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Deficits in sequence-specific learning (SSL) may be a product of Parkinson’s
disease (PD) but this deficit could also be related to dopamine replacement. The
purpose of this study was to determine whether dopamine replacement affected
acquisition and retention of a standing Continuous Tracking Task in individuals
with PD. SSL (difference between random/repeated Root Mean Square Error
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across trials) was calculated over 2 days of practice and 1 day of retention for 4
groups; 10 healthy young (HY), 10 healthy elders, 10 individuals with PD on, 9
individuals with PD off their usual dosage of dopamine replacement. Improve-
ments in acquisition were observed for all groups; however, only the HY demon-
strated retention. Therefore, age appeared to have the largest effect on SSL with
no significant effect of medication. Additional research is needed to understand
the influence of factors such as practice amount, task difficulty, and dopamine
replacement status on SSL deficits during postural tasks.

Keywords: implicit sequence-specific learning, aging, acquisition, retention

Parkinson’s disease (PD) is a neurodegenerative disorder associated with
observed motor signs such as, muscular rigidity, bradykinesia, and postural instabil-
ity (Jankovic, 2008). The motor signs are typically minimized through the use of
dopamine-replacement medication acting on the sensorimotor striatum. However,
recent evidence suggests that this treatment may actually be “overdosing” the
associative striatum (Vaillancourt, Schonfeld, Kwak, Bohnen, & Seidler, 2013), a
candidate neuroanatomical correlate for motor sequence learning (Cools, Altami-
rano, & D’Esposito, 2006; Doyon, 2008).

Motor sequence learning refers to the process by which simple or complex
serial movements come to be performed as a single unit of movement after prac-
tice and can be studied via a continuous tracking task (CTT) in which participants
continuously track a visual stimulus through voluntary body movement (Boyd &
Winstein, 2006; Doyon, 2008; Gheysen, Van Opstal, Roggeman, Van Waelvelde,
& Fias, 2010; Nissen & Bullemer, 1987; Wulf, Schmidt, & Deubel, 1993). In the
CTT paradigm, individuals practice a specific sequence without explicit knowledge
that a repeating sequence is embedded within random sequences. Thus, the CTT
is defined as an implicit motor sequence learning paradigm. Typically, individu-
als improve their tracking performance of the repeating sequence across practice;
however, individuals with PD have been observed to have difficulty with this
sequence-specific learning (SSL) compared with age-matched controls (Bischoft-
Grethe, Martin, Mao, & Berns, 2001; Siegert, Taylor, Weatherall, & Abernethy,
2006; Smith & McDowall, 2006; van Asselen et al., 2009).

To date, few studies have reported or controlled for medication state (on or
off) during SSL, with little knowledge about how medication state influences the
process of SSL (Brown et al., 2003; Muslimovic, Post, Speelman, & Schmand, 2007;
Seidler, Noll, & Chintalapati, 2006; van Tilborg & Hulstijn, 2010). Therefore, the
documented SSL deficits in individuals with PD may be attributed to either a relative
‘under dose’ of endogenous dopamine or an overdose of exogenous dopamine. The
primary purpose of this study was to examine motor learning of a specific motor
sequence in individuals with PD and to determine whether dopamine replacement
medication affects implicit learning of this sequence. We hypothesized that regard-
less of age, disease, or medication state, all participants would improve tracking
ability over two days of practice (acquisition), and that these improvements would be
retained 48 hr later (retention). We further hypothesized that SSL deficits would be
more pronounced on medication compared with off medication due to the potential
dopamine overdose in the associative striatum. Although previous studies have used
CTT in which participants track a visual cursor on a screen by moving a joystick
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with their arm while seated, we developed a task in which participants tracked the
cursor by swaying back and forth while standing. Thus, this study incorporated a
potentially salient and relevant motor task for measuring motor sequence learning
in conditions that challenge the postural instability associated with PD (Dibble,
Addison, & Papa, 2009; Foreman, Addison, Kim, & Dibble, 2011).

Methods

Participants

Participants were recruited from within the Department of Neurology at the Uni-
versity of Utah and the community of the greater Salt Lake City area, and provided
informed consent in compliance with the University of Utah Institutional Review
Board. A priori power analyses based on previous skill acquisition research in
individuals with PD (Kwak, Muller, Bohnen, Dayalu, & Seidler, 2010; Muslimovic
et al., 2007; Stephan, Meier, Zaugg, & Kaelin-Lang, 2011; Boyd, et al., 2009;
Siengsukon & Boyd, 2009) compared with age-matched controls or individuals
with PD on and off medication during sequence-specific learning was assessed,
based on the interaction effect size from the ANOVA F statistic of 0.20 suggested
7 subjects per group to achieve power of 0.80 with an alpha of 0.05. To account
for possible attrition, 10 subjects were recruited for each PD group. Inclusion
criteria for PD participants were: a) confirmed idiopathic PD according to the UK
Brain Bank Criteria (Jankovic, 2008); b) Hoehn and Yahr stages 1-2.5 when off
medication (assessed at prescreening); ¢) 50-90 years of age; and, d) on a stable
dosage of dopamine replacement medication for > 6 months. Exclusion criteria
were: a) acute medical problems (e.g., unstable heart disease); b) uncorrected
vision loss; ¢) previous surgical management of PD (e.g., deep brain stimulation);
d) other conditions that affected mobility and balance abilities (e.g., orthopedic,
metabolic, vestibular); and, e) dyskinesias that were disabling for more than 25%
of the day. Participants in the PD on group were asked to take their prescribed
dosage of dopamine replacement medications 1-1.5 hr before each day of testing.
Participants in the PD off group were asked to withdraw from their usual dosage
of levodopa medication 12 hr before each day of practice and retention but were
allowed to stay on their usual dosage of dopamine agonists to minimize the potential
burden on these participants (Pahwa et al., 2006; Reichmann & Emre, 2012). A
group of healthy young (HY, < 40 years of age) and healthy elders (HE) who were
age matched with the PD groups were recruited to act as controls.

Prescreening Assessment of Participants

All participants completed a prescreening assessment to obtain demographic data,
cognitive status, and balance status. This included age, gender, Trails Making Test
(TMT) Part B (Corrigan & Hinkeldey, 1987); Mini Mental State Exam (MMSE;
Folstein, Folstein, & McHugh, 1975); and Berg Balance Scale (BBS; Berg, Maki,
Williams, Holliday, & Wood-Dauphinee, 1992). Additional disease-specific data
were collected in individuals with PD to further characterize the population of
individuals with PD in the study: time since medical diagnosis, the full Unified
Parkinson’s disease Rating Scale (UPDRS) including the sub scores of the UPDRS
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for postural instability/gait disturbance (Lozano et al., 1995) and axial measures
(Burn et al., 2003); Hoehn & Yahr disease state (Hoehn & Yahr, 1967); and their
levodopa equivalent daily doses (LEDD; mg/day; Esselink et al., 2004). The
TMT is a timed cognitive-motor task associated with task shifting and is a reliable
and valid measure of distributed and switching attention and working memory
(Camicioli, Wieler, de Frias, & Martin, 2008; Corrigan & Hinkeldey, 1987). The
MMSE is a clinical assessment tool of cognitive status. The BBS is a reliable (ICC
= 0.94) and validated rating of overall balance and fall probability in individuals
with neurological disabilities (Tyson & Connell, 2009). Individuals with PD were
assessed both off and then on their levodopa medication to determine if they met the
inclusion criteria. Once confirmed, they were then randomized to one of 2 groups
for practicing on or off their usual dosage of levodopa. Non-PD participants were
assigned to control groups based on their age, HY and HE.

Continuous Tracking Task (CTT)

Participants stood on an in-ground force plate (Advanced Medical Technologies
Inc., Watertown, MA) 300 cm from a white wall projection screen. Ground reaction
force and moment data were collected at 200 Hz (Winter, 2005). All participants’
maximal center of pressure (COP) excursion was determined as they shifted their
weight forward and backward as far as they could. The experimental setup is
shown in Figure 1.

Root Mean Square Error

— et Tk

Distance (em)

e Patticipant
Track

Force plate

Tima (sec)

Figure 1 — (A) Individual standing on force plate with the target projected as it crosses
the screen in a sinusoidal fashion. The individual attempts to accurately track they target by
anterior and posterior shifts of their center of pressure. (B) The difference between the target
wave and the participants’ performance was quantified by Root Mean square Error (RMSE).
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Two items were projected onto the screen; 1) a red circle (‘cursor’; 2.0 cm
diameter) corresponding to the location of the participant’s COP position, and 2)
a moving black dot (‘target’; 0.5 cm diameter). The target moved up and down
across the screen in a sinusoidal fashion from left to right, as programmed in
LabView (National Instruments, Corp, Austin, Texas). The target motion was
comprised of repeating and random sequences; both generated using the same
polynomial equation as reported in Wulf & Schmidt (1997; Eq. 1). The repeated
sequences were constructed using the same coefficients for every trial. The
random sequences were created using randomly generated coefficients rang-
ing from 10 to -10. To ensure similarity of difficulty, we implemented several
procedures (Chambaron, Ginhac, Ferrel-Chapus & Perruchet, 2006). First, the
repeated and random sequence slopes were within 20% of each other at the point
of transition, and within 5% of each other on the vertical axis ranges. Secondly,
we calculated the repeated wave velocity (0.63 cm/s) and an average velocity for
each random wave. We set an average velocity minimum (0.50 cm/s) and maximum
(0.65 cm/s ) for the random waves and eliminated random waves with velocities
above and below this range. Lastly, the peak amplitude of all sequences was scaled
for each participant to equal 25% of this maximum COP excursion. Participants
were instructed to continuously track the target, as accurately as possible, with the
motion of their cursor by voluntarily shifting their COP forward and backward. A
spotter was provided for safety purposes.

Practice

One block of practice consisted of 10 CTT trials. Each CTT trial was 45-s in dura-
tion, and consisted of two sequences of target motion (one random and one repeated
sequence presented in random order). During the first 5 s of a trial, the target did
not shift in a sinusoidal fashion to allow the participant to orient to the task. COP
data during these first 5 s were not included in the analysis of performance. A 25-s
standing rest occurred in between every two trials in the block. At the end of each
block, a 5-min rest was provided. Participants performed six blocks (i.e., 60 trials)
each day for two consecutive days (day 1 and day 2). Thus, the acquisition phase
of this study was comprised of 120 total trials, meaning that the participants were
exposed to 120 repeating sequences and 120 random (nonrepeating) sequences.
A one-block retention test occurred 48 hr later (on Day 4). No practice occurred
on Day 3.

Testing of Explicit Knowledge

At the end of the final assessment, participants were interviewed to determine
whether any repetitions had been detected during the course of the experiment. They
were presented with a 10-trial recognition test of the sinusoidal waves to assess for
explicit knowledge of the repeating sequence. Seven of the patterns were random
and three of the patterns were the same repeated pattern that had been consistently
presented in each trial. After each pattern had been presented, participants were
asked if they recognized the pattern as one that they had been practicing during
the training days. A participant’s explicit knowledge of the sequence was defined
as correct if they demonstrated greater than 50% (better than chance) awareness
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of sequence recognition. This criteria was determined if individuals were able to
recognize two of the three repeating sequences AND four of the seven random
sequences.

Primary Dependent Variables for Acquisition and Retention

Performance on the CTT was measured as the root mean square error (RMSE; cm?):
the difference between the target motion and the COP cursor motion. The median
RMSE of each repeated and random sequence was computed then averaged for each
block. To determine whether participants learned the sequence, the mean random
RMSE was subtracted from the mean repeated RMSE. This difference quantified
the amount of sequence-specific learning (SSL), and was compared over the course
of practice. Thus, evidence of SSL was documented as a decrease (less negative)
mean repeated RMSE and less change in mean random RMSE.

The 2 days of acquisition with 12 blocks were divided into four assess-
ments across time, such that an average SSL value was calculated for blocks
1-3 (early day 1); blocks 4-6 (late day 1); blocks 7-9 (early day 2); and blocks
10-12 (late day 2). Retention was measured as a retention score (Siengsukon &
Boyd, 2008), calculated as the difference in mean SSL values between late day 2
(block 10-12) and day 4; and also as a percentage score (Schmidt & Lee, 2005),
calculated as change from the end of acquisition to the retention test divided by
the amount of skill gained from early day 1 to the end of acquisition multiplied by
100. The percentage score reflects the relative amount of SSL retained between
acquisition and retention expressed as a percentage of the skill gained during
acquisition.

Statistical Analyses

Data were analyzed with SPSS version 17.0 (SPSS Inc, Chicago, Illinois). Baseline
demographic, cognitive, balance and disease-specific data were summarized using
point and interval estimators (Blackwelder, 1982). Separate one-way ANOVA’s
determined if there were differences between the groups on performance of
the task, including assessment of their maximal COP excursion and early day
1 performance as measured by their performance on repeated, random and
sequence-specific RMSE values. The assumptions for parametric statistics were
tested (Munro, 2005).

To test the hypothesis of whether dopamine replacement medication affected
the learning of a specific motor sequence in individuals with PD, we compared SSL
values during acquisition and retention phases between all groups with an omnibus
4 x 5 repeated-measures ANOVA. Group (HY vs. HE vs. PD on vs. PD off) was
the between-subject factor and time (early day 1 vs. late day 1 vs. early day 2 vs.
late day 2 vs. day 4) was the within-subject factor (o0 = .05). Post hoc pairwise
comparisons were assessed when warranted by significance and a Bonferroni
adjustment for multiple comparisons was performed. The magnitude of within-
group effect sizes for time was estimated using omega squared (w?) calculations
(Lakens, 2013). The retention scores were analyzed with a one-way ANOVA (HY
vs. HE vs. PD on vs. PD off) based on the retention score. Relative retention was
calculated as a percentage score.
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Results

Participant and Task Characteristics

Thirty-nine adults participated in this study: 10 Healthy Young (HY), 10 Healthy
Elder (HE); 10 participants with PD on their physician-prescribed dosage of
levodopa medication (PD on); and nine participants with PD off their physician-
prescribed dosage of levodopa medication (PD off). One individual in the PD off
group was unable to complete the study due to an intolerance of the off-medication
state. As shown in Table 1, the HE and the PD groups were comparable in age and
balance. A significant difference was noted in the MMSE (p < .03) but not for the
TMT (p = .67). The PD groups demonstrated a significant in time since diagnosis
(p = .02) with the PD off group having a longer diagnosis; however, there was no
difference in disease-specific data; UPDRS and Hoehn and Yahr. In addition, there
were no significant differences for maximal COP excursion or on initial perfor-
mance of sequence-specific early day 1 RMSE (p =.05), but there was a difference
between early day 1 performance on the repeated and random RMSE values (p <
.01) between the groups (Figure 2). The majority of participants did not demonstrate
explicit knowledge of the repeating sequence with none of the individuals stating
with certainty that a single repeating sequence was present.

Analysis of Acquisition

The initial statistical analysis of acquisition using a repeated-measures ANOVA
did not meet the assumption of compound symmetry; thus, results were based on
Greenhouse-Geisser epsilon correction for the within-subject main and interaction
effects. Overall, no significant interaction was observed between group and time
(F=0.76, df = 8.8, p = .65) on SSL values. Main effects of group (F = 14.03, df
=3,p<.01) and time (F =5.19, df = 2.9, p = .01) on SSL values were observed.
However, post hoc analyses showed that 1) only the HY group was significantly
different from the other groups (p < .05) and 2) only early day 1 vs. late day 2
and late day 2 vs. day 4 were significantly different (p < .05). Figure 3 provides a
graphical representation of the overall trend in SSL values between groups and over
the acquisition and retention time periods. Interestingly, the trend from early day 1
to late day 2 resulted from a decrease in error across acquisition, but the significant
results observed for late day 2 to retention are because of an increase in error (see
retention results below). The effect sizes (Omega squared, with percent variance
explained) for each group’s acquisition from early day 1 to late day 2 were the
following: HY = 31%; HE = 13%; PD on = 32%; and PD off = 53%.

Analysis of Retention

Retention scores (i.e., SSL late day 2 minus SSL day 4) were not significantly dif-
ferent between groups (F = 2.19, df = 3, p =.11). Relative retention, (i.e., amount
of SSL retained from acquisition vs. lost) based on the percentage score finds only
the HY group retained ~50% of what they learned over acquisition. In fact, the
HE group lost 430%, the PD on group lost 184% and the PD off group lost 95%.
Overall these results suggest that all groups improved their continuous tracking
task performance during acquisition, but only the HY retained their acquired skill.
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Figure 2 — Baseline performance on Early Day 1 for each group on the repeating and
random sequences based on Root Mean Squared Error (cm?). The Healthy Young (HY)
performed significantly different from the other three groups, Healthy Elder (HE), Parkin-
son on and off medications (PDON, PDOFF, respectively). Error bars are standard error.
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Figure 3 — Performance curve of acquisition and retention trials, with sequence-specific
learning as the dependent variable, assessed with Root Mean Square Error (RMSE, cm?) of
4 groups, Healthy Young, Healthy Elder, Parkinson’s disease on (PD on) their usual dosage
of levodopa and PD off (PD off) their usual dosage of levodopa. The postural continuous
tracking task was practiced for 2 days, with the average of 3 blocks accounting for early and
late times. The difference between the random and repeated values accounts for sequence
specific learning and values less than zero indicate that sequence specific learning occurred.
Increasing values indicates improved performance across time. Error bars are standard error.
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Discussion

The purpose of this study was to examine implicit learning of a postural motor
sequence in individuals with PD and to determine whether dopamine replace-
ment medication affected the learning of this motor sequence. As hypothesized,
all participants improved tracking performance over two days of acquisition,
regardless of age, disease, or medication state (Muslimovic et al., 2007; Stephan
et al., 2011; Tyson & Connell, 2009). Contrary to our hypothesis, however,
participants with PD on or off their medication and their age-matched controls
showed substantial retention loss. We had also hypothesized that we would observe
less motor sequence learning, as measured by acquisition and retention, in partici-
pants with PD on medication compared with off medication, due to the potential
dopamine “overdose”, yet no significant differences due to disease or medication
state were observed.

Because of the lack of sustained change observed at retention, the results of
this study are different from prior sequence-learning studies in PD where indi-
viduals with PD demonstrate continued performance improvement at retention;
even though, their performance generally lags behind controls (Stefanova, Kostic,
Ziropadja, Markovic, & Ocic, 2000; Shin & Ivry, 2003; Jackson, Jackson, Harrison,
Henderson, & Kennard, 1995). The delay in sequence-specific learning (SSL) in
this study may be attributed to two factors: the type of task used and the amount
of practice provided.

The type of task used in this study is unique relative to prior studies because
of its postural demands. To our knowledge, this is the first SSL study in individuals
with PD in which the sequence to be learned was posturally demanding. Because
of the known postural declines associated with aging (Bosek, Grzegorzewski,
Kowalczyk, & Lubinski, 2005) and PD (Blaszczyk & Orawiec, 2011), the postural
demands of the task used in this study may have substantially increased the level of
task difficulty for the HE and PD groups. Although we did not directly measure or
probe for task difficulty, the clear differences in early day 1 performance (Figure
2) between the HY and all other groups suggest, given their level of postural skill,
variations in functional task difficulty were present. When considered in the context
of the Challenge Point Framework model (Guadagnoli & Lee, 2004) these results
suggest that while the functional task difficulty was appropriate for the HY group,
this level of difficulty may have disrupted learning and retention in individuals with
PD (Onla-or & Winstein, 2008). The use of learning tasks with varied effectors
(e.g., postural, upper extremity) in future studies may provide a more thorough
probe of the effects of task difficulty on skill acquisition.

The second yet related factor that may have contributed to our findings is the
amount of practice provided. The dose of CTT practice in this study (120 trials over
2 days) was based on previous studies showing significant acquisition and reten-
tion using 56150 trials of the repeating sequence (Boyd & Winstein, 2006; Shea,
Waulf, Whitacre, & Park, 2001). However, only the healthy young participants’ in
this study demonstrated a plateau in their performance curve (see Day 2, Figure 3)
that reflected consistency in the coordination of the task and stable performance.
This consistency was then partially retained following a period of no practice. In
contrast, none of the PD and HE groups demonstrated a plateau in their learning
curves. This suggests that this practice dosage and duration was insufficient to
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achieve a consistent motor output and stable performance that could be retained.
An alternative approach to studying sequence learning in clinical populations may
be to use practice dose (i.e., number of repetitions or trials, Lang et al. 2009) as the
dependent measure and retention as a probe for determining how many practice
sessions are needed to demonstrate performance stability.

Lastly, the implicit nature of this CTT task may have influenced our results.
Prior research showing a significant effect of medication status on sequence learn-
ing in PD has used a task where participants’ had explicit knowledge of the task
(Kwak et al., 2010). The differences in our data raise the possibility that the type of
memory or cues (implicit vs. explicit) used to drive learning may be differentially
affected by an over-dose of exogenous dopamine within the associative striatum.
When considered with recent research (Vaillancourt et al., 2013; Kwak et al., 2010),
the divergence of the PD on and PD off groups at initial practice and at retention
implies that the dopamine overdose hypothesis requires additional examination with
consideration of the type of memory and how learning is defined (e.g., immediate
postpractice performance, retention, generalization).

Limitations and Implications for Future Research

Although these results suggest that the amount of practice differentially influenced
learning and that dopamine replacement medications may not have a large effect
on postural motor learning in this task, they should be interpreted with caution.
While we characterized the cognitive status of the groups using the MMSE and
the trail making test, these tests provide global measures of cognition and may
not adequately reflect the elements of cognition critical for motor learning. Fac-
tors such as fatigue during task practice and sleep quality between practice days
may have also influenced the results and should be considered in future studies
(Al-Sharman & Siengsukon, 2014; Siengsukon & Boyd, 2008; Verneau, van der
Kamp, Savelsbergh, & de Looze, 2014).

In addition, participant related factors may have contributed to the variability
in our results. First, although the method of dopamine replacement medication
withdrawal used in this study (12 hr withdrawal of levodopa only) was similar to
other studies (Seidler, Tuite, & Ashe, 2007; Tremblay et al., 2010), the withdrawal
duration may have been insufficient. Our use of levodopa equivalent doses for each
participant provides a basis for subsequent comparisons of dopamine dosage effects
on motor learning. Secondly, the inherent variability of PD and the potential that
the varied motor or cognitive phenotypes influenced our results cannot be elimi-
nated (Vandenbossche, Deroost, Soetens, & Kerckhofs, 2009; Vandenbossche et
al., 2013). Future research of larger samples with more detailed characterization
of cognition, motor phenotype, and postural status is warranted.

Conclusions

All groups in this study, regardless of age, Parkinson’s disease, or medication
status, acquired a postural skill as a result of practice; however, only healthy young
participants demonstrated some retention of this skill. The posturally-demanding
implicit task combined with an insufficient practice dosage for the PD and healthy
older groups may account for observed results. Future research is needed to gain
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insight into the influence of factors such as practice dosage and task type and dif-
ficulty on sequence specific learning.
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