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Abstract.
Background: Deficits in motor learning could be an important explanation for the balance and gait impairments characteristic
of people with Parkinson’s disease (PD). Empirical studies often report that so-called implicit motor sequence learning is
impaired in people with PD, but the results are inconclusive. Altered brain activity during implicit motor sequence learning
has also been reported for people with PD in comparison to healthy individuals.
Objective: To investigate implicit motor sequence learning and associated neural correlates in individuals with mild to
moderate PD.
Methods: Fifty-seven participants with PD and 34 healthy participants, all ≥60 years of age, performed the serial reaction
time task (SRTT) during the acquisition of functional magnetic resonance imaging (fMRI) data. We analyzed the SRTT as a
measure of implicit motor sequence learning in two complementary ways. We analyzed the task-induced fMRI data within
regions of interest (ROIs) as well as functional connectivity between ROIs.
Results: We found a significant group difference in SRTT performance indicating that the participants with PD had a
somewhat lower level of implicit motor sequence learning than the healthy participants. Exploratory analyses suggested that
impairments in implicit motor sequence learning for people with PD might be due to a lower learning rate. We did not find
any significant group differences in the fMRI data.
Conclusion: Our exploratory finding of a lower implicit motor learning rate in PD could have important implications for
how people with PD should practice new motor tasks and physical exercise. Future studies need to confirm this finding with
hypothesis-driven analyses.
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INTRODUCTION

Learning processes can be both explicit (with
awareness) and implicit (less or no awareness) [1,
2]. Implicit sequence learning is the ability to learn
a series of stimuli without being able to explic-
itly access the information learned while often also
unaware that the learning took place. This type
of learning is considered important for acquiring,
performing, and adapting motor skills [1, 2]. Impair-
ments in motor abilities are a core symptom in
people with Parkinson’s disease (PD), and these could
partly be the result of impairments in implicit motor
sequence learning [3]. Empirical findings indicate
an impairment in implicit motor sequence learning
in people with PD but the results are still incon-
clusive [4]. Motor abilities including implicit motor
sequence learning involve the striatum that is nega-
tively affected in people with PD [4, 5].

A model for motor learning (including implicit
motor sequence learning) and its neural correlates
was proposed by Doyon and Benali [6]. The model
describes implicit motor learning as dependent on
a cortico-striatal system and a cortico-cerebellar
system. The cortico-striatal system is suggested
to become more active when the implicit motor
sequence learning increases and approaches a con-
solidation phase. Because the striatum and thereby
presumably the cortico-striatal system is negatively
affected in people with PD, Doyon [7] suggested that
the cerebellum and possibly other brain regions and
systems would be more active in people with PD
than in healthy individuals, during implicit motor
sequence learning. Empirical studies of implicit
motor sequence learning in people with PD have
reported different activity patterns in the striatum, the
cerebellum, the hippocampus, and the dorsolateral
prefrontal cortex (DLPFC) as compared to healthy
individuals, but the results are inconsistent over the
studies [8–10].

As many studies of implicit motor sequence learn-
ing in PD [4], we choose to use the so-called serial
reaction time task (SRTT). An important benefit of
the SRTT is that it requires actual movement (finger
movement) but is still unlikely to induce large head
movements with detrimental effects for fMRI data.
Previous studies of implicit motor sequence learning
in PD have often used small samples and sometimes
included people with PD with different medication
states (ON/OFF). Studies have also included par-
ticipants with a wide range of symptom severity
even though implicit motor sequence learning might

deteriorate over disease progression in people with
PD [8–10]. These study characteristics could partly
explain the inconclusive results for both the behav-
ioral outcomes, i.e., whether people with PD have
impaired implicit learning, and the neural correlates.

In the present study, we will compare implicit
motor sequence learning in people with mild to mod-
erate PD to healthy individuals of a similar age. That
our sample is restricted to people with mild to mod-
erate PD is a strength as it will reduce the effect of
symptom severity as a potential confounder of our
results. We will also take into account that any learn-
ing is a process over time and that people with PD
might have a lower motor learning rate than healthy
individuals [3]. To this end, we will test the hypoth-
esis that people with mild to moderate PD have a
lower level of implicit motor sequence learning than
healthy participants. Additionally, we will investigate
whether people with mild to moderate PD have a
different brain activity than healthy individuals, as
measured by functional MRI (fMRI) during implicit
sequence learning. In line with the model by Doyon
and Benali [6], we also want to test the hypotheses
that people with mild to moderate PD have a differ-
ent functional connectivity than healthy individuals,
as measured by fMRI during implicit sequence learn-
ing. Finally, we will explore whether the learning
process and the associated neural correlates differ
for the two groups. Our analysis plan for this study
was preregistered on the Open Science Framework
(https://osf.io/abprn/).

MATERIALS AND METHODS

Participants

In this cross-sectional study, 57 individuals with
mild to moderate PD and 34 healthy individuals, all
≥60 years old, were included from a subsample of the
EXercise in PArkinson’s disease and Neuroplastic-
ity project (EXPANd) [11–13]. All participants with
PD had a documented diagnosis of idiopathic PD as
assessed by their neurologist. The EXPANd project
consisted of a randomized controlled trial (RCT) with
pre- and post-assessments for people with PD as well
as assessments of healthy controls. In the present
study, only the pre-assessment data for the partic-
ipants with PD was used and the healthy controls
were assessed parallel to the pre-assessments of the
RCT. This means that there were no differences in the
exposure to either the situation or the task between

https://osf.io/abprn/
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the participants with PD and the healthy controls for
the data used for the present analyses.

Inclusion criteria for the individuals with PD were:
a diagnosis of idiopathic PD with mild to moder-
ate severity defined as Stage 2 or 3 on the Hoehn
& Yahr scale [14], age ≥60 years, a score ≥21 on the
Montreal Cognitive Assessment (MoCA) [15], and
no disease or symptom, over and above PD, that could
significantly affect balance or gait. More details on
the inclusion/exclusion criteria for individuals with
PD can be found in Franzén et al. [12]. Inclusion cri-
teria for the healthy controls were age ≥60 years, a
MoCA score ≥23, and no disease or symptom that
could significantly affect balance or gait. The cut-off
of ≥23 on MoCA for the healthy controls was cho-
sen as a previous study reported this cut-off value
to show excellent sensitivity and specificity for mild
cognitive impairment in a sample of healthy older
adults [16]. The lower MoCA cut-off of ≥21 for the
participants with PD was chosen to recruit a represen-
tative sample of the PD population where cognitive
deficits are common in people with PD already in
the mild to moderate stages [17]. The participants
with PD were tested in the ON state of dopamin-
ergic medication as we were interested in implicit
motor learning in daily life when most people with PD
are on medication. There was no fixed time for test-
ing in relation to the last medication intake because
as is common in the research field [10, 18–20], the
participants differed in the type of dopaminergic med-
ication used and thereby in the medications’ duration
of action. The participants were reminded to take
their medication according to their daily schedule to
reduce the risk that they would perform the SRTT
with suboptimal levels of medication. The groups
did not statistically differ from each other for any
of the baseline outcomes (tested with independent
t-tests and chi-squared tests). See Table 1 for more
baseline characteristics.

Ninety-five participants with PD were included in
the EXPANd trial, of these 14 participants were not
able to perform our task of implicit motor sequence
learning inside the MRI scanner and had to be
excluded from the present study and one participant
was excluded due to technical issues. Based on pre-
defined inclusion criteria specific to this study (see
https://osf.io/abprn/), we excluded three participants
with PD due to excessive movement during fMRI,
16 participants with PD and one healthy participant
because they had less than 70% correct trials on the
SRTT performed during fMRI, and lastly four of the
participants with PD and four of the healthy partici-

pants because the showed signs of awareness of the
sequence. This left 57 people with PD and 34 healthy
individuals for the analyses.

Procedure

We used the SRTT as a measure of implicit motor
sequence learning [21]. The SRTT was performed
during fMRI. The task was presented on a computer
screen behind the scanner and a mirror inside the
scanner head coil enabled the participants to view
the task. Two response pads were placed on the par-
ticipant’s lap. The total time inside the scanner was
approximately 40 min. The SRTT was 9 min long and
presented as the first MR sequence after an initial
brief sequence to set up the scanner. The participants
practiced a simplified version of the SRTT before they
entered the scanner. This training ended when the par-
ticipant achieved 80% accuracy or after a maximum
of three rounds consisting of 40 trials each.

The healthy participants received two cinema
vouchers after participation while the participants
with PD participated as part of the RCT where
they attended interventions aimed to ameliorate PD-
related symptoms. After providing oral and written
study information, written consent was obtained
from all participants. The study was approved by
the Regional Research Ethics Board of Stockholm
(2016/1264–31/4 with amendments).

Acquirement of the fMRI data

Indirect measures of brain activity were acquired
by fMRI and the blood-oxygen-level-dependent
(BOLD) signal. A 3T Phillips Ingenia scanner
with a 15-channel head coil with the follow-
ing parameters was used: repetition/echo time
(TR/TE) = 2085/35 ms, flip angle = 75◦, voxel-
size: 3.5 × 3.5 × 3.5 mm, the field of view:
224 × 224 × 140, 265 slices in ascending order.

Task design

The SRTT was presented in PsychoPy (version
1.85.4). Four white circles on a horizontal line were
shown on a black screen and each circle’s position
corresponded to one of the four buttons of the two
response pads (Fig. 1). Every 1.2 s, one of the circles
turned grey and the participant was to press the cor-
responding button as quickly as possible. They used
the index and middle fingers of both hands and two
two-button response pads, one for each hand.

https://osf.io/abprn/
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Table 1
Baseline characteristics of the participants with Parkinson’s disease (PD) and the healthy controls (HC)

Outcomes PD (n = 57) HC (n = 34) p

Age (y)† 70.6 (6) 69.9 (4.8) 0.57
Male‖ 34 (59.6%) 23 (67.6%) 0.59
Years of education† 15.2 (3.2) 15.8 (4) 0.44
Cohabiting† 45 (78.9%) 24 (70.6%) 0.24
Montreal Cognitive Assessment score† 26.4 (2.3) 26.6 (1.9) 0.56
Disease duration, years since diagnosis‡ 3 (6) n.a.
Movement Disorders Society-Unified Parkinson’s 30.1 (9.6) n.a.
Disease Rating Scale-III score†
Movement Disorders Society-Unified Parkinson’s 48.8 (15.5) n.a.
Disease Rating Scale-Total score†
Hoehn and Yahr 2‖ 44 (77.2%) n.a.
Hoehn and Yahr 3‖ 13 (22.8%) n.a.
On dopaminergic therapy‖ 55 (96.5%) n.a.
Levodopa equivalent daily dose (mg)‡ 500 (360) n.a.
Levodopa‖ 49 (86%) n.a.
Dopamine agonists‖ 24 (42.1%) n.a.
COMT inhibitors‖ 8 (14%) n.a.
MAO-B inhibitors‖ 15 (26.3%) n.a.

†mean (sd), ‖n (%), ‡median (iqr), n.a., not applicable.

The SRTT consisted of 10 blocks of 40 trials each,
and all blocks were followed by a 6-s break. Unbe-
knownst to the participants, in 6 of the 10 blocks,
the trials followed a 10-item higher (second) order
sequence (1 3 1 2 4 3 2 4 1 3), which from here on
are referred to as sequence blocks. The participants
were exposed to the sequence four times per sequence
block and 24 times in total. The remaining four blocks
consisted of trials presented in a random order with
the constraint that a trial could not be the same as the
directly preceding trial. These blocks will from here
on be referred to as random blocks. The simplified
SRTT practiced outside the scanner consisted solely
of trials in random order.

Our hypotheses were investigated where all ten
blocks, i.e., all trials of the SRTT were included in
the analyses. However, because the SRTT measures
a learning process, we also wanted to explore whether
the behavioral outcomes and the neural correlates
changed over the different phases of the learning pro-
cess. To enable these analyses, we divided the SRTT
into three parts. Part 1 consisted of the random blocks
1 and 4 and the sequence blocks 2 and 3, part 2 con-
sisted of the random blocks 4 and 7 and the sequence
blocks 5 and 6 and part 3 consisted of the random
blocks 7 and 10 and the sequence blocks 8 and 9.

To assess whether any of the participants had
achieved explicit knowledge of the sequence, which
would lead to exclusion of their data, they were asked
to fill out a questionnaire on whether they thought
the trials in the SRTT followed a pattern. The healthy
participants did this after their only scanning session

while the participants with PD answered the ques-
tionnaire after their second scanning session. This
difference in the procedure was necessary as the par-
ticipants with PD could not be asked about patterns
in the task at their pre-intervention assessment as
that would have made them aware of the presence
of a hidden sequence during their post-intervention
assessment. It was also necessary to use a differ-
ent sequence (with the same characteristics) at the
post-intervention assessment to avoid measuring the
participants’ memory of the hidden sequence rather
than the ability to learn implicitly. If the participants
reported any notion of a pattern, they were asked to
reproduce this pattern on a sheet of paper where the
first trial of the sequence was given. The participants
who reported that they knew the sequence and the
participants who correctly reproduced ≥4 consecu-
tive trials of the sequence were excluded from the
analyses. Additionally, we scored the responses on
the questionnaire for a more detailed report on their
awareness of the sequence (see the Supplementary
Material).

Statistical analyses

The reaction time analyses of the SRTT
We used the differences in reaction time (RT)

between the sequence and random trials as the indi-
cator of implicit learning. Only RTs from correct
responses were included in the analyses. Non-
responses were coded as incorrect responses and were
included in the analyses as missing values to keep the
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Fig. 1. The Serial Reaction Time Task. Showing the order of the random (R) and sequence (S) blocks and the partitioning of blocks into the
three parts.

same number of trials for all participants. Responses
with an RT <100 ms were excluded (and coded as
missing values) as 100 ms has been reported to be the
minimum time for physiological processes such as
the perception of stimuli [22].

A multilevel model (MLM) was used to assess
group differences in implicit learning using the pre-
dictors trial number, block type, group and the
interaction of block type and group. The primary out-
come of this analysis (i.e., of the SRTT outcome)
was the interaction effect of group (PD/healthy) and
block type (random/sequence block). A random inter-

cept was used but the model did not converge with
a random slope. A gamma distribution was assumed
based on evaluations of the residuals. Because some
of the participants could only perform the SRTT out-
side the scanner, we performed a sensitivity MLM
analysis including all participants who had performed
the SRTT either inside or outside the scanner (n = 102,
accuracy ≥70% and no signs of awareness). We also
calculated the median and IQR of RT per group
and part of the SRTT. Additionally, we performed
descriptive analyses investigating the correlation of
the SRTT performance with the levodopa equivalent
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daily dose (mg) as well as the effect of Hoehn & Yahr
stage on the SRTT performance. The software R 3.6.2
was used for the analyses.

Analyses of the fMRI data

Initial quality control of the MRI data was done
using MRIQC and the preprocessing was done using
fMRIPrep [23, 24]. Ninety-one participants had fMRI
data of sufficient quality (see Supplementary Mate-
rial for details). We did two main types of analyses
of the fMRI data: 1) we investigated the activ-
ity within regions of interest (ROI) (from here on
called within-regions analyses) and 2) we inves-
tigated the functional connectivity between ROIs
(from here on referred to as analyses of functional
connectivity).

The first and second-level analyses of the within-
region analyses were performed in SPM 12 (version
7765) [25] while the first and second-level anal-
yses of functional connectivity were performed in
the CONN 20b toolbox [26]. For the analyses of
functional connectivity, the pre-processed data was
denoised before the first-level analyses. We used the
default denoise method in the CONN 20b toolbox for
data pre-processed with fmriPrep and applied a high
pass filter of 0.008 Hz but no low pass filter, as rec-
ommended for task data. For both the within-region
analyses and the analyses of functional connectivity,
the independent variables for the first-level analyses
were the experimental timeline convoluted with the
canonical hemodynamic function, 24 motion-derived
regressors as well as the first five aCompCor regres-
sors and the cosine regressors.

The masks of our predefined ROIs were based on
atlases, see the Supplementary Material for details.
The cortical motor area used for the analyses of func-
tional connectivity was the primary motor cortex.
This choice was made as the primary motor cortex
was previously used in a study of effective connec-
tivity during the SRTT [27].

We investigated whether the data from the healthy
participants 1) implied more striatal activity during
the sequence blocks than the random blocks and 2)
implied greater functional connectivity between the
striatum and the primary motor cortex during the
sequence blocks than during the random blocks of
the SRTT. The analysis of within striatum activity
was done in SPM 12 using a one-sample t-test on
the contrast images (sequence – random) created in
the first-level analyses and the analyses of functional
connectivity were done in CONN using dependent

t-tests to compare connectivity during the sequence
and random blocks.

We also performed analyses to compare the activ-
ity during the SRTT between the healthy participants
and the participants with PD. For the within-region
analyses, independent two-sample t-tests using the
contrast images (sequence – random) from the first-
level analyses were used to compare the two groups’
task-induced activity in the striatum, the motor parts
of the cerebellum, the DPLFC, and the hippocampus.
A cluster-defining threshold with a cluster-creating
threshold of uncorrected p < 0.001 (voxel-level) and
cluster extent threshold of p < 0.05, family-wise error
corrected (FWE), was used.

For the group comparisons of functional connec-
tivity, two-way repeated-measures ANOVAs were
performed in the CONN toolbox to test for the
interaction effects of condition (sequence – random
blocks) and group (PD – HC). We investigated the
functional connectivity between the primary motor
cortex and the following regions: the striatum, the
cerebellum, the DLPFC, and the hippocampus. We
used the method available in CONN for inferences
on the ROI-to-ROI connection-level, i.e., a false dis-
covery rate (FDR)-corrected p-value with p < 0.05 as
the threshold for significant connections.

Exploratory analyses of the fMRI data

In addition to the analyses within the healthy
group described above, we investigated whether
any clusters of voxels in the brain were statisti-
cally more active during the sequence blocks than
the random blocks. We also investigated whether
there were functional connectivity measures over and
above between the primary cortex and the striatum,
that were significantly larger during the sequence
blocks than the random blocks within the healthy
group. The exploratory analyses of functional con-
nectivity within the healthy group were first done
between the primary motor cortex and the cerebel-
lum, the hippocampus and the DLPFC respectively.
For this, we used the connection-level FDR-corrected
p-value with p < 0.05 as a threshold for signifi-
cant connections. Secondly, we also investigated the
functional connectivity between the primary motor
cortex and all other ROIs defined by CONN 20b’s
default anatomical atlas within the healthy group.
CONN’s default atlas consists of 132 ROIs and
is a combination of cortical & subcortical areas
from the Harvard-Oxford atlas and cerebellar areas
from the Automated anatomical labelling atlas. As
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for exploratory group comparisons, we investigated
whether there were any significant interaction effects
of group and condition in functional connectivity
between the primary motor cortex and all the ROIs
part of the CONN default atlas. For the ROI-to-ROI
analyses where the entire CONN atlas was used,
we used the Network-Based-Statistics approach to
investigate the presence of significant clusters of con-
nectivity as this method is suggested to be suitable for
testing large networks of ROIs [28]. For this, we used
the default criterion in CONN with a combination of
an uncorrected p < 0.001 height threshold to initially
define networks of interest, followed by a network-
level FDR-corrected p-value using p < 0.05 as the
threshold for significance. The analyses described in
this paragraph included all ten blocks of the SRTT.

As planned, we also performed exploratory anal-
yses where the functional connectivity for each of
the three parts of the SRTT was investigated sepa-
rately within the two groups using dependent t-tests.
We investigated the functional connectivity between
the primary cortex and the striatum, the cerebel-
lum, the DLPFC and the hippocampus respectively.
We used the connection-level FDR-corrected p-value
with p < 0.05 as the threshold for significant connec-
tions.

Reproducibility statement

The analysis plan, the R and Matlab scripts, the.mat
files used for the CONN analyses, the brain masks,
and all files needed to run the SRTT can be down-
loaded at https://osf.io/abprn/.

Deviations from the preregistration

Because the MLM models for the RT outcome of
the SRTT did not converge with a random slope, the
random slope was excluded from the MLM mod-
els. All statistical analyses of functional connectivity
were performed using CONN instead of R, but there
was no difference in the methods described in the
analysis plan.

RESULTS

Analyses of the reaction time outcomes

For the primary statistical analyses of the RT out-
come of the SRTT, i.e., including all trials of the
SRTT, there was a statistically significant main effect
of group showing that the participants with PD were

slower than the healthy participants independent of
block type. There was also a statistically significant
effect of block type where the sequence blocks ren-
dered lower RTs independent of the group. Lastly,
the block by group interaction effect was also sta-
tistically significant (b = –9.88, SE = 3.07, p = 0.001).
The interaction was in the direction that the PD group
showed a lower level of implicit motor sequence
learning than the healthy group, as measured by
RT. The results for the sensitivity analysis where
we included all participants who had performed the
SRTT either inside or outside the scanner, were in
the same direction as the primary MLM analysis.
For more details on the statistical analyses, see the
Supplementary Material.

Exploratory analyses of the reaction time
outcomes

There were no indices of a correlation between
the SRTT performance and the levodopa equivalent
dose or that the SRTT performance differed between
the participants at Hoehn & Yahr stage II and III
(Supplementary Figures 1 and 2).

For the exploratory analyses where the three parts
of the SRTT were investigated separately, a group-
dependent pattern in the RT outcome was observed.
The healthy participants, but not the participants with
PD, descriptively had a somewhat lower RT during
the sequence trials than the random trials in part 2 of
the SRTT. In part 3, both groups descriptively had a
lower RT during the sequence trials than the random
trials with a difference of approximately the same size
for the two groups. See Supplementary Figure 2.

Analyses of the fMRI data

As for the healthy group, we found no statisti-
cally significant difference in striatal activity between
the sequence and the random blocks (no significant
clusters of voxels after correcting for the multiple
statistical testing). Neither was there a statistically
significant greater functional connectivity between
the primary motor cortex and the striatum during the
sequence blocks compared to the random blocks for
the healthy group (t = 0.20, pFDR = 0.86).

Comparing the two groups, the PD group did
not have statistically significantly less task-induced
striatal activity than the healthy group. Neither did
the PD group have statistically significantly more
task-induced activity in the DLPFC, the motor parts
of the cerebellum, or the hippocampus than the

https://osf.io/abprn/
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Fig. 2. Implicit motor sequence learning for both groups presented for each part of the SRTT. The point values represent the observed median
RTs of the trials in the two blocks included for each point, and the error bars represent the semi-interquartile ranges. PD, participants with
Parkinson’s disease; HC, healthy controls. Part 1: random trials from blocks 1 and 4 and sequence trials from blocks 2 and 3, part 2: random
trials from blocks 4 and 7 and sequence trials from blocks 5 and 6, part 3: random trials from blocks 7 and 10 and sequence trials from blocks
8 and 9.

healthy group. The task-induced functional connec-
tivity between the primary motor cortex and the
striatum was not statistically significantly lower for
the PD group than the healthy group. Neither was
the task-induced functional connectivity between the
primary motor cortex and the cerebellum, the hip-
pocampus and the DLPFC respectively, statistically
significantly larger for the PD group than the healthy
group (Table 2).

Exploratory analyses of the fMRI data

We found no clusters of voxels that significantly
differed between the sequence and the random blocks
for the healthy group. Neither did we find any signifi-
cant outcome of functional connectivity between the

primary motor cortex and our predefined ROIs (the
cerebellum, the DLPFC or the hippocampus, Sup-
plementary Table 5) or between the primary motor
cortex and all other ROIs in CONN’s default atlas,
when contrasting the sequence blocks and the ran-
dom blocks within the healthy group. Also, we did
not find any significant outcome for the interaction
analyses of group and condition of functional con-
nectivity between the primary motor cortex and all
ROIs of the CONN default atlas.

For the exploratory analyses of functional con-
nectivity conducted within the two groups and for
each of the three parts of the SRTT separately, the
t-values differed to some extent between the parts of
the SRTT and between the groups, but all p-values
were non-significant (Table 3).
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Table 2
Between-group estimates of task-induced functional connectivity during the SRTT

Prim. motor cortex - Prim. motor cortex – Prim. motor cortex - Prim. motor cortex -
Striatum Cerebellum, motor parts Hippocampus DLPFC

F –0.68 –3.09 0.49 –0.83
pFDR 0.77 0.05 0.78 0.77

Contrasts: The interaction effects of group (HC – PD) and condition (sequence – random blocks). All blocks
of the SRTT were included. Prim. motor cortex, primary motor cortex; pFDR, connection-level FDR-corrected
p-value.

Table 3
Within-group estimates of task-dependent functional connectivity over time

Prim. motor cortex - Prim. motor cortex - Prim. motor cortex - Prim. motor cortex -
striatum cerebellum hippocampus DPLFC

PD HC PD HC PD HC PD HC
part 1 t 0.84 –0.63 1.09 –1.86 –0.11 0.93 –1.01 1.33

pFDR 0.92 0.89 0.92 0.48 0.92 0.86 0.92 0.86
part 2 t 0.84 –0.34 1.47 –1.7 –0.07 0.78 –0.73 1.17

pFDR 0.91 0.84 0.91 0.65 0.98 0.84 0.95 0.84
part 3 t 0.98 0.17 1.74 –2.05 0.02 0.65 –1.56 1.54

pFDR 0.66 0.97 0.42 0.49 0.98 0.97 0.42 0.67

Contrast: condition (sequence - random blocks). Part 1: random trials from blocks 1 and 4 and sequence trials from blocks 2 and 3, part 2:
random trials from blocks 4 and 7 and sequence trials from blocks 5 and 6, part 3: random trials from blocks 7 and 10 and sequence trials
from block 8 and 9. Prim. motor cortex, primary motor cortex; pFDR, connection-level FDR-corrected p-value.

DISCUSSION

There was a statistically significant group by block
type interaction effect in the RT analysis where all
trials of the SRTT were included. The effect was in
the direction that the PD group showed less implicit
learning than the healthy group. For the exploratory
analyses of RT, where the three parts of the SRTT
were investigated separately, indications of implicit
learning were observed at an earlier phase for the
healthy individuals than for the participants with
PD. There were no statistically significant group dif-
ferences in either the within-region analyses or the
functional connectivity analyses of the task-induced
fMRI data.

The PD group showed statistically significantly
less implicit motor sequence learning than the healthy
group, which is in line with a meta-analysis of SRTT
in people with PD [4], even though the difference
found in the present study is considered small. The
meta-analysis did however report a wide range of
effect sizes in different studies and showed that differ-
ences in the experimental set-up, as well as symptom
severity, may explain the different effect sizes. It
should also be remembered that the PD participants
in the present study were tested in the ON state of
medication which could affect the results and effect
sizes.

Because we also investigated Parts 1 to 3 of the
SRTT separately, an exploratory discussion of the
different phases of the learning process is possible.
As can be observed in Fig. 2, the group difference
in implicit motor sequence learning is negligible in
part 3 of the SRTT (difference random-sequence PD:
33.5 ms, HC: 32.7 ms) but descriptively larger though
still small, in part 2 (difference random-sequence PD:
0.02 ms, HC: 16.55 ms). It has previously been sug-
gested that motor learning in general i.e., undefined
if explicit or implicit, is slower in people with PD
[3, 29]. Our results are in line with this, i.e., the
results suggest that people with mild to moderate PD
can reach an equal level of implicit motor sequence
learning as healthy individuals, but that they need
more time and/or repetitions to do so than healthy
individuals in the same age range. Further empiri-
cal findings of a lower implicit learning rate would
support the common assumption that people with PD
need more practice than healthy individuals to learn
and adapt motor tasks [29]. A lower implicit learning
rate could also partly be a cause of the often-reported
impairment of dual-tasking in people with PD [30].
If people with PD need to allocate a lot of time to
learn and adapt a motor task, it is plausible that they
have less time or resources to perform a second task
than healthy individuals, which would manifest as an
impairment in dual-tasking [31].
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If people with PD have a lower learning rate in
implicit learning than healthy individuals, it would
also imply that the non-convergent results of previ-
ous studies of implicit motor sequence learning in PD,
could partly be due to differences in the experimen-
tal designs and the analysis methods used. In other
words, it is possible that studies using a shorter ver-
sion of the SRTT, where the participants with PD do
not get enough exposure to the sequence, are likely
to find that people with PD are impaired at implicit
motor sequence learning in comparison to healthy
individuals. On the contrary, studies using longer ver-
sions of the SRTT might more often find that people
with PD show an equal level of implicit learning as
healthy individuals. For these reasons, we believe that
longer versions of the SRTT should be used and that
the analyses should focus not only on the endpoint of
the SRTT but also on the learning process.

The absence of statistically significant group dif-
ferences in the task-induced fMRI data, both for the
within-region analyses and the measures of func-
tional connectivity, do not lend support to any of
our hypotheses for the fMRI data. However, in a
purely exploratory and humble way, we will discuss
the results of the analyses of functional connectiv-
ity in relation to the model by Doyon and Benali
[6] that we based several hypotheses on. A main
idea in the model by Doyon and Benali [6] is that
the cortico-striatal system increases its activity as the
implicit motor sequence learning progresses, at least
for healthy individuals. In our study, the healthy group
showed a tendency for increased functional connec-
tivity between the primary motor cortex and striatum
as the SRTT progressed while this pattern was very
small or negligible for the PD group (Table 3). Doyon
[7] also suggested that the cerebellum will be more
active in people with PD than in healthy individ-
uals, as a form of compensation for the impaired
striatal function. In line with this claim, our group
by block interaction effect for the functional connec-
tivity between the primary cortex and the cerebellum
was the largest estimate of our analyses and had a
p-value very close to the significance level (Table 2).
The estimate was in the direction of stronger func-
tional connectivity between the primary motor cortex
and the cerebellum for the PD group than for the
healthy group. Additionally, the estimates of func-
tional connectivity between the primary motor cortex
and the cerebellum increased throughout the SRTT
for the PD group while the opposite pattern was
observed for the healthy group (Table 3). It should
again be emphasized that none of these estimates can

give robust support to Doyon’s model or our hypothe-
ses as they are not statistically significant. To our
knowledge, the present study is the first to test the
implications of the model and ideas by Doyon and
Benali [6] and Doyon [7] in people with PD, and
we think that the results encourage future similar
investigations with directed hypotheses and greater
statistical power. We also want to briefly discuss that
we did not find the expected differences between
the random and the sequence blocks in the fMRI
data within the healthy group. Possible explanations
include a lack of sufficient statistical power to detect
these differences or of course that there is no true
block-dependent difference in brain activity for older
healthy adults during the SRTT.

Strengths of the present study are our unusually
large sample size as well as the sample restriction to
people with mild to moderate PD which limited dis-
ease degree as a confounder of the results. However,
a related limitation of the study is the unknown sta-
tistical power for both the reaction time and fMRI
analyses and that it is plausibly quite low for sev-
eral outcomes, limiting the reliability of the results.
It is difficult to both estimate and achieve a high sta-
tistical power, not the least for fMRI outcomes and
when studying participants with a heterogenous dis-
ease such as PD where participants differ in both
symptom expression and type and dosage of med-
ication even with a sample restriction to mild to
moderate PD. Future studies could either restrict
their samples even further in relation to PD charac-
teristics or aim for very large samples and include
disease progression and medication as explanatory
variables.

Other strengths of the study are that we investigated
the SRTT data both by using all data in one statistical
model for increased statistical power in comparison
to traditional analyses of the SRTT and, by separating
the data into three parts to study the learning process,
something not previously done in people with PD.
The two analyses complement each other and give
a fuller picture than comparing the last random and
sequence blocks, which is the most common analysis
of the SRTT.

A limitation was that we could not evaluate the
awareness of the sequence at the pre-intervention
assessment for the PD participants. Lastly, we
excluded participants with ≤70% correct trials on
the SRTT. It could be tempting to include partici-
pants with even less correct answers to try to improve
the statistical power but we argue that the quality
of the included data is of equal importance as the
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sample size and that ≤70% correct trials is a reason-
able cut-off to maintain data quality and reliability of
the analyses. It should also be noted that the cut-off
of ≤70% was defined in our preregistration and that
other studies have used an even stricter threshold of
≥80% correct trials [32].

In conclusion, we found support for the hypothe-
sis that implicit motor sequence learning is impaired
in people with PD compared to healthy individu-
als even though the impairment was quite small. We
saw that a possible explanation of the finding is that
people with PD need more time to reach a similar
level of implicit motor sequence learning as healthy
individuals. If future studies would corroborate that
people with PD need more time and repetition for
motor learning, it would indicate that this should be
an important aspect of the design of exercise and reha-
bilitation programs for people with PD. Slower motor
learning could also be a part-explanation of the com-
monly reported impairment in dual-task ability for
people with PD. We found no statistically significant
group differences in the task-induced fMRI data indi-
cating that there either are no group differences or
that increased power or different methods than those
used here are needed to study the underlying neural
correlates.
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