist them, patients were unable
to reproduce earlier levels of performance.
Thus, the motor set required continuous
stimulation or arousal from an extemal source
to select appropriate actions because this was

not being adequately achieved internally.
In this respect Parkinsonian patients are

displaying an effect comparable to that shown
in frontal lesions by Pinto-Hamuy and Linck.22

In serial activity each correct response is
contingent on the previous action and in turn
serves to order and anticipate the next action.
With an initial correct sequence of actions in
the preview condition the plan is adequately
represented for the actions to proceed step by
step. But in the immediately following non-cue
test trials, there was no external indication of
what the next action should be, and because
patients could not adequately provide the input
internally, mistakes began to be made.

EXPERIMENT 3
The third experiment tested the possibility that
the PD impairment is in remembering or
combining action sequences, especially where
two have to be held in store and accessed in the
same trial. Subjects were first asked to learn
two component sequences with cues, and to
reproduce them without cues, and were then
required to combine the two sequences into a
single longer one. As an added load on the
memory/performance system, subjects were
asked to make a transformation on the display,
so that they pressed a button different from the
one that lit up each time. Any difficulty
subjects have in organising and planning action
sequences should, therefore, show up on this
incompatible stimulus-response layout,
especially if the difficulty involves holding and/
or combining two elements, or holding more
than a certain amount of material in the
memory at one time. This complex combina-
tion of elements, however, did not involve a
problem of set, as it did not require switching
between alternative and incompatible
sequences.

Method
Experimental design
The purpose of this experiment was to test the
ability of subjects a) to perform two separate
mental transformations of information in
selecting their responses, b) to combine two
transformed sequences together in one trial,
c) to learn a single motor sequence on the basis
of their understanding, and d) to execute the
learnt motor sequence without stimulus lights.
The experiment was structured so that con-

tained within the relationship between buttons
was a latent motor sequence which subjects
would eventually learn and reproduce.
Subjects were first required to learn specific
relationships between the five red peripheral
buttons. Thus they had to press, not the button
that illuminated each time, but one of the
other buttons, according to the following
associations:
Light 1 on-press button 3
Light 3 on-press button 1
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Light 2 on-press button 5
Light 5 on-press button 4
Light 4 on-press button 2
For the purposes of learning, these associa-

tions were divided into two sub-units, one

between lights 1 and 3, and one between lights
2, 5 and 4. These two sub-units were leamt
separately in order to first establish the
stimulus-response relationship for each
button, and were then combined on later trials.
All subjects first learnt the relationship
between lights 1 and 3 over two trials of 50
responses each. To test that subjects had learnt
the relationship a third trial (Trial 3) was

completed in which the lights came on in a

pseudo-random manner instead of the fixed
sequence of previous trials; subjects were

required to press the other button each time as

before.
After the first relationship had been learnt

the second sub-unit was introduced for
subjects to learn the association between lights
2, 5 and 4. Three trials of 50 responses each
were performed (Trials 4, 5 and 6) followed by
a test trial (Trial 7) where the peripheral lights
were illuminated in a random order.

In the next phase the sub-units were com-

bined. Subjects, following the lights, pressed
the buttons in accordance with the learnt
stimulus-response associations in a continuous
repetitive sequence. This phase comprised five
trials of 50 responses each (Trials 8-12) during
which subjects were told to learn the latent
button sequence of 1-3-5-4-2- which was not
apparent from the sub-units but was embedded
in the combination. After five sequence-

learning trials, subjects proceeded to the test
phase. The test was to reproduce the combined
sequence by pressing the buttons in the correct
serial order without any illumination of the red
lights. The test phase comprised five trials of
fifty responses each (Trials 13-17).

Subjects
Ten Parkinsonian patients, ranging in age from
54 to 73 years (mean 62, SD 7-6 years) took
part. Webster ratings ranged from 3 to 10
(mean 7 0, SD 2 2) and duration of symptoms
from one to 12 years (mean 7T0, SD 3-6 years).
Ten controls were tested, ranging in age from
54 to 67 years (mean 61 0, SD 4-5 years).

Results
Table 5 shows accuracy scores for the initial
sub-unit test trials, with a perfect score for the
first sub-unit (Trial 3) and satisfactory perfor-
mance scores for the second sub-unit (Trial 7)
in both subject groups. Scores for Trials 8-12

(following the two sub-units combined) and
Trials 13-17 (generating the resultant pattem
independently) also show no marked differen-
ces between the groups overall. (The results
have been pooled for clarity, but the same effect
was found in each of the five trials of each
condition separately.)

Discussion
This experiment indicates that the Parkinson-
ian group: 1) are capable of understanding a

mental transformation of information and can

combine two separate transformations; and 2)
are capable of learning a single motor sequence
on the basis of this understanding; and 3) can

execute the resulting motor sequence
accurately. The results provide support for the
interpretation of the previous experiments.
They show that, at the cognitive level the
Parkinsonian group had no overt problems
learning a plan of action. They could
adequately hold two separate patterns of
stimulus-response relationship involving a

transformation, and then integrate this
information to undertake further learning to

acquire a latent sequence.
To test if subjects had learnt the sequence

they had to execute it under conditions similar
to those in Experiments 1 and 2. The results
indicate that all subjects had learnt equally well
and could execute the sequence without any
particular difficulties. Thus the effects seen in
the motor set task cannot be explained as an

inability to undertake new learning. On the
contrary, Parkinsonian subjects are quite capa-
ble of "running off' a single motor sequence on
the basis of newly learnt material.

General discussion
The main points of these experiments are, first,
that the Parkinsonian group had significant
difficulties maintaining one motor set against
an alternative. Second, that when given a visual
cue as an aid the Parkinsonian group were

better able to maintain a motor set, but that this
improvement was not maintained when the
visual cue was removed. Third, that patients
were capable of integrating information from
external sources into a single motor sequence
and then could execute the sequence without
difficulty. Their problem therefore is centred
not on the formation, learning or execution of a
particular sequence of action, but at a higher
level, that is, in the selection and maintenance
of one plan of action to direct current activity
against competition from alternatives. The
results support the suggestion by Cools et al'3
that Parkinsonism disrupts shifting aptitude,

Table 5 Accuracy of response selection in experiment 3-test trials

Mean number correct responses per
subject per trial

Peripheral
Trial Task lights Control group PD group

1, 2 Follow sequence A On
3 Test sequence A (N = 49) On 49-0 49 0

4, 5, 6 Follow sequence B On
7 Test sequence B (N = 49) On 48-1 47 6 (U = 45, NS)

8,9,10,11, 12 Follow sequences A + B combined (N = 49) On 48-3 46-1 (U = 35, NS)

13, 14,15, 16, 17 Test sequences A + B combined (N = 49) Off 47-9 46-2 (U = 37, NS)
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or in our terms behavioural set, and do so with
experiments specifically designed to control
the ability of patients to learn and perform the
requisite action sequences independently and
hence for the ability to carry out both the
cognitive and motor components involved in
the task.

In contrast to Cools' description of the
deficit, however, the difficulty here was not so
much one of the central programming of
actions, but rather an inability to keep apart
two plans of action, especially where these
overlap and have the potential to interfere with
each other. Thus in situations where alterna-
tives are available patients experience
difficulties with controlling the independent
generation ofmotor sequences which they have
previously learnt. This difficulty manifests
itself as a problem not with the cognitive
element of the task (patients understand what
they have to do), nor with the organising of
compound or sequential action as such
(patients can handle even high-information-
loaded tasks as in the third experiment), but
rather with the selection and maintenance of
one motor plan rather than another which
might be equally appropriate in the current
situation. It is thus a difficulty at the interface
between decision and action where general
intentions or plans for action select particular
movements (which may be already stored as a
repertoire of well-practiced programmes or
may be constructed on-line for present use) for
their fulfilment.

Impairment of set therefore is not a cognitive
deficit in terms of loss of understanding of the
task, or of information, memory or reason
necessary to plan it, and cannot therefore be
explained as a manifestation of incipient
dementia, although it may appear so when
subjects behave in an erratic way as they change
suddenly from one plan to another. Also
dementia is an unlikely explanation for the
effect because patients in experiment 3 were
able to carry out the rather complex
requirements of learning two transformed
sequences and amalgamating them quite
normally. Nor could any dyskinesia, psycho-
motor retardation from depression or drug
effects account for the deficits for the same
reason; if they were having a deleterious effect
on patients' ability to perform the first
experiments, they should surely have disrupted
performance on experiment 3 also.
Nor is the difficulty specifically a motor one

in the sense of the ability to assemble and
execute individual movements (although this
may well be separately impaired in tasks where
the accuracy, timing or force ofmovements are
to be controlled) or the ability to store
programs for movement in motor memory. It
seems rather to occur higher up in the system,
where motor plans are selected or formulated.
In particular it appears to involve the ability to
organise action independently of real time
events and immediate external sensory cues.
Parkinsonian patients appear tied to sensory
ciues and find it difficult to initiate movements
independently of them.67202' It seems that the
"internal model" which would normally guide
behaviour in such situations is lacking. Such a
model could be thought of as storing, in

computer terms, algorithms for action, or
"schema"23 which contain the rules for com-
bining subroutines of particular movements
which by virtue of their combined function
produce the action originally decided on.

Motor control theorists such as Schmidt23
emphasise that motor memory in learnt skills is
unlikely to involve the direct storage of
movement programs per se, as this would be
inefficient and wasteful in terms of processing
and storage space in the nervous system. Many
variables would have to be stored, including all
the degrees of freedom necessary for a
movement. In preference to the notion of
storing motor programs, they suggest that what
is stored is the schema or algorithm for the
action. This contains the abstract rules for
fitting together relevant actions to carry out the
overall plan, the values of which may be
changed to suit current requirements. Thus the
central representation of a movement is not a
finite array of stored programs, but
rather a means by which different combina-
tions of movements matched to behavioural
requirements can be generated. This process is
referred to by Schmidt as a process of rule
generation. During the learning of a task data
are thrown away but, instead of the motor
program itself, the rule is retained to be used
again in similar situations.
On this basis, akinesia may stem from an

inability to select and/or maintain internal
control over the algorithms which generate
actions, even though perceptual and motor
mechanisms are in themselves intact. The
problem is not in operating the algorithm
(because patients can run off a single sequence)
but in running an internally selected algorithm
that contains the correct sequence of actions
and not an alternative. Therefore, akinesia is
not only a delay in the initiation of movement
but also a disruption in the choice between
actions at the junction box of perceptual-motor
activity, that is, an instability of set. This high-
level impairment can apply equally to cognitive
(decision-making or active perception)
activities or to overt motor actions, so that it is
not surprising that similar effects to those
reported here have been found in cognitive
tasks'6 and perception of ambiguous figures.24
The present motor set impairment, where

knowing what to do cannot be properly
integrated with the motor mechanism for
actually performing the action, parallels that
reported by others. For example Schwab'25
showed that Parkinsonian subjects have a dif-
ficulty in performing two voluntary actions at
the same time. The impairment is especially
marked where a previously selected action from
a number of alternatives had to be maintained,
that is, a task involving set. This may explain
the sporadic "freezing" experienced by many
Parkinsonian patients in the middle of ongoing
actions, even where well-practiced activities
such as walking are concerned. Note also that
directing patients' attention to a visual cue to
initiate their actions may help them overcome
freezing.)
The similarity of such planning difficulties

with results from our previous cognitive task'6
also parallels that found in more general
intellectual tasks by Taylor et al.26 They
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present evidence that in their Parkinsonian

sample there were no deficits involving
occipital, parietal or temporal cortices. Also

that patients had no real memory weakness for

organised information. Results from four tests,
however, (Rey Auditory-Verbal Learning
Test, Wisconsin Card-Sorting Test, Bead and

Tapper Test, and Delayed Recall Test) clearly
distinguished Parkinsonian from control

subjects, not because they were related but

because they shared one common element; all

require the need for "self-directed planning in

forming context-dependent associations or

strategies." This function has been accredited

to the frontal lobes.2728 It is further argued that

since the Supplementary Motor Area (SMA) is

considered responsible for planning actions

which are guided by internal rather than

external cues2930 and that SMA is the main

target outflow of the inner sector the globus
pallidus3" evidence presented concerning
deficits on these four tests supports the notion

of disturbed outflow from basal ganglia involv-

ing activity in the frontal cortex thought to play
a role in self-directed behavioural planning.
The picture of Parkinsonian disturbance

which emerges from this investigation is of a

difficulty in controlling the selection of motor

responses at the level of specifying the details of

an action plan, that is, at the "junction box"

between perceptual/decision and motor

activity. This junction box may be located in

the basal ganglia where striatum can be

regarded as selecting between inputs and

pallidum as selecting motor outputs. If this

system utilises dopamine for this purpose, then

it would fit Rolls'32 33 suggestion that this

neurotransmitter sets the threshold for firing in

striatum. A change in environmental stimuli

may be detected by the striatum which selects

one stream of behavioural output, but with the

possibility of switching to another if a higher
priority input is received. Thus, a low

threshold setting but maximal information

transmission could facilitate a switch in

behavioural output, whilst simultaneously
another segregated pathway in striatum may
have a high threshold and therefore minimal

information transmission, which could act as a

method of suppressing another behavioural

output. Therefore, neurophysiologically the

basal ganglia is a system whereby segregated
parallel pathways34 are either maximised or

suppressed utilising dopaminergic nigrostriatal
inputs. Given the extensive connections of the

basal ganglia to frontal cortical areas3 35 it is not

surprising that similar characteristics can be

found in the performance of any task, whether

cognitive or motor, which involves decisions

and the control of actions. Parkinson's disease

can therefore be regarded as a disease which

affects all aspects of the patients' behaviour.
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