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Abstract

The basal ganglia are thought to participate in implicit sequence learning. However, the exact nature
of this role has been difficult to determine in light of the conflicting evidence on implicit learning in
subjects with Parkinson’s disease (PD). We examined the performance of PD subjects using a
modified form of the serial reaction time task, which ensured that learning remained implicit. Subjects
with predominantly right-sided symptoms were trained on a 12-element sequence using the right
hand. Although there was no evidence of sequence learning on the basis of response time savings,
the subjects showed knowledge of the sequence when performance was assessed in terms of the
number of errors made. This effect transferred to the left (untrained) hand as well. Thus, these data
demonstrate that PD patients are not impaired at implicitly learning sequential order, but rather at
the translation of sequence knowledge into rapid motor performance. Furthermore, the results suggest
that the basal ganglia are not essential for implicit sequence learning in PD.
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1. Introduction

Implicit learning is characterized by a lack of awareness for the learning process and its content
(cf. Cleeremans, 1993; Reber, 1993). Several investigators have used the serial reaction time
(SRT) task to study implicit motor learning (Nissen and Bullemer, 1987; Willingham et al.,
1989; Keele et al., 1995; Grafton et al., 1998; Willingham et al., 1997, Seidler et al., 2002).
Typically, inthe SRT task subjects respond to one of four illuminated display boxes by pressing
the corresponding button on a keypad. A repeating sequence is presented without the subject
being aware of it. With practice, the subjects show learning of the sequence as evidenced by a
progressively shorter response time (RT) compared to randomly presented stimuli.

The basal ganglia and their cortical projections have been implicated as neural substrates in
implicit learning (Rauch et al., 1997; Doyon et al., 1996; Willingham et al., 2002; Seidler et
al., 2002, 2005). However, inconsistency of impairments observed in patients with Parkinson’s
disease (PD), who have significant dysfunction of the basal ganglia, have raised the issue of
whether these structures play a crucial role in implicit sequence learning or merely modulate
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the expression of the learning. Although some studies have found these patients to have
profound implicit learning deficits (Pascual-Leone et al., 1993; Jackson et al., 1995; Doyon et
al., 1997; Stefanova et al., 2000), others observed either no (Smith et al., 2001) or only mild
to moderate impairments (Pascual-Leone et al., 1993; Sommer et al., 1999; Ferraro et al.,
1993; Shin and Ivry, 2003).

Investigators have studied the factors that could explain these disparate findings. The first issue
is whether the motor deficits in PD somehow preclude the manifestation of motor learning
rather than interfere with the learning itself. This position is supported by the finding that
patients with PD may show evidence of learning in the serial reaction time (SRT) task on the
basis of errors, without a concomitant decrease in RT (Sommer et al., 1999). However, the fact
that neither the degree of cognitive impairment (Ferraro et al., 1993; Stefanova et al., 2000)
nor the clinical stage of the disease (Stefanova et al., 2000) appears to influence the rate or the
magnitude of implicit learning in PD suggests that this overall conclusion is tenuous.

Another factor that may have contributed to the conflicting results was the potentially different
levels of implicit and explicit knowledge acquired by the subjects. For example, many of the
studies used an approach that tended to favor the development of explicit awareness of the
sequence, such as polling the subjects repeatedly on the presence of the sequence (Pascaul-
Leone et al., 1993; Sommer et al., 1999), or using shorter sequence lengths containing
predictable chunks (Shin and Ivry, 2003). Indeed, one study reports that both the PD patients
and the control subjects could recall a substantial proportion of the sequence elements before
completing the study, suggesting that most of the learning was explicit in nature (Sommer et
al., 1999). Therefore, the issue of implicit motor learning in PD remains unresolved. This has
implications for the significance of the role of the basal ganglia in motor learning.

Thus, to address this question we studied patients with PD who had mild to moderate disease
that was primarily unilateral using a variant of the SRT task (Seidler et al., 2002, 2005). We
have found this behavioral task to be associated with a low level of explicit knowledge, and
more importantly, the sequence can be learned under conditions that do not require a change
in performance. This last point ensures we are testing motor learning per se rather than the
motor abilities of the patients with PD. Additionally, we have a good understanding of the
neural bases associated with this task from prior experiments (Seidler et al., 2002, 2005).

Eight PD patients (5 women, 3 men, mean age 57.4 years, SD = 8.0 years) and six age-matched
control subjects (4 women, 2 men, mean age 59.2 years, SD = 7.4 years) volunteered for this
study. PD patients were tested after withholding their morning dose of medication. The subject
characteristics are presented in Table 1. Subjects performed a variant of the serial reaction time
sequence learning task concurrently with a secondary distractor task. Subjects were instructed
to press a key-press device with their fingers in response to stimuli presented on the screen.
There was a separate response button for each finger, excluding the thumb. The subjects were
instructed to press the appropriate button as fast as possible when an “X” appeared in one of
the stimulus boxes. For some trial blocks the stimuli were presented in a repeating fashion and
for others the stimuli were presented in a pseudorandom fashion. Subjects performed a
concurrent distractor task for some of the blocks (Seidler et al., 2002,2005). This task required
subjects to watch a square placed centrally and directly above the other stimuli, and to report
the number of times that a target color appeared. Following a training period with the right
hand, subjects performed both random and sequence test blocks without the distractor, using
either the right or the left hand to make responses.
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On average, the control subjects missed .95 distractor targets per block while the PD patients
missed 1.31. These rates were not significantly different between the two groups (t-test, P =.
49). Both groups recalled less than 40% of the presented sequences, as assessed using a free

recall test for both the right and the left hand at the end of the experiment. Furthermore, recall
rates were not significantly different between the two groups (t-test, P =.58 left hand, P =.45
right hand).

Blocks 1-6 were the sequence encoding phase of the experiment, in which the sequence was
acquired. Blocks 7-9 and 10-12 were the expression phase of the experiment, in which
expression of the previously learned sequence was tested for both the right and the left hands.
The RT data are presented in Fig. 1 for both groups across the course of the study. There was
a significant group x block interaction for RT (F1 11 = 38.0, P <.05). Follow-up contrasts
performed across the sequence encoding phase (blocks 1-6) revealed no effects; that is, there
was no group difference in RT nor any change in RT across blocks during this phase of the
experiment (P >0.10 in both cases). Both subject groups exhibited a drop in RT when going
from blocks 1-6 (with distractor) to blocks 7-12 (without distractor) (F1 1o = 19.8, P<0.01).
There was no difference in RT between the sequence and the random blocks for the PD patients
during the expression of learning phase (repeated contrasts comparing adjacent categories P
>0.10). However, the control subjects showed a significant difference in RT between the
random and the sequence blocks at expression for both hands, supporting the conclusion that
not only did they learn the sequence, but also that they were able to transfer this sequence
knowledge from the right to the left hand (repeated contrasts comparing adjacent categories
resulted in P<0.01 for all sequence versus random comparisons).

Data from the control group of Seidler et al. (2005) are presented in Figure 1 for comparison.
These young adult subjects (n=9) performed random tapping during the “training” period with
the concurrent distractor task, and were then tested for expression of learning. As can be seen,
RT savings (difference in RT between sequence and random blocks at expression, see Table
2) at expression for this group was greatly suppressed in comparison to the control subjects of
the current study. However, the most important aspect of presenting these additional control
data in the current context is to address the potential criticism that subjects in the current study
may have learned the sequence during the single block of trials presented without the distractor.
Therefore, this comparison indicates that subjects in the current study were learning the
sequence during the training period, as opposed to acquiring sequence knowledge during the
expression phase of the study.

The error data are shown in Fig. 2 for both groups. There was a main effect of block on the
error data (F3 19 = 49.3, P <0.01). Follow-up testing without the distractor revealed that the
PD patients exhibited a difference in the number of errors made between the random and
sequence blocks at expression, regardless of which hand was used (repeated contrasts
comparing adjacent categories resulted in P<0.05 for all sequence versus random
comparisons). Likewise, the control subjects demonstrated differences in the number of errors
made between the sequence and random blocks at expression. However, controls did not
necessarily manifest a reduced error rate when the left hand was tested for expression second
after the right hand (repeated contrasts resulted in P>0.10). The right hand when tested first or
second and the left hand when only tested first demonstrated expression of learning (repeated
contrasts comparing adjacent categories resulted in P<0.05). This suggests that transfer did not
occur from the right to the left hand for control subjects when evaluated with this measure,
except when the left hand was tested for expression immediately following the encoding phase.
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3. Discussion

Our data show that subjects with Parkinson’s disease are capable of implicit motor learning,
as measured in terms of errors, and are able to transfer that learning between hands. We had
been motivated to examine the issue of implicit learning in Parkinson’s disease because of the
inconsistency in the results of published studies. In designing the experiment, we were
particularly concerned with two factors that we felt might have contributed to the lack of
uniformity in other data: uncertainty about the extent of explicit knowledge acquired by the
subjects and the difficulty of separating motor performance and learning in this specific
population.

The issue of the extent of explicit knowledge has arisen in many of the studies that have
documented a behavioral improvement in sequence learning tasks. For example, an early study
(Pascual-Leone et al., 1993) demonstrated an improvement in both reaction time and errors
during SRT learning in PD subjects, albeit at a slower rate than controls, while another showed
an improvement in errors despite the lack of a RT change (Sommer et al., 1999). However,
levels of explicit knowledge in the subjects studied varied from 50% to 80% making data on
implicit procedural learning difficult to interpret. In other work documenting an improvement
in reaction time in PD subjects, there was no formal assessment of explicit knowledge (Ferraro
et al., 1993). In an effort to minimize the possibility of acquiring explicit knowledge, we used
a 12-element sequence that was specifically constructed for this purpose (Willingham et al.,
1997). In addition, we employed a variant of the standard SRT task that uses a concomitant
distractor (Seidler et al., 2002, 2005). We have previously shown that this concurrent distractor
suppresses the performance changes that typically occur during learning, without affecting the
learning itself; subjects show a response time advantage for tapping in response to sequential
stimuli as opposed to random stimuli once the distractor task is removed. This response time
savings is greater than the amount seen when subjects perform only random tapping during the
“training” period, indicating that the benefit is not simply acquired during the single sequence
test block (Seidler et al., 2005).

Distractors are known to diminish explicit knowledge (Shanks and Channon, 2002). We
succeeded in reducing the amount of explicit knowledge acquired by the subjects in the current
study. On the basis of probing the subjects after the completion of the training portion of the
study, we showed that both PD and control groups recalled less than 40% of the sequence with
either the left or right hand after the study was completed. Thus despite the low level of explicit
knowledge, we demonstrated that PD subjects did indeed learn the sequence when we used
error rate as an index of learning.

The other factor of concern was ensuring that the design of the experiment did not put undue
emphasis on the inherent motor impairment of the PD subjects. The fact that these subjects
have a primary movement problem may lead to spurious results. For example, some
improvement in performance may be necessary for learning to occur and the inability to move
more quickly may mask learning that had actually occurred. In an effort to address the role of
inherent motor expression difficulties, PD subjects have been tested by using a verbal version
of the SRT task. As in many other studies, the results have not been consistent, with one group
of subjects showing learning (Smith et al., 2001), while in another group there was no effect
(Westwater et al., 1998). Such mixed results across studies, combined with the finding that the
clinical stage of the disease does not seem to influence the rate or the magnitude of implicit
learning in PD (Stefanova et al., 2000), imply that the extent of motor symptoms is not related
to the amount of implicit learning that occurs. Indeed, it has been shown that PD patients are
impaired at implicit learning in nonmotor tasks as well (Knowlton et al., 1996). Nevertheless,
our task makes it possible for subjects to learn without any decrease in RT during the learning
phase (Seidler et al., 2002, 2005).
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We found evidence of learning in the PD subjects, but this was on the basis of errors rather
than RT changes. However, we noted that paradoxically PD patients could improve RT under
some circumstances, such as during both random and sequence blocks after elimination of the
distractor. This response time improvement was non sequence-specific and suggests that in
addition to sequence learning, there was also a more general form of motor learning (stimulus-
response mapping) in our subjects as a result of practice that was capable of being manifested
in response time. The improvement with practice resulted in the PD patients having faster RTs
at the end of the study than the control subjects, which was offset by a greater number of errors
in the patient group, however. Similar speed-accuracy tradeoff differences have been observed
for PD patients performing a comparable task (Kelly et al., 2004).

The other finding of note in the current study was on the transfer of learning. Previous work
has demonstrated that SRT learning is not effector-specific (Keele et al., 1995; Grafton et al.,
1998; Grafton et al., 2002; Willingham et al., 2000; Japikse et al., 2003) and our data would
corroborate this. The control subjects showed transfer of learning between the two hands both
in terms of RT and error, except in the case where the left hand was tested after the right hand,
inducing a delay prior to left hand performance. In this case, inter-manual transfer was not
observed in terms of errors made. It may be that more extensive practice or time is required to
consolidate learning before equal transfer can occur for the pattern of spatial errors. However,
these error data arebased on only three subjects (one half of each group was tested on the right
hand first then the left, the other half tested left hand first then right). Therefore, more extensive
testing would be required before making any firm conclusions about this finding and its
underlying mechanisms. The PD subjects also exhibited transfer of sequence learning from the
right hand, used during training, to the left hand, in terms of the number of errors made. These
data indicate that a sequence-specific decline in RT is not a necessary condition for inter-
manual transfer of implicit learning and that transfer still occurs in basal ganglia disease.

How can we place our findings in the context of what we currently understand about the role
of the basal ganglia in motor learning? Using the same task, we have shown that an assortment
of cortical and subcortical areas, including the basal ganglia, were active during the learning
(Seidler et al., 2002, 2005), but that the cerebellum was the structure engaged primarily in
modulating changes in performance (Seidler et al., 2002). However, though the basal ganglia
may be important in implicit learning, our results suggest that neither the extent nor the
distribution of basal ganglia dysfunction in PD is generally sufficient to impair implicit learning
itself. What is impaired is the ability to translate the learning into a consistent improvement in
response time; though there may also be other specific impairments (see Shin and Ivry,
2003). We propose that what is most often disrupted in Parkinson’s disease is the connection
between the basal ganglia and cerebellum which prevents the normal facilitation of
performance through improvement in response time that one would expect as a result of
learning.

In summary, we have demonstrated that PD patients are able to learn a sequence of actions
under implicit conditions, when learning is assessed in terms of the number of errors made.
While these subjects are not able to express learning by decreasing their response times, they
are able to transfer learning from the trained to the untrained hand. Although PD patients have
been shown to be impaired at other types of procedural learning (Krebs et al., 2001; Laforce
& Doyon, 2001), our findings suggest that the basal ganglia are not sufficiently damaged in
mild to moderate PD to prevent implicit sequence learning, and thus this is not likely to be an
important factor in the manifestation of the motor syndrome associated with the disease.
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4. Experimental Procedure

Subjects

All subjects signed a Human Subjects Committee approved consent form. Subjects from both
groups received a neurological exam and were evaluated by a neurologist using the Unified
Parkinson’s Disease Rating scale (UPDRS, Fahn and Elton, 1987) and the Mini-Mental State
Exam (Folstein et al., 1975).

Experimental setup and procedure

Subjects were seated in front of a computer monitor and were instructed to press a key-press
device with their fingers in response to stimuli presented on the screen. There was a separate
response button for each finger, excluding the thumb. There were four visual stimulus boxes
corresponding to each of the four response buttons. The subjects were instructed to press the
appropriate button as fast as possible when an “X” appeared in one of the stimulus boxes. For
some trial blocks the stimuli were presented in a repeating fashion and for others the stimuli
were presented in a pseudorandom fashion. In the repeating stimulus blocks, subjects were
presented with a 12-element sequence (cf. Willingham et al., 1997). Within these 12 elements,
each of the four possible stimulus locations was presented three times. Furthermore, in order
to prevent explicit awareness of the sequence, it was constrained such that a stimulus could
not be presented twice in a row, there could be no runs of four (e.g., 1234), and there could be
no trills of four (e.g., 2424). If subjects did not respond by pushing the correct button, then the
same stimulus location would be presented again on the next trial. Subjects were not informed
about the presence of the sequence. Each block consisted of 94 trials spaced by a constant inter-
stimulus interval of 1000 ms (for control subjects and 5 PD patients) or 1200 ms (3 PD patients).
Thus, depending on the number of errors made by the subject, each sequence block would
consist of between 7 and 8 repetitions of the sequence. Each time the sequence was repeated,
the presentation would start at another random point within the sequence with the additional
criterion that the other sequence requirements continue to be met. The random blocks were
made up of different 12-element sequences appended together.

Subjects performed a concurrent distractor task for some of the blocks (Seidler et al., 2002,
2005). This task required subjects to watch a square placed centrally and directly above the
other stimuli. The square changed color among four possible colors at a rate of 3 Hz. Subjects
were instructed to watch for a target color and to keep track of the number of times that it
occurred within one block. Following each block the subjects were requested to verbally report
the number of occasions the distractor was observed. This resulted in a rest period between
each block of approximately one minute. The target color was presented between 1% and 3%
of the cases within a block, with the other three colors equally distributed. All subjects
performed the same protocol.

The first 6 blocks were performed with the right hand by all subjects (cf. Fig. 1). The first block
consisted of random stimuli in combination with the distractor task. Blocks 2-5 comprised

sequence blocks performed concurrently with the distractor task. Block 6 was another random
block with the distractor. Blocks 7-12 were performed without the distractor task and consisted
of random, sequence, random, random, sequence, and then random presentations of the stimuli.
Half of the subjects in each group performed blocks 7-9 with the right hand and blocks 10-12
with the left hand. The other half started with the left hand and then switched to the right hand.

Data Analysis

The median response time was computed for each subject for each repetition of the sequence.
Then a mean RT across repetitions was computed for each subject within each block. These
mean values were averaged across subjects for presentation purposes. The acquisition of
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explicit awareness of the sequence was probed at the end of the experiment. Subjects were first
asked whether they had noticed anything about the manner in which the stimuli were presented.
They were then informed that there was a sequential presentation for some of the blocks, and
were asked to perform a free recall of the sequence on the same key-press device as during the
experiment. Rather than responding to a stimulus, however, the stimuli were presented as
feedback each time that they pressed a button. Subjects performed the generate task with both
the right and the left hands, in a counterbalanced order. Subjects reporting greater than five
stimuli (in @ minimum run of 3 elements) correct were considered to have explicit awareness
of the sequence (cf. Willingham et al., 1997).

The RT and error data were analyzed using a group (2) by block (12) repeated measures
ANOVA, with repeated measures on block. Significant interactions were followed up with
planned group x block contrasts. These compared the group difference for the amount of
savings seen upon expression of learning, measured as the difference in RT or error for the
sequence block 8 in comparison to random blocks 7 and 9, and for the sequence block 11
compared to random blocks 10 and 12.
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Figure 1.

The mean and standard deviation response time (RT) is plotted for PD patients (left panel) and
control subjects (right panel) across the experiment. There were no significant changes in RT
across the blocks in which the subjects performed the concurrent distractor task. Both groups
had faster RTs when performing without the distractor. The control subjects showed a
significant response time advantage for both hands when performing sequence versus random
blocks without the distractor. This was not true for the PD patients. *Data for the RAN subject
group were presented in Seidler et al. (2005). These subjects performed random tapping for all
of the blocks during the “learning” phase with the distractor task.
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Figure 2.

The mean and standard deviation error performance is plotted for PD patients (left panel) and
control subjects (right panel) across the experiment. The PD patients showed a significant
performance savings when performing sequence versus random blocks without the distractor.
In contrast, for the control subjects, the right hand when tested first or second and the left hand
when only tested first showed a sequence-specific savings in number of errors.
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Table 1
Subject demographics.
PD Patients Controls
Gender 5F, 3M 4F, 2M
Age (years) 57.4 59.2
UPDRS, right hand 14.6
UPDRS, left rland 7.0
UPDRS, total 48.6 (14.5)
Mini-Mental " 28 29.6
# Errors on distractor task 1.31(.9) .95 (.9)
Right hand recall score 4.4(.9) 3.5(2.1)
Left hand recall score 4.6 (.6) 3.3(2.1)

*
Total possible UPDRS points is 159.

Fk

There is no group difference for distractor task performance.

Fokk

There are no group differences, nor hand effects, for sequence recall score.
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Table 2
Performance savings at expression.
Group Condition RT Savings Error Savings
PD Patients Right hand first 10 ms 35
Right hand second 3ms 34
Left hand first 6 ms 21
Left hand second 15ms 25
Controls Right hand first 21ms 3.2
Right hand second 33ms 2.8
Left hand first 27 ms 15
Left hand second 33ms -0.3
Random practice Right hand 9ms 0.6
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