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Objective: Tmplicit skill learning is hypothesized to depend on nondeclarative memory that operates
independent of the medial temporal lobe (MTL) memory system and instead depends on cortico striatal
circuits between the basal ganglia and cortical areas supporting motor function and planning. Research
with the Serial Reaction Time (SRT) task suggests that patients with memory disorders due to MTL
damage exhibit normal implicit sequence learning. However, reports of intact learning rely on observa-
tions of no group differences, leading to speculation as to whether implicit sequence learning is fully
intact in these patients. Patients with Parkinson’s disease (PD) often exhibit impaired sequence learning,
but this impairment is not universally observed. Method: Implicit perceptual-motor sequence learning
was examined using the Serial Interception Sequence Learning (SISL) task in patients with amnestic
Mild Cognitive Impairment (MCI; n = 11) and patients with PD (n = 15). Sequence learning in SISL
is resistant to explicit learning and individually adapted task difficulty controls for baseline performance
differences. Results: Patients with MCI exhibited robust sequence learning, equivalent to healthy older
adults (n = 20), supporting the hypothesis that the MTL does not contribute to learning in this task. In
contrast, the majority of patients with PD exhibited no sequence-specific learning in spite of matched
overall task performance. Two patients with PD exhibited performance indicative of an explicit com-
pensatory strategy suggesting that impaired implicit learning may lead to greater reliance on explicit
memory in some individuals. Conclusion: The differences in learning between patient groups provides
strong evidence in favor of implicit sequence learning depending solely on intact basal ganglia function
with no contribution from the MTL memory system.
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learning

The process by which we learn skills through practice depends
materially on implicit learning mechanisms. Performance becomes
increasingly fluid, more accurate, and less effortful, but the exact
information that contributes to this is often outside of awareness.
The neural basis of this kind of learning has been hypothesized to
depend on brain regions outside the medial temporal lobe (MTL)
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memory system since the observation of normal procedural learn-
ing (e.g., rotary pursuit) in the famous amnesic patient H.M.
(Corkin, 1968; Milner, Corkin, & Teuber, 1968). It is probably not
adequate to simply say that all procedural skill learning is intact
following MTL damage (e.g., Beatty et al., 1987), as some explicit
knowledge of the task goals or initial instructions likely contrib-
utes to many forms of complex skill learning. When first attempt-
ing a new complex skill, initial performance likely depends on
conscious, declarative task knowledge that would be impaired by
damage to the MTL memory system. However, once practice is
begun and repeated, further improvements in performance con-
tinue to accrue due to implicit learning within brain regions sup-
porting performance. Practice with a repeating or structured se-
quence of actions leads to learning that produces increasingly
effective and efficient processing and overall improvement in
execution.

The canonical task for examining implicit learning of
perceptual-motor sequencing has been the Serial Reaction Time
(SRT) task. This task was first described by Nissen and Bullemer
(1987) and uses perceptual cues to direct participants through a
repeating sequence of motor responses. Improvements in perfor-
mance are measured through gradually decreasing reaction times
(RTs), and if the underlying sequence of cues is changed, a
disruption in the speed of responding indicates acquired knowl-
edge of the sequence. The SRT task is typically found to be learned
at a normal rate by patients with MTL damage due to Korsakoff’s
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syndrome (Nissen & Bullemer, 1987), anterograde amnesia (Reber
& Squire, 1994), or Alzheimer’s disease (AD; Knopman & Nissen,
1987). In a review of 23 studies of implicit motor-skill learning in
AD (van Halteren-van Tilborg, Scherder, & Hulstijn 2007), con-
sistent learning was found for practiced motor skills trained im-
plicitly. These findings suggested that incidental practice of activ-
ities of daily life could contribute materially to maintenance of
activities of daily life in patients early in the progression of AD by
relying on implicit learning to establish daily habits. However, it
has also been reported that higher-order associations among stim-
ulus elements may be learned more slowly by amnesic patients
(Curran, 1997). In addition, findings of intact learning rely on a
nonsignificant difference between conditions that may mask a
subtle learning deficit (Shanks & St. John, 1994). One of the
challenges of using the SRT task to assess sequence learning is that
reliable learning, even in healthy participants, often produces a
very modest change in reaction time (RT) scores (10-20 ms).
Another is the tendency for healthy participants to acquire some
explicit knowledge of the repeating sequence (e.g., Willingham,
Greely, & Bardone, 1993) that may occasionally contribute to
better performance and make patient group comparisons difficult.
For example, Ferraro, Balota, and Connor (1993) found impaired
learning in early AD; however, their experiment used a paradigm
that can lead to explicit sequence knowledge, making it difficult to
tell if the higher learning scores in nonmemory impaired control
participants was due to a contribution from explicit memory.

Learning during the SRT task has also been studied extensively
with patients with Parkinson’s disease (PD) to test the hypothesis
that their learning is impaired due to PD-associated dysfunction in
the basal ganglia. The overall pattern across studies is that patients
with PD are impaired at sequence learning (see Siegert, Taylor,
Weatherall, & Abernethy, 2006 for a meta-analysis of a number of
related studies), although there is some variability in the findings.
The specific motor demands of the task may affect the success of
sequence learning. For example, Smith, Siegert, McDowall, and
Abernathy (2001) reported unimpaired learning in patients with
PD when the response was made verbally and Werheid, Ziessler,
Natkemper, and von Cramon (2003) reported unimpaired learning
when the associated motor responses were not spatially organized
to be compatible with cues. However, Price and Shin (2009)
reported sequence learning impairments for spatial patterns inci-
dental to response location even though spatial attention was not
impaired. A consistent challenge in this research is that the motor
impairments typically found in PD lead to very slow and variable
RTs, potentially making it difficult to estimate the magnitude of
any learning effects with precision. Even in cases of apparently
unimpaired learning, slow and variable responses may lead to
nonreliable differences between groups that mask a potential im-
pairment. More significant impairments are frequently seen later in
disease progression (Siegert et al., 2006; Stephan, Meier, Zaugg, &
Kaelin-Lang, 2011) which may indicate that sequence learning
deficits become more prevalent and more easily detected in more
impaired patients, although concerns about basic motor perfor-
mance also become more important for these patients.

To examine sequence learning while controlling for differences
in overall level of motor control, we assessed sequence-specific
performance benefits using the Serial Interception Sequence
Learning (SISL) task (Gobel, Sanchez, & Reber, 2011). The SISL
task requires a precisely timed response rather than a maximally

rapid one and the task can be adapted in difficulty to suit individual
participants. Learning during SISL practice depends relatively
selectively on implicit learning and is often detectable in individ-
ual participants, not just group averages (Sanchez, Gobel, & Re-
ber, 2010). After practice with SISL, task performance becomes
increasingly fluid and efficient, which is associated with reduc-
tions in evoked activity in cortical performance networks and may
depend on dopaminergic function in the ventral striatum (Gobel,
Parrish, & Reber, 2011), suggesting that learning in the SISL task
depends on corticostriatal circuits. Learning by patients with PD,
who have basal ganglia dysfunction, was compared with learning
by patients with amnestic Mild Cognitive Impairment (MCI), who
have impaired explicit memory presumed to be due to AD neur-
pathologic changes (Albert et al., 2011) predominantly in the
MTL. Although their explicit memory is impaired, amnestic MCI
patients do not exhibit generalized cognitive deficits that might
interfere with understanding task instructions or goals during train-
ing. Their memory deficits are not as severe as patients with
probable Alzheimer’s disease, but implicit sequence learning with
a relatively rapidly moving task like the SISL has not been previ-
ously examined in patients with MTL dysfunction. In addition, the
covertly embedded 12-item repeating sequence used here requires
learning of higher-order associations among stimulus elements,
which could provide a challenge to these patients. To make the
task as accessible as possible for the patients with PD, the SISL
task was modified so that responses were made with the index,
middle, and ring fingers of the participant’s preferred hand to
allow patients with PD to use the hand with the least expression of
motor symptoms. Based on our hypothesis that implicit sequence
learning depends on cortico-striatal circuits that are impaired in
PD, we predicted that the patients with MCI would exhibit intact
sequence learning and patients with PD would exhibit impaired
sequence learning.

Method

Participants

Twenty cognitively healthy older adults (14 women, six men)
and 13 patients (eight women, five men) with a diagnosis of
probable amnestic Mild Cognitive Impairment (MCI) were re-
cruited from the Cognitive Neurology and Alzheimer’s disease
Center at Northwestern University. All participants are engaged in
longitudinal research involving annual cognitive assessments.
Healthy controls (HC) all scored within normal range on the UDS
neuropsychological battery (Weintraub et al., 2009) supplemented
with more extensive neuropsychological testing. The diagnosis of
amnestic MCI followed current guidelines (Petersen, 2004) and
required a clinical dementia rating of 0 or 0.5 and no deficits in
Activities of Daily Living according to the Functional Assessment
Questionnaire (FAQ); Pfeffer, Kurosaki, Harrah, Chance, & Filos,
1982). Classification of the amnestic subtype without any other
cognitive impairment indicated a score of 1.5 standard deviations
or more below age, gender, and education corrected norms on one
or more tests of declarative memory (not every memory test is
given to every patient; Table 1 reports commonly available
scores). Two MCI patients were subsequently excluded for exhib-
iting signs of motor dysfunction (one had a UPDRS score of 35
and the other had significant difficulties with the motor task
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Table 1

GOBEL ET AL.

Demographic and Neuropsychological Data for Included Participants

Healthy older adults

Patients with MCI

Patients with PD

Mean (SD) Mean (SD) Mean (SD)
Test [Range] [Range] [Range]
Age 71.2 (5.7) 76.0 (8.1) 63.3 (5.7)°
[61-86] [62-91] [55-74]
Years of education 16.5(1.9) 16.1 (3.0) 15.9 (2.5)
[12-20] [12-20] [12-19]
MMSE 29.1 (0.9) 28.3(2.2) n/a
[28-30] [23-30]
WMS-R delayed recall 16.0 (3.9) 8.25 (3.8)* n/a
[10-22] [4-18]
UPDRS 0.9 (1.8) 2.6 (4.2) 33.2 (12.6)°
[0-7] [0-11] [13.5-51]

# Indicates a significant difference (p < .05) between healthy older adults and the patients with MCI.

® Indi-

cates a significant difference (p < .05) between patients with PD and the other two groups.

elements). Seventeen patients diagnosed with mild to moderate
Parkinson’s disease (six women, 11 men; Hoehn-Yahr stages 2.5
or less) were recruited from the Movement Disorders Clinic at
Northwestern University. Neuropsychological evaluation beyond
diagnostic criteria of the Unified Parkinson’s Disease Rating Scale
(UPDRS; Fahn & Elton, 1987) and the Hoehn and Yahr scale (HY;
Hoehn & Yahr, 1967) were not available for these patients. Clinic
patients are only referred for neuropsychological assessment if
there is evidence of cognitive impairment and none of the partic-
ipating patients were judged to need this assessment by the refer-
ring clinicians. All patients with PD were on regular anti-
parkinsonian medications and tested in an ON state. Two PD
patients were unable to complete the training task and were ex-
cluded from further analysis. The study was approved by the
Institutional Review Board at Northwestern University. Written
informed consent was obtained from all participants. Participants
were paid $10/hour for their participation.

Age, education, and relevant neuropsychological characteristics
of included participants are described for all three participant
groups in Table 1. Scores on MMSE and WMS-R delayed memory
were not available for the PD patient group and for one healthy
older adult. UPDRS scores were not available for three of the PD
patients and one healthy older adult.

Materials

The Serial Interception Sequence Learning (SISL) task requires
participants to make a precisely timed motor response to coincide
with a cue (circle) moving through a target zone at the top of a
computer screen (see Figure 1). The SISL task was adapted from
prior research (Sanchez et al., 2010) and simplified to use only
three keys corresponding to three columns in which the cues move
vertically upward. All participants viewed the task via laptop
computer screen and made responses using the index, middle, and
ring fingers of their preferred hand and a wireless keypad placed
comfortably and such that the 1, 2, and 3 keys were spatially
compatible with the left, middle, and right columns, respectively.
As can be seen in Figure 1, multiple cues appear on the screen
simultaneously and participants responded to the highest cue,
timing the key press as the cue moved through the target zone. The

height of the cues and the target zone was 1.96 cm and cues moved
11.8 cm from first appearance to the target zone.

The speed of the moving cues was initially set during a pre-
training assessment consisting of a single moving cue, then two
and three cues in succession. On the first attempt, the cue moved
across the screen at a rate of 7.86 cm/sec (1.5 s travel time) and the
speed was adjusted (by the experimenter) until the participant
could perform the initial practice successfully. During training, the

G

Figure 1. The Serial Interception Sequence Learning (SISL) task. Cues
(filled circles) move vertically up the screen and the participant is asked to
make a precisely timed motor response to coincide with the cue crossing
the target region (dashed circles at the top of the screen). Responses are
made with the participant’s preferred hand on a comfortably placed wire-
less keypad using the keys 1, 2, and 3. In the figure, the participant would
be making the response “3” to coincide with the rightmost cue and
planning to make responses “2” and then “1” as the next cues moved up the
screen. The speed of the task is adaptively adjusted for each individual to
keep participants performing between 75% and 92% correct during train-
ing.
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cue speed continued to be adaptively adjusted to keep performance
in the range of 75%-92% correct. After every 12 trials, if the
participant made correct and well-timed responses to all 12 cues
(100% correct), the speed was increased by 5%. If the participant
made more than three errors (< 75% correct) the speed was
reduced by 5%. The speed remained constant if one to three errors
were made.

Participants were not told that the cues followed a repeating
sequence of 12 items on 80% of the training trials. The embedded
repeating sequence contained each of the three cue locations four
times each without successive locations repeating and was con-
structed as to require identification of third-order conditionals to
predict the next item in the sequence, for example, 3-2—1-2—-1—
3-1-2-3-2-3-1 (each possible trigram subsequence occurs once
within the sequence). In addition, the sequence had a consistent
timing structure with half the intercue intervals being short (ini-
tially 350 ms) and the other half being longer (initially 700 ms).
The intercue intervals were adjusted consistently with the change
in overall speed but the ratio was maintained, providing the ap-
pearance of a slightly slowing or speeding player piano scroll.
Each participant was given a randomly selected repeating se-
quence from a set of 120 possible sequences. Four additional
sequences were set aside to be used as foils for a post-training
recognition test. The remaining sequences that shared neither the
order nor timing structure were introduced as the 20% nonrepeat-
ing trials during training. In every block of 60 trials during train-
ing, the target sequence would repeat four times (48 trials) and a
novel 12-item sequence would be randomly inserted in between
repetitions. Nonrepeating segments were chosen to avoid repeats
in location of consecutive cues and the starting location of the
target sequence was randomly selected after each novel sequence.
The addition of these nonrepeating segments and random starting
locations during training reduces the amount of explicit sequence
knowledge acquired by participants during practice.

Procedure

Participants, who were not informed of the existence of any
sequential structure, first completed a training phase of the task
consisting of 1,440 trials (96 repetitions of the sequence and 24
novel nonrepeating segments) taking approximately 30 minutes.
After every 360 trials, participants were given a short self-timed
break to reduce fatigue. After the fourth break (after 1,440 trials),
participants completed an implicit test of sequence knowledge. No
information about the change in task structure was provided.
During the implicit test, participants completed 12 blocks of 60
items, in which four blocks contained repetitions of the trained
repeating sequence (no nonrepeating segments) and the other eight
blocks contained repetitions of two of the novel foil sequences
(four blocks each). No adaptive adjustments to speed were made
during the test. The key measure of implicit sequence learning was
the difference in overall percentage of correct responses during
performance of the trained and foil sequences during this test.

Following the implicit test, the participants completed two tests
of explicit sequence knowledge. Participants were told that a
repeating sequence was present during the majority of the task they
had just completed and were then shown five sequences in a
recognition test that contained the trained sequence and four foils
(including the two used as foils during the implicit sequence test).

Each sequence was shown in full and the participant then rated on
a scale from 1 to 10 whether they thought it was the trained
sequence. This was followed by a free recall test in which the
participants attempted to produce the trained sequence to the best
of their ability by pressing the response keys. Recognition perfor-
mance was measured as the difference in rating given to the trained
sequence and the average of the four foils. The sequence produced
during the free recall test was compared with the trained sequence
and foils, and the longest matching subsequence was identified.
Successful recall would lead to producing a sequence that matched
the trained sequence better than the foils.

Results

The primary measure of sequence-specific learning was the
difference in performance between the trained sequence and foils
on the implicit test following training. During the test, two healthy
older adults and two patients with PD exhibited unusually low
levels of overall performance. The patients with PD will be con-
sidered separately below due to being atypical in performance on
a number of measures. The two healthy controls were eliminated
from further analysis because their task performance level of less
than 60% correct indicated either fatigue or noncompliance with
task instructions.’

Performance on the implicit learning test is shown in Figure
2A for the three groups of participants. The healthy older adults
and the patients with MCI both exhibited reliably higher rates
of performance during the test when the cues followed the
trained sequence than during the blocks containing the unprac-
ticed foil sequences. The healthy older adults exhibited a sig-
nificant mean sequence-specific performance advantage for the
trained sequence of 4.8% correct (SE = 2.1%), t(17) = 2.32,p =
.03. The patients with MCI exhibited a significant mean sequence-
specific advantage of 7.5% (SE = 1.6%), 1(10) = 4.68, p < .001.
In contrast, although the majority of the patients with PD were able
to perform the task in the target range, these patients exhibited no
advantage during blocks in which the cues followed the practiced
sequence compared with the foils. The average sequence-specific
performance advantage for the patients with PD was 1.2% (SE =
1.4%), 1(12) = 0.91.

Although the patients with PD did not exhibit significant knowl-
edge of the trained sequence, the sequence-specific performance
advantage only marginally differed across the three groups, F(2,
39) = 2.5, p < .10. However, across the 39 participants with
UPDRS measures, the individual learning score was found to
correlate reliably with UPDRS score, r = —.36, p = .02, indicat-
ing that sequence-specific learning was impaired as evidence of
PD symptoms increased. In addition, a 2 X 2 ANOVA restricted
to just the MCI and PD groups (sequence Type X Group) found a
reliable interaction, F(1, 22) = 9.04, p < .01, n2 = .29, reflecting
a smaller sequence performance difference for the patients with
PD (i.e., no advantage for the trained sequence) compared with the
patients with MCI. The fact that the contrast between the two
patient groups without the healthy control group shows a more

! Both of these participants performed particularly poorly on the test
blocks overall but actually exhibited greater apparent sequence learning
than the average for the group. However, the particularly low performance
rates suggest that this estimate of sequence learning may not be reliable.
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(A) Performance during the implicit test of sequence knowledge following training. The task speed

was no longer adjusted adaptively but maintained at the same speed at which participants had been performing
between 75% and 92% correct at the end of training. The test contained randomly ordered blocks of the trained
sequence and two repeating but unfamiliar foil sequences. SISL task performance during the foils dropped signifi-
cantly for health older adults (HC) and patients with MCI, reflecting the fact that they had acquired sequence-specific
knowledge of the trained sequence. In contrast, the patients with PD performed at a high and equal rate for both the
trained and foil sequences. (B) Cue speed at the end of training and during the implicit test. In order to perform the
task in the target range, patients with PD required the cues to be moving at a slower rate than the healthy older adults,
reflecting their motor impairment. The patients with MCI required an intermediate speed to achieve the target

performance rate.

robust dissociation suggests that there was more variability in
sequence learning in the healthy controls than in the patients with
MCI.

The adaptive administration of the SISL task means that the cue
speed was adjusted to keep performance during the repeating
sequence at around 85% correct. For this reason, on the test when
the foil sequences are introduced, the sequence-specific learning
advantage will be expressed as a decrease in the percentage of
correct responses (i.e., an increase in errors). This has the advan-
tage of controlling for task performance characteristics so that
learning can be assessed. General task performance level is shown
by the cue speed that was used to produce task performance in the
75%-92% range at the end of training and during the implicit test
(Figure 2B) and varied reliably across groups F(2,39) = 4.48,p <
.02. Post hoc group comparisons indicated that patients with PD
required the cues to be moving at a slower rate than the healthy
older adults in order to perform the SISL task, #29) = 3.35,p =
0l.

On the explicit sequence knowledge tests following the implicit
test, all groups exhibited very little recognition or recall of the
trained sequence. For the recognition test, sequence knowledge
was measured as the difference between the rating (1-10) given to
the trained sequence and the mean rating given to the four un-
trained foils. The healthy older adults had an average recognition
score of —0.68 (SE = 0.6), indicating very slightly higher ratings
(but not significantly) of familiarity given to the foils over the
trained sequence. The patients with MCI had average recognition
scores of —0.09 (SE = 0.7), likewise exhibiting essentially no
recognition of the sequence. The patients with PD had an average
recognition score of 0.44 (SE = 0.41) and similarly exhibited no
reliable evidence of sequence recognition, #(10) = 1.08, p = .30.
Given the lack of recognition on this relatively sensitive test, it was
not surprising that the sequences produced during the attempt to
explicitly recall the sequence tended to match the foils as well as
the targets (M = 5.6 and 5.5 items, respectively) with no hint of a
difference between groups, F(2, 39) = 0.25.

Atypical Patients With PD

Two of the patients with PD exhibited a pattern of perfor-
mance on the implicit and explicit tests that was clearly differ-
ent from the rest of the group. Both of these patients exhibited
extremely low performance during the foil blocks on the im-
plicit test that was due to high rates of nonresponding to cues
(23% and 12% missed trials compared with the average rate of
missing trials of 4.2%). In addition, these patients had two of
the highest recognition scores in this group, rating the target
sequence at 8 and 10 (of 10) in familiarity and the foils at an
average of 3.75 and 6.25, thus giving them the second and third
highest scores among all participants. These two patients were
also performing the task at the fastest speed among all the
patients with PD (9.2 and 9.0 cm/sec, compared with an average
of 5.3 cm/sec for all others). Low task performance at test is
often a signal of noncompliance or fatigue (e.g., in healthy
young participants), but for these patients it appears to reflect
the adoption of an explicit strategy to perform the SISL task
that led to effective performance for the repeating sequence but
led to very poor performance during the blocks that did not
contain the repeating sequence (2/3 of the implicit test). Be-
cause of their knowledge of the trained sequence, they may
have made less effort to respond when the cue sequence
changed or had difficulty keeping up with the rapidly moving
task (which was quite rapid because the speed had been ad-
justed to match their good performance during the trained
sequence) due to the fact that the cues did not follow the
consciously expected sequence. Of note, this type of perfor-
mance was not observed to occur with any of the amnestic MCI
patients who showed consistent responding and a consistent
small performance advantage for the trained sequence. These
two patients were not obviously different from the other pa-
tients with PD by available demographical or diagnostic data
(age: 65, 67; disease duration 5, 10 years; UPDRS 28, n/a;
Hoehn & Yahr stage: 2.0, 2.0).
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Discussion

Healthy older adults and patients with MCI exhibited similarly
robust levels of learning of the embedded repeating sequence
during SISL task performance. This finding reinforces previous
findings of intact perceptual-motor sequence learning in patients
with memory impairments associated with damage to the MTL
using the SRT task (Nissen & Bullemer, 1987; Reber & Squire,
1994; Reber & Squire, 1998). The current results extend this
finding to the SISL task, which requires relatively rapid and
precisely timed responses to moving cues. In this study, learning
the sequential structure of the responses required learning higher-
order associations and patients with MCI showed no evidence of a
deficit in high-order associations (in contrast to Curran, 1997). The
SISL task produces relatively more robust learning in individual
participants and low levels of explicit sequence knowledge (San-
chez et al., 2010) likely due to the need to continuously attend to
and prepare for responding to the next cue. The relative absence of
explicit knowledge in the healthy older adults may further support
the finding that the patients with MCI exhibited no hint of impair-
ment and in fact, exhibited numerically superior sequence-specific
learning. Although the memory disruption associated with MCI is
relatively milder than the dense anterograde amnesia observed in
probable AD or following MTL damage, the patients with MCI
tested here were quite significantly impaired on standard assess-
ments of memory (WMS-R delayed story recall) with no apparent
effect on their implicit learning.

The learning performance of patients with PD was more com-
plex. The lack of sequence-specific learning exhibited by the
majority of the patients with PD supports our hypothesis that
implicit perceptual-motor sequence learning depends on corticos-
triatal circuits between the basal ganglia and motor cortical re-
gions. Our hypothesized basis of sequence learning is consistent
with other findings (e.g., Wilkinson, Khan, & Jahanshahi, 2009)
but it should be noted that we cannot rule out the possibility of
another element of cognitive dysfunction in the patients here due
to the absence of a comprehensive neuropsychological screening
battery. Goldman and Litvan (2011) have reported fairly high rates
of MCI in patients with PD, and although our amnestic MCI
patients exhibited strong learning, it is possible the patients with
PD had an undetected cognitive deficit affecting learning. It is
clearly the case that dysfunction associated with PD affects se-
quence learning, although amnestic MCI does not, but the precise
neural basis of the deficit observed in PD may depend on a better
understanding of exactly how the progression of PD affects cog-
nition.

In general, patients with PD have been previously found to be
impaired when sequence learning was assessed with the SRT task
(Siegert et al., 2006). It is notable that the variability in perfor-
mance meant that this deficit is most clearly seen in a meta-
analysis across six studies and in particular when disease severity
is considered. We found that the degree of impairment was cor-
related with UPDRS measures, consistent with other analyses of
this type (Stephan et al., 2011). One of the challenges of assessing
sequence learning with the SRT task in patients with PD is that the
overall slowing in RT by these patients produces high variability in
estimates of performance and learning. This variability can make
it difficult to statistically detect learning impairments. Here, by
using the SISL task, which does not depend on variable RT

measures, we observed good task performance and a general lack
of sequence-specific learning in patients who had early stage and
fairly mild PD. By individually adapting the speed of the task, the
overall task performance of the patients with PD was brought into
the same range as the healthy controls and patients with MCI, so
that sequence-specific learning could be directly compared across
groups. However, the performance of the two atypical patients
indicates that it cannot simply be concluded that patients with PD
are always impaired at all forms of sequence learning. These
patients acquired some sequence knowledge and although the
interpretation of their performance is necessarily speculative, they
appear to have succeeded at the task by relying on a more explicit
approach. These patients may have been able to guide their se-
quential motor responses explicitly, or found a strategy by which
their explicit memory could support implicit learning allowing
them to compensate for an implicit learning deficit.

Compensatory explicit learning in patients with PD has been
reported previously in studies of probabilistic classification learn-
ing. In that task, patients with PD were initially reported to be
impaired at early learning but not late learning (Knowlton, Man-
gels, & Squire, 1996), apparently because they became able to
employ explicit strategies to support task performance. Subsequent
findings reported evidence of learning in some patients with PD
and a neuroimaging study suggested that patients with PD suc-
ceeded at learning by relying more on their intact MTL memory
system (Moody, Bookheimer, Vanek, & Knowlton, 2004). A sim-
ilar effect may occur in some sequence learning tasks as well.
Carbon, Reetz, Chilardi, Dawan, and Eidelberg (2010) assessed
changes in neural activity longitudinally in patients with PD and
found that patients who achieved good learning performance
tended to exhibit increased activity in MTL regions that appeared
to compensate for reductions in evoked activity in parietal and
temporo-occipital areas.

In the current study, the majority of patients with PD did not
exhibit evidence of explicit sequence knowledge via some com-
pensatory mechanism. Wilkinson et al. (2009) found impaired
sequence learning in both implicit and explicit conditions in PD
and it may be that spontaneous use of explicit strategies only
occurs for some patients with PD. The patients with PD required
the SISL task to be administered at a slower rate than healthy
controls, but at this rate were still able to perform the task at
around 85% correct. However, no advantage for the trained se-
quence was seen, suggesting that the disruption in basal ganglia
function associated with dopaminergic cell loss in PD led to a
significant impairment in sequence learning. Although a number of
studies have also found impaired sequence learning in patients
with PD (Siegert et al., 2006), Price and Shin (2009) found
unimpaired sequence learning in mild PD. And although the lack
of a difference between patients and controls might reflect vari-
ability in responses, Muslimovic, Post, Speelman, and Schmand
(2007) also found that early-stage PD patients were not reliably
impaired at sequence learning: never-medicated patients with PD
exhibited no evidence of impairment and performed with a normal
range of RTs. Although this could be due to disease severity
(milder in these patients), this finding raises the intriguing possi-
bility that the sequence-specific learning impairment could be
related to dopamine replacement therapy. Impairments observed in
sequence learning for patients with PD here should not be due to
the absence of systemic dopamine, as all the patients were opti-
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mally medicated with dopamine replacement or agonist therapy.
However, increases in basal dopamine levels via medication may
not allow for the proper phasic dopaminergic signaling that we
believe to be critical for implicit perceptual-motor sequence learn-
ing.

Conclusion

Healthy older adults and patients with explicit memory impair-
ments associated with MCI exhibited similarly robust levels of
sequence-specific learning in the SISL implicit perceptual-motor
skill learning task. This result extends the previous findings of
intact implicit perceptual-motor sequence learning in memory-
disordered patients to tasks requiring the sequencing of precisely
timed responses to a moving cue. In addition, the statistical struc-
ture of the repeating sequence required higher-order associations
to be learned among sequence elements but this did not impair the
learning in patients with MCI. In contrast, the majority of patients
with PD exhibited no sequence-specific learning although they
were able to perform the task at the same overall accuracy level in
general (with a slower overall task speed). The lack of learning by
patients with PD supports the hypothesis that this form of implicit
learning depends critically on intact function in corticostriatal
circuits between the basal ganglia and perceptual and motor plan-
ning areas of cortex. Two of the patients with PD exhibited an
atypical behavioral profile that suggests a strategy based on using
explicit sequence knowledge to compensate for their impaired
implicit learning. The ability to clearly dissociate implicit and
explicit learning in the patient groups is facilitated by the SISL
task, which leads to robust implicit learning in most cognitively
healthy and memory-disordered individuals and high general lev-
els of performance due to the individually adjusted task difficulty.
Intact implicit learning in memory-disordered patients together
with impaired sequence-specific learning in patients with PD sup-
ports the hypothesis that perceptual-motor skill learning depends
materially on intact function in the basal ganglia but not on the
medial temporal lobe.
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