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Background and Objectives: Despite the fact that sleep disturbances are among

the most common and disabling manifestations of Parkinson’s disease (PD), no study

has investigated the effect of sleep quality and sleep-related biomarkers on motor skill

acquisition in people with Parkinson’s disease (PwPD).

Objective: To examine the relationship between skill acquisition, sleep quality, and

sleep-related biomarkers in PwPD using virtual reality (VR) system.

Methods: This is a cross sectional study conducted on 31 PwPD and 31 healthy

controls. To assess skill acquisition, each participant practiced a VR game 6 times

(blocks). The main outcomes from the VR game were the required time to complete

the VR game and the recorded errors. Motor skill acquisition was calculated as the

difference of scores between block 6 and block 2 for both outcomes. Sleep was

assessed subjectively using Pittsburgh Sleep Quality Index (PSQI) and objectively using

the Actisleep. To assess sleep related biomarker, plasma serotonin level was examined.

Results: PwPD and healthy controls demonstrated a practice-related improvement in

performance as shown by the main effect of block for each of the VR outcome measures

(p < 0.000, time required to complete VR game; p < 0.000, recorded errors). There

was no interaction effect between Block X Group for both outcome measures. There

were significant correlations in both groups (p < 0.05) between motor skill acquisition

(as indicated by the difference of time required to complete the VR game between

block 6 and block 2) and PSQI total score, wake after sleep onset, and sleep efficiency.

Additionally, a significant correlation was observed in both groups between motor skill

acquisition (as indicated by the difference of time required to complete the VR game

between block 6 and block 2) and the plasma serotonin level (p < 0.05). These

correlations in PwPD remained significant, even after adjusting for disease motor severity,

cognitive status, depression, and daily dose of L-dopa.
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Discussion and Conclusions: Sleep quality may influence motor skill acquisition in

PwPD. Healthcare professionals are encouraged to be aware about sleep quality and

sleep assessment tools. Therapies may target improving sleep quality which could result

in improving motor skill acquisition.

Keywords: Parkinson’s disease, motor learning, sleep, rehabilitation, virtual reality

INTRODUCTION

The loss of dopaminergic cells in Parkinson’s disease (PD)
causes the cardinal motor symptoms of PD and contributes
to non-motor symptoms, including autonomic dysfunction,

cognitive impairments, and sleep disturbances (1, 2). Currently

pharmacological and surgical treatment options are not always
effective in managing common motor and non-motor symptoms
associated with PD (3, 4). Non-pharmacological rehabilitation

treatment options such as physical therapy showed effectiveness
and are considered to be important in the journey of managing
People with Parkinson’s disease (PwPD) (5). Physical therapists

play a major role in rehabilitating PwPD by planning activity-
focused interventions which emphasize the need for practice
and repetition of purposeful motor actions in challenging
environments. However, research has indicated that PD would

lead to degradation of motor skill learning (6). Therefore, PwPD
often have difficulty acquiring and learning new motor tasks
affecting therapy outcomes (7, 8). Specifically, studies have

demonstrated that different aspects of motor skill learning (i.e.,
skill acquisition, consolidation, retention, and transfer) are more

impacted among PwPD compared to healthy individuals (8).
Overall, the etiology underlying the deficits in motor skill

learning in PD is not very clear. However, it is likely to be multi-
factorial. For example, the impairments in basal ganglia and
reduced dopaminergic neurotransmitter can be a main cause (9).
Degeneration in striatum has been linked to deficits in learning
motor sequences in PD particularly the consolidation phase (10).
Studies have also reported a number of factors related to PD
that might have a major impact on motor skill learning such
as severity and disease duration (6, 11). In addition, non-motor
symptoms including cognitive deficits have been found to affect
motor skill learning in PwPD (12).

Recently, there is a growing attention toward the role of sleep
on motor skill learning. Sleep may impact each stage of motor
skill learning. Good sleep quality was found to enhance the
consolidation phase of motor skill learning offline (i.e., when no
practice is occurring; “sleep-dependent off-line motor learning”)
across a wide range of motor tasks in healthy adults as well
as in some neurological conditions such as stroke (13). After a
night of 8 h sleep, performance on simple motor tasks improved
in comparison to same time wakefulness (14). Furthermore,
few recent studies found that lower levels of sleep quality
before learning the motor task, negatively impacted motor skill
acquisition in young healthy adults (14) and in people with sleep
disorders (15).

Around more than 3 quarters of PwPD have sleep disorders
(16). Excessive daytime sleepiness, REM sleep behavior disorder,

and fragmented sleep are frequently reported in this population
(17). As yet, there is little knowledge about the role of sleep
on motor skill learning in PwPD (18). Terpening et al. (18)
demonstrated that sleep is important in the consolidation phase
of motor learning. However, this later study did not examine
the effect of sleep quality on motor skill acquisition in PwPD.
In motor skill learning, successful acquisition results in attaining
a certain level of task ability which leads to rapid formation
of a memory representation within the brain. Generally, task-
related activations in a motor-related network during the initial
learning session predicted subsequent consolidation changes
in motor behavior (19). Therefore, motor skill acquisition is
important stage of motor skill learning and further investigations
to understand the impact of sleep on motor skill acquisition in
PwPD is warranted.

When assessing motor learning in general, it is important to
consider the task under investigation. For example, the study
by Terpening et al. (18) used a simple motor task (i.e., finger
tapping) to understand motor skill learning in PwPD. However,
most daily tasks are more functional and complex. A review
by Wulf and Shea (20) state that learning complex motor tasks
requires high motor demands, fast reaction to environmental
stimuli, and different body parts coordination. Therefore, there
is a need to understand motor skill acquisition in PwPD using
complex tasks that are functional and simulate tasks similar to
real life and rehabilitation settings.

Another aspect of sleep quality that might affect motor
skill learning is the role of the hormone serotonin on
motor skill acquisition. Previous studies showed low levels
of serotonin transporter in parkinsonism within the striatal
area (21) and that up to 50% of PwPD have decreased levels
of serotonin (22). A recent investigation found significant
correlation between reduction of serotonin in midbrain, basal
ganglia and hypothalamus, and sleep disturbances in PwPD (23).
Furthermore, acute increases in serotonergic transmission could
influence skill acquisition during motor learning (24). Therefore,
the aims of this study were to: (1) examine motor skill acquisition
in PwPD compared to age and gender matched healthy controls
using a functional motor task similar to real life, (2) examine
the relationship between motor skill acquisition and sleep quality
in PwPD, and (3) examine the relationship between plasma
serotonin level and motor skill acquisition in PwPD.

MATERIALS AND METHODS

Study Design and Participants
This cross-sectional study was designed to examine motor skill
acquisition in PwPD compared to age and gender matched
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healthy controls using a functional motor task and also to
examine the relationship between sleep quality, sleep-related
biomarker, and motor skill acquisition in PwPD. Thirty-one PD
participants and 31 age and gender matched healthy controls
were recruited into the study. PD participants were recruited
fromKing Abdulla University Hospital (KAUH) and additionally
from a research database of Jordan University of Science and
Technology (JUST). PwPD were screened for eligibility by a
neurology consultant at KAUH; who is responsible for their
care. Eligible subjects were invited to participate in the study.
Inclusion criteria were: (1) a neurologist-confirmed diagnosis
of idiopathic PD, (2) capacity to give informed consent, (3)
modified Hoehn and Yahr Stage 1–4 during the “ON stage”
of medication, (4) maintaining a stable medical regime for 3
weeks prior to initiation of study, and (5) a participant, who
had no experience with the motor task implied in this study
but still physically able to perform it without physical assistance.
Exclusion criteria were: (1) presence of additional neurological
disorders that may affect balance and gait (e.g., head injury,
stroke, vestibular dysfunction, or peripheral neuropathy), and (2)
the presence of severe cognitive deficits or behavioral disorders
preventing safe participation.

Healthy controls were recruited from local community and
friends of people with PD introduced to us by the patient.
Inclusion criteria of the healthy-control participants included:
(1) age and gender matched individuals, (2) being functionally
independent. Participants were excluded if they had reported (3)
untreated sleep disorders, including sleep apnea (4) a history of
neurological disorders; and any orthopedic problems or mobility
deficits that prevented them from performing the study task (5)
taking any medications that may affect sleep and serotonin level.

Participants gave a written informed consent approved from
the Institutional Research Committees of Jordan University of
Science and Technology (ID: JUST-AA-2018-525).

Study Procedure
Each participant was asked to visit the physical therapy
laboratory at Jordan Science and Technology University (JUST)
for a single assessment session. At the beginning of the session,
blood samples were collected from the participants and stored
for later analysis for determining the plasma serotonin levels. In
order to eliminate the possible effect of dopaminergic medication
on the plasma serotonin levels, fasting blood samples were
taken in the early morning (i.e., at 8:00A.M. ±1 h) after
overnight withdrawal of the medication (during the “OFF”
phase). Following this, participants took their regularly scheduled
morning dose of medication and were provided with a resting
period until they were notably on their “ON” stage in which
assessments for motor skill acquisition, subjective sleep quality,
and cognitive status were undertaken. Collection of basic
personal and demographic information such as age, gender, daily
use of L-dopa, and disease severity were also obtained from each
participant. A sub sample of the PD participants (n = 22) were
asked to wear an Actisleep (ActiGraph; Pensacola, FL) device a
week before the testing session to objectively asses sleep quality
(see details below).

FIGURE 1 | Sit to stand game through virtual reality.

Motor Task Description
To assess motor skill acquisition, participants were asked to
perform a novel virtual reality (VR) game during their “ON”
stage. The novel VR game was developed as part of a previously
conducted study (25) and has been validated as an assessment
and treatment tool (26). The VR game is part of a non-immersive
VR system developed by our research team, which consists of
the Microsoft Kinect sensor, large standard LCD monitor, and
its software on a research laptop device. Details are published
elsewhere (25). In brief, in the VR game, participants were asked
to steer a helicopter up and down to collect coins and to avoid
specific number of obstacles by moving from chair (the chair is
without arm) from sitting to standing and vice versa (Figure 1).
The aim of the game is to collect as many coins as possible
while avoiding specific number of obstacles at the same time by
performing the sit to stand movement. The numbers of missing
coins (recorded errors) and the time that required to go through
the obstacles by the participants determined the game score
which was given by the system itself.

Each participant performed VR game for 6 times (blocks)
during the session. In order to familiarize the participants
with the game, the first block was performed and discarded
from analysis. To prevent fatigue, participants were allowed
to rest between blocks if needed (in sitting position). In this
study, required time to complete the game and errors were
recorded from the virtual game for each block performed by the
participants. Difference of scores between block 6 and block 2
for both outcomes (i.e., time to complete the block and recorded
errors) were considered to represent motor skill acquisition and
training-related gains in performance.

Sleep Quality Measures
The Arabic version of the Pittsburgh Sleep Quality Index (PSQI)
was used to subjectively assess sleep quality (27). The PSQI
is a well-validated and reliable measure of sleep quality which
consists of 19 self-rated questions forming a global score ranging
from 0 to 21 (28). A global score of 5 or more reflects poor sleep
quality for all age groups (28). The PSQI as a generic measure of
sleep quality was commonly used in PwPD (29).
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To objectively assess sleep quality, we utilized the Actisleep.
Only a sub-sample of PD participants (n = 22) wore the
Actisleep due to the limited number of Actisleep devices available
for this study and the limited time allowed to complete this
study. Participants were asked to wear an Actisleep (Actigraph
wGT3X-BT, Pensacola, Florida, USA) device for 7 consecutive
nights until the day the participants came in for the motor skill
acquisition testing session. Participants were asked to wear the
Actisleep around the non-dominant wrists while maintaining
normal lifestyle, especially sleeping habits. Actisleep (30) is a tri-
axial accelerometer developed to measure sleep/wake positions
in which the following sleep parameters were calculated: sleep
efficiency (SE; number of sleep minutes divided by the total
minutes the subject was in bed), and wake after sleep onset
(WASO; time of wake in minutes after sleep onset). Actisleep was
found to be a valid and reliable device for sleep measurement
among healthy young adults (31). The clinical utility for using
the Actisleep with PD individuals has been proven in several
studies (32). Actisleep signals were sampled at 30Hz. Data
from Actisleep was analyzed using Actilife software (ActiGraph;
Pensacola, FL) (31).

Other Outcome Measures
To account for confounding variables; data regarding disease
motor severity, cognitive status, depression, and anxiety of the
participants were recorded. Disease motor severity was assessed
using the Movement Disorder Society-Unified Parkinson’s
Disease Rating Scale (MDS-UPDRS)-Part III (33), as well as
the Hoehn-Yahr staging system (34). Cognitive status of the
participants was evaluated using the Arabic version of the
Montreal Cognitive Assessment (MOCA) (35); the total score
of the MOCA was used in the analysis. The Arabic version of
the Hospital Anxiety and Depression Scale (HADS) was used to
evaluate the level depression (36, 37). L-dopa daily dose as well
as personal data including age and gender were also collected. All
data was recorded in the morning during the “ON” state.

Sleep Related Biomarkers
Fasting blood samples were collected for measurement of plasma
serotonin from the PD participants at 8:00A.M. ±1 h. Plasma
serotonin level was examined using the sandwich enzyme-
sorbent assay technology (38). After blood collection, all blood
samples were centrifuged at 1,500 × g for 15min in order
to collect plasma. Following this, plasma was stored at −80◦C
until used. A competitive Serotonin/5 hydroxytryptamine (5-
HT) ELIZA kits for quantitative analysis of total plasma of
serotonin was used (abx257126). All assays were performed
according to the instructions provided by the manufacturer
Abbexa, Cabridge, UK.

Statistical Analysis
Statistical analyses were performed with Statistical Package
for the Social Sciences software (SPSS 20.00). Independent-
sample t-tests were used to assess differences in participants’
characteristics between groups. Also, independent- sample t-tests
were used to assess the differences between participants whowore
the Actisleep and those who did not wear it considering the

characteristics that might affect the results including the severity
of motor symptoms (represented by the MDS-UPDRS Part III)
and age. Performance through blocks was examined using a two-
factor [Group (PD, healthy control) × Block (2, 3, 4, 5, 6)]
repeated measures ANOVAs with time to complete VR game
and number of errors recorded were considered the dependent
variables. Post-hoc analysis was conducted using LSD formultiple
comparison between blocks. In all comparisons, significance level
was set at 0.05.

Motor skill acquisition was calculated as the differences
in performance between Block 6 and Block 2 for time to
complete VR game and recorded errors. The associations
between subjective and objective sleep measures, sleep biomarker
and motor skill acquisition were assessed for both groups using
Pearson correlation coefficient (r). In general, r > 0.50 indicates
large correlation, 0.31–0.49 indicates moderate correlation,
and <0.30 indicates poor correlation (39). To account for
confounding factors including the severity of motor symptoms
(represented by the MDS-UPDRS Part III), the cognitive level
of the participants (represented by the MOCA total score), and
depression (represented by HADS depression score) and the
daily dose of L-dopa, the relationship between sleep measures,
sleep biomarker, and motor skill acquisition was examined using
partial correlation analysis.

RESULTS

Subject Characteristics
Table 1 demonstrates the demographic and clinical data for
both groups (i.e., PwPD and healthy controls). There were no
significant differences between groups in term of age (p = 0.09)
and HADS depression (p= 0.19). Significant differences between
groups were observed in the PSQI (p = 0.04), MOCA (p <

0.001), and plasma serotonin level (p = 0.01). There were no
significant differences in age and MDS-UPDRS Part III between
participants who wore the Actisleep and those who did not wear
it (p > 0.05).

Motor Skill Performance
The participants in both groups demonstrated a practice-related
improvement in performance, as shown by the main effect
of block for each of the outcome measures (p < 0.000, time
required to complete VR game; p < 0.000, errors recorded)
(Figures 2, 3). The extent of improvement in performance
across blocks revealed significant differences between PwPD
and healthy control in motor skill acquisition as indicated by
the main effect of group for time required to complete VR
game (p = 0.04) and errors recorded (p = 0.01). There was
no interaction effect between Block X Group for both outcome
measures (time to complete VR game p = 0.31; errors recorded,
p= 0.42).

Correlations Between Motor Skill
Acquisition, Serotonin, and Sleep
Measures
Quality of sleep, as indicated by PSQI, was significantly associated
with plasma serotonin level for both groups (r = −0.519, p =
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TABLE 1 | Demographic and clinical data of participants in both groups.

Parameters N PwPD Healthy controls P-value

(between groups)
N Mean SD N Mean SD

Gender (F/M) 31 10/21 – 31 10/21 – –

Age (years) 31 61.06 7.66 57.42 8.98 0.09

MOCA total score (unit) 31 19.89 4.22 31 22.97 3.5 <0.001

HADS Depression 31 7.6 6.1 31 5.7 4.2 0.19

PSQI total score (unit) 31 8.48 4.03 31 5.32 3.32 0.04

PSQI < 5: (21)

PSQI > 5: (10)

PSQI < 5: (16)

PSQI > 5: (16)

WASO 22 15.48 10.75 – – – –

Sleep efficiency (%) 22 69.20 19.66 – – – –

Plasma serotonin level (pg/ml) 31 119.6 24.63 31 177.47 22.7 0.01

MDS-UPDRS- Part III (unit) 31 36.66 12.67 – – – –

Hoehn & Yahr (HY) (unit) 31

5 Stage 1 – – – –

16 Stage 2

9 Stage 3

1 Stage 4

Daily dose of L-dopa 31 698.2 262.02 – – – –

MOCA, Montréal Cognitive Assessment; HADS, Hospital Anxiety and Depression Scale; PSQI, Pittsburgh Sleep Quality Index; WASO, Average awaking time after sleep onset (min)

deriving from Actisleep. Sleep efficiency, number of sleep minutes divided by the total minutes the subject was in bed deriving from Actisleep. MDS-UPDRS, Movement Disorder

Society-Unified Parkinson’s Disease Rating Scale.

FIGURE 2 | Practice-related improvement in performance (time required to

complete the VR game in seconds) across blocks in PwPD and healthy

controls. Post-hoc analysis indicated significant difference between Block 6

and Block 2 in both groups. In healthy controls, significant differences were

also found between (Block 2 and Block 3) and between (Block 4 and Block 5).

In PwPD, significant differences were also found between (Block 2 and Block

3) and between (Block 3 and Block 4).

0.003, for healthy controls; r=−0.48, p= 0.006, for PwPD). Poor
quality of sleep was significantly associated with lower plasma
serotonin level in both groups.

Table 2 summarizes the differences between Block 6 and
2 for both outcome measures (time required to complete
VR game and recorded errors) which represent motor skill
acquisition for PwPD and healthy control. Also Table 2 presents
the results of post-hoc analysis between Block 2 and Block 6.

FIGURE 3 | Practice-related improvement in performance (recorded errors)

across blocks in PwPD and healthy controls. Post-hoc analysis indicated

significant difference between Block 6 and Block 2 in both groups. In healthy

controls, significant differences were also found between (Block 2 and Block 3)

and between (Block 3 and Block 4). In PwPD, significant differences were also

found between (Block 4 and Block 5), between (Block 3 and Block 4), and

between (Block 3 and Block 4).

The results indicate significant performance changes between
blocks 2 and block 6 in healthy controls and PwPD in both
outcome measures.

Table 3 summarizes the relationship between motor skill
acquisition, sleep quality measures, and plasma serotonin in
PwPD and healthy controls. In healthy controls, there was
significant correlation between motor skill acquisition (as
indicated by the difference of time required to complete the
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TABLE 2 | Motor skill acquisition in PwPD and healthy controls and Post-hoc analysis (Pairwise comparison) between Block 2 and Block 6.

Outcome measures PwPD Healthy controls

Block 2 Block 6 Motor skill

acquisition

Pairwise comparison

Sig.

Block 2 Block 6 Motor skill

acquisition

Pairwise comparison

Sig.

Performance time 83.33 (32.16) 68.82 (43.2) −12.5 (35.6) p = 0.001 58.9 (13.3) 44.8 (12.6) −14.18 (18.2) p = 0.05

Recorded Errors 2.61 (1.7) 1.13 (1.6) −1.48 (1.7) p < 0.001 1.72 (0.9) 0.13 (0.4) −1.6 (1.0) p < 0.001

Motor skill acquisition was calculated as the differences between Block 6 from Block 2 for both outcome measures. Negative motor skill acquisition for recorded errors and performance

time in both groups indicate better performance in Block 6 in relative to Block 2.

TABLE 3 | Correlations between motor skill acquisitions and sleep quality

measures.in the PD and healthy control participants.

Sleep quality

measures

PwPD Healthy control

Performance

time

Error

recorded

Performance

time

Error

recorded

PSQI total score r = 0.64

p = 0.0001

r = 0.06

p = 0.74

r = 0.71

p < 0.001

r = 0.17

p = 0.36

Sleep efficiency r = −0.66

p = 0.001

r = −0.13

p =0 0.54

—————— ——————

WASO r = 0.66

p = 0.001

r = 0.25

p = 0.27

—————— ——————

Serotonin level r = −0.48

p = 0.006

r = −0.15

p = 0.42

r = −0.63

p = <0.001

r = −0.11

p = 0.56

Performance time represents motor skill acquisition outcome which is calculated as the

change in the time required to complete the VR task between block 6 and 2. Recorded

error represents motor skill acquisition outcome which is calculated as the difference in the

error recorded during the VR task between block 6 and 2. PSQI, Pittsburg Sleep Quality

Index; WASO, Average awaking time after sleep onset (min) deriving from Actisleep. Sleep

efficiency: number of sleep minutes divided by the total minutes the subject was in bed

deriving from Actisleep.

VR game between block 6 and block 2) and PSQI total score.
Additionally, a significant correlation was observed between
motor skill acquisition (as indicated by the difference of
time required to complete the VR game between block 6
and block 2) and the plasma serotonin level (p < 0.05).
These correlations between motor skill acquisition, PSQI
total score, and plasma serotonin level in healthy controls
remained significant, even after adjusting for cognitive status and
depression (Table 4).

For PwPD, there were significant correlations (p < 0.05)
between motor skill acquisition (as indicated by the difference
of time required to complete the VR game between block 6 and
block 2) and PSQI total score, wake after sleep onset in minutes
(WASO; i.e., the total amount of time the participants spent
awake after falling asleep), and sleep efficiency. Additionally,
a significant correlation was observed between motor skill
acquisition (as indicated by the difference of time required to
complete the VR game between block 6 and block 2) and the
plasma serotonin level (p < 0.05) (Table 3). These correlations
between motor skill acquisition and plasma serotonin level,
PSQI total score, average awaking time, and sleep efficiency in
the PD participants remained significant, even after adjusting

TABLE 4 | Partial correlation in healthy controls between motor skill acquisition

outcomes and sleep quality measures and plasma levels of serotonin controlling

cognitive status and depression level.

Plasma serotonin

level

PSQI total

score

Performance time Correlation coefficient −0.62 0.72

P-value 0.02 0.03

Recorded error Correlation coefficient 0.15 025

P-value 0.48 0.26

Control variables, Montréal Cognitive Assessment (MOCA) total score and Hospital

Anxiety and Depression Scale. Performance time represents motor skill acquisition

outcome which is calculated as the change in the time required to complete the VR task

between block 6 and 2. Recorded error represents motor skill acquisition outcome which

is calculated as the difference in the error recorded during the VR task between block 6

and 2. PSQI, Pittsburg Sleep Quality Index.

TABLE 5 | Partial correlation in PD participants between motor skill acquisition

outcomes and sleep quality measures and plasma levels of serotonin controlling

for disease motor severity, cognitive status, daily dose of L-dopa, and depression

level.

Plasma

serotonin

level

PSQI

total

score

Sleep

efficiency

Avg. wakening

time after

sleep onset

Performance

time

Correlation

coefficient

−0.59 0.66 −0.55 0.62

P-value 0.04 0.01 0.05 0.02

Recorded

error

Correlation

coefficient

−0.44 −0.08 0.1 0.3

P-value 0.1 0.8 0.8 0.3

Control variables: Movement Disorders Society Unified Parkinson’s Disease Rating Scale

(MDS-UPDRS) Part III, Montréal Cognitive Assessment (MOCA) total score, Hospital

Anxiety and Depression Scale and daily dose of L-dopa. Performance time represents

motor skill acquisition outcome which is calculated as the change in the time required

to complete the VR task between block 6 and 2. Recorded error represents motor skill

acquisition outcome which is calculated as the difference in the error recorded during the

VR task between block 6 and 2. PSQI, Pittsburg Sleep Quality Index.

for disease motor severity, cognitive status, and daily dose of
L-dopa (Table 5).

On the other hand, no significant correlations were noted
between the motor skill acquisition as indicated by recorded
errors and any of the sleep quality measures nor the plasma
serotonin level in both groups.
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DISCUSSION

To our knowledge, this is the first study to investigate the

relationship between subjective and objective sleep quality
measures and motor skill acquisition in PwPD. What further

makes this study important, is the novel investigation of the
relationship between a sleep-related biomarker (i.e., serotonin)
and motor skill acquisition in PwPD. The results demonstrated
significant associations between subjective (PSQI) and objective
(Actisleep measures) sleep measures and the acquisition of the
VR game even after controlling for the L-dopa use, disease motor
severity and cognitive status. Furthermore, we found that lower
plasma serotonin level is significantly associated with poor sleep
quality measures and more importantly with decreased motor
skill acquisition in our cohort. Also, similar findings were found
among healthy controls, in which subjective sleep quality and
plasma serotonin levels were significantly associated with motor
skill acquisition in this group.

The results of this study have demonstrated that the
potential to improve performance of a new motor skill is
preserved in PwPD. Understanding improvement in motor
performance in PwPD has important practical implications
for rehabilitation because the acquisition and reacquisition
of motor skills are important parts of motor learning of
functional tasks. Importantly, the findings indicated significant
associations between subjective and objective sleep measures and
the acquisition of the VR game in PwPD and healthy control
participants. These findings suggest that impact of sleep quality
on motor learning is not limited to simple motor tasks but
also extends to a functional motor task that is complex and
has direct implications for physical therapists. Although most
previous studies that assessed the effect of sleep on motor skill
learning utilized simple tasks that focus on fine motor skills (13),
evidence suggests that research findings on simple motor tasks
cannot be generalized to gross and more complex motor skills
(20). This is evident by studies that found the effect of sleep on
motor skill learning differs with task complexity (40). In this
current study, participants practiced a novel functional motor
task that is similar to daily activities and is often practiced in
a rehabilitation setting. The VR game utilized in the current
study needs gross movements. Gross motor movements require
larger body segments involvement and require more complex
muscle synergies (41). Therefore, these findings further shed the
light on the relationship between sleep quality and performance
on functional complex tasks that resembles every day activities
in PwPD, and the possible impact sleep quality has on motor
learning approaches commonly utilized by physical therapists in
rehabilitation settings.

Previous studies reported a number of factors that might
have a major impact on motor skill learning in PwPD including
disease severity and duration (6, 11), and cognitive deficits (12).
Our results extend this earlier research by demonstrating that
individuals’ sleep quality also impacts subsequent motor skill
acquisition in PwPD. The findings of the current study are in
line with previously published papers which indicates sleep is
an important factor in motor skill acquisition in young healthy
adults (42) and in people with obstructive sleep apnea (OSA)

(15). Appleman et al. (14) suggested that sleep quality, assessed
by actigraphy and quantified as time awake after sleep onset,
is associated with subsequent motor skill acquisition. Besides,
in extension to previous work investigated the importance of
sleep for off-line motor learning and memory consolidation in
PwPD (18), the current study found that sleep quality is also
important in the online motor acquisition which is considered
a very important step for motor memory formation. Bradley
et al. (19) found that during the initial learning session of
the motor task, the activations in a motor-related network,
including the cerebellum, putamen, pallidum, and parietal cortex,
forecasted subsequent offline changes in behavior. This suggests
that sufficient activation in a motor-related network during
motor skill acquisition is necessary to trigger sleep-facilitated
consolidation in this population. Therefore, understanding
factors that influence motor skill acquisition in PwPD is
very important.

The current study demonstrated significant correlations
between overall sleep quality as measured subjectively by PSQI
and motor skill acquisition. These findings are considered
important considering that PwPD have reduced sleep quality.
According to PSQI scores, both groups in this study have reduced
sleep quality, however, there was a significant difference in the
average score of PQSI between PwPD and healthy controls. 68.1%
of the PD were poor sleepers compared to 48% in the healthy
control participants. These results are consistent and comparable
with previous studies, which found reduced sleep quality in
PwPD (16). Havlikova et al. (43) found that 73.1% of PwPD were
poor sleepers during the nighttime, and the study of Menza et al.
(44) demonstrated that sleep problems were very common in PD,
affecting about three quarters of these individuals. In addition,
the results of this current study support the age-related changes
in sleep quality as around half of the healthy control participants
were poor sleepers (45–47).

The current study demonstrated significant correlations
between objective sleep measures (sleep efficiency and WASO)
and motor skill acquisition in PwPD. Studies have confirmed
the importance of having a certain amount of sleep continuity
(i.e., undisrupted sleep) for motor skill learning (46). Sleep
efficiency and WASO are considered important parameters of
undisrupted sleep and can detect poor sleep quality especially
for those suffering from insomnia (48). Improvement in sleep
efficiency has become a gold standard for evaluating insomnia
treatment efficacy, sleep restriction therapy (SRT), and cognitive
behavioral therapy (CBT) (48). The findings expanded the
previous work of Al-Sharman et al. (46) who demonstrated that
continuous periods of sleep as indicated by sleep efficiency and
WASO are important factors to ensure optimal sleep-dependent
consolidation of a functional motor task in young healthy
individuals. Also, these findings are in line with Appleman
et al. (14) who indicated that WASO, significantly influenced
subsequent motor skill acquisition in young healthy individuals.

In line with previous studies among PwPD and other
neurological populations, the plasma serotonin levels in the
current study were significantly correlated with sleep quality
as measured by PSQI in PwPD. Importantly, this is the first
study to examine the association between motor skill acquisition
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and plasma serotonin level. The findings suggest that serotonin
level is significantly related to motor skill acquisition. Higher
serotonin indicates better motor acquisition, since the time
to complete the VR game was lower in participants with
higher serotonin level. Studies reported that serotonin plays
an important role in fundamental learning mechanisms and in
neuroplasticity, referring that to its location in midline raphe
nuclei of the brainstem and its role in regulating numerous
basic functions which require energy or conserve energy (49).
Furthermore, studies have confirmed the role of serotonin on the
wake-sleep cycle. Several studies have indicated that serotonergic
dysfunction in PwPD is associated with the development of
non-motor symptoms including sleep disturbances (50). Thus,
this might explain the mechanism behind this relationship (51).
Interventions that might help to improve sleep quality and
serotonin level might improve motor skill acquisition in PwPD.
Aerobic exercise was found to improve serotonin level, and
subsequently reduce pain in people with fibromyalgia (52). In
multiple sclerosis, a recent study found that aerobic exercise
improves sleep quality and that improvement was associated with
improvements of the serotonin level (53).

This study is not without limitations. This study was
performed without initial power calculations for the sample size,
and accordingly the current study findings need to be interpreted
cautiously. However, it should be noted that this is a pilot cross-
sectional observational study. Overall, in this study, the power
was found to be 97% for a sample size of 31 at a level of
significance of 0.05 using the correlation coefficient with the
PSQI score. Also, the power was found to be 80% for the sample
size of 31 at a level of significance of 0.05 using the correlation
coefficient with the plasma serotonin level. PwPD participated
in this study were moderately affected by the disease [HY mean
(SD) = 2.2 (0.74) units]. Replicating this study in a large cohort
across the continuum of the disease is warranted. Furthermore,
regarding sleep assessment, we used the subjective (PSQI), and
objective (the Actisleep) to assess sleep. Both assessments are
not designed to capture sleep architecture. Therefore, we cannot
determine which sleep stages are associated with motor skill
acquisition. Future studies are needed to use higher resolution
methodologies such as polysomnography. Also, due to the
limited number of Actisleep devices available in this study, only
22 PwPD wore the Actigraph which limits the interpretation of
the results. These findings, however, may set the basis for future
studies in this area. We assessed only serotonin as a sleep related
biomarker. There are other sleep related biomarkers such as
melatonin and cortisol that might affect motor skill acquisition.
Future studies are required to assess these biomarkers.

The results reported here are of clinical importance
considering the high prevalence of sleep disturbances in PwPD.
We believe it is important to provide health care professionals
mainly physical therapists with recommendations to consider
sleep as an important factor affecting motor skill acquisition.
It is possible to improve clinical outcomes of rehabilitation by
improving sleep quality. In clinical settings, sleep assessment is
not considered as a major part of a physical therapists’ evaluation.
However, due to the important role of sleep on learning and
memory, we believe that Sleep assessment should be considered
as a major part of a physical therapists’ evaluation which might
allow clinicians to more effectively individualize interventions
to fit specific patients’ characteristic to achieve maximum
level of motor acquisition. In addition, it is of importance
to find interventions that could improve sleep quality in
this population.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Institutional Research Committees of Jordan
University of Science and Technology (ID: JUST-AA-2018-
525). The patients/participants provided their written informed
consent to participate in this study.

AUTHOR CONTRIBUTIONS

AA-S, II, HK, and KE-S contributed to research idea, data
collection, managing and analyzing the data, and writing and
reviewing the manuscript. All authors contributed to the article
and approved the submitted version.

ACKNOWLEDGMENTS

The authors would like to acknowledge Dr. Mayis Aldughmi
for reviewing the manuscript. The authors would like to
acknowledge all the participants of the study. Acknowledgment
for funding support was to Jordan University of Science and
Technology (Grant No. AA-20180525), Clinical Rehabilitation
Sciences Master Program (CRS) funded project by the Erasmus
+ Programme of the European Union (Project No: 573758-EPP-
1-2016-1-JO-EPPKA2-CBHE-JP).

REFERENCES

1. Mak MK, Pang MY, Mok V. Gait difficulty, postural instability, and muscle

weakness are associated with fear of falling in people with Parkinson’s disease.

Park Dis. (2012) 2012:901721. doi: 10.1155/2012/901721

2. Obeso JA, Rodriguez-OrozMC, Goetz CG,Marin C, Kordower JH, Rodriguez

M, et al. Missing pieces in the Parkinson’s disease puzzle. Nat Med. (2010)

16:653–61. doi: 10.1038/nm.2165

3. Nantel J, McDonald JC, Bronte-Stewart H. Effect of medication and STN-DBS

on postural control in subjects with Parkinson’s disease. Parkinsonism Relat

Disord. (2012) 18:285–9. doi: 10.1016/j.parkreldis.2011.11.005

4. Pötter-Nerger M, Volkmann J. Deep brain stimulation for gait and

postural symptoms in Parkinson’s disease. Mov Disord. (2013) 28:1609–

15. doi: 10.1002/mds.25677

5. Kaseda Y, Ikeda J, Sugihara K, Yamawaki T, Kohriyama T,

Matsumoto M. Therapeutic effects of intensive inpatient rehabilitation

Frontiers in Neurology | www.frontiersin.org 8 March 2021 | Volume 12 | Article 582611

https://doi.org/10.1155/2012/901721
https://doi.org/10.1038/nm.2165
https://doi.org/10.1016/j.parkreldis.2011.11.005
https://doi.org/10.1002/mds.25677
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Al-Sharman et al. Sleep and Motor Acquisition in PD

in advanced Parkinson’s disease. Neurol Clin Neurosci. (2017)

5:18–21. doi: 10.1111/ncn3.12088

6. Olson M, Lockhart TE, Lieberman A. Motor learning deficits in Parkinson’s

disease (PD) and their effect on training response in gait and balance: a

narrative review. Front Neurol. (2019) 10:62. doi: 10.3389/fneur.2019.00062

7. Pendt LK, Reuter I, Müller H. Motor skill learning, retention,

and control deficits in Parkinson’s disease. PLoS ONE. (2011)

6:e21669. doi: 10.1371/journal.pone.0021669

8. Nieuwboer A, Rochester L, Müncks L, Swinnen SP. Motor learning in

Parkinson’s disease: limitations and potential for rehabilitation. Parkinsonism

Relat Disord. (2009) 15:S53–8. doi: 10.1016/S1353-8020(09)70781-3

9. Hornung OP, Danker-Hopfe H, Heuser I. Age-related changes in sleep and

memory: commonalities and interrelationships. Exp Gerontol. (2005) 40:279–

85. doi: 10.1016/j.exger.2005.02.001

10. Xiaojuan D, King BR, Doyon J, Chan P. Motor sequence learning and

consolidation in unilateral de novo patients with Parkinson’s disease. PLoS

ONE. (2015) 10:e0134291. doi: 10.1371/journal.pone.0134291

11. Stephan MA, Meier B, Zaugg SW, Kaelin-Lang A. Motor sequence learning

performance in Parkinson’s disease patients depends on the stage of disease.

Brain Cogn. (2011) 75:135–40. doi: 10.1016/j.bandc.2010.10.015

12. Roy S, Park NW, Roy EA, Almeida QJ. Interaction of

memory systems during acquisition of tool knowledge and

skills in Parkinson’s disease. Neuropsychologia. (2015) 66:55–

66. doi: 10.1016/j.neuropsychologia.2014.11.005

13. Fischer S, Hallschmid M, Elsner AL, Born J. Sleep forms

memory for finger skills. Proc Nat Acad Sci USA. (2002)

99:11987–91. doi: 10.1073/pnas.182178199

14. Walker MP, Brakefield T, Morgan A, Hobson JA, Stickgold R. Practice with

sleep makes perfect: sleep-dependent motor skill learning. Neuron. (2002)

35:205–11. doi: 10.1016/S0896-6273(02)00746-8

15. Kloepfer C, Riemann D, Nofzinger EA, Feige B, Unterrainer J, O’Hara R, et al.

Memory before and after sleep in patients with moderate obstructive sleep

apnea. J Clin Sleep Med. (2009) 5:540–8. doi: 10.5664/jcsm.27655

16. Manni R, Terzaghi M. Sleep disorders in neurodegenerative diseases other

than Parkinson’s disease and multiple system atrophy. Oxf Textbook Sleep

Disord. (2017) 36:255. doi: 10.1093/med/9780199682003.003.0026

17. Chahine LM, Amara AW, Videnovic A. A systematic review of the literature

on disorders of sleep and wakefulness in Parkinson’s disease from 2005 to

2015. Sleep Med Rev. (2017) 35:33–50. doi: 10.1016/j.smrv.2016.08.001

18. Terpening Z, Naismith S, Melehan K, Gittins C, Bolitho S, Lewis SJ. The

contribution of nocturnal sleep to the consolidation of motor skill learning

in healthy ageing and P arkinson’s disease. J Sleep Res. (2013) 22:398–

405. doi: 10.1111/jsr.12028

19. King BR, Saucier P, Albouy G, Fogel SM, Rumpf JJ, Klann J, et al. Cerebral

activation during initial motor learning forecasts subsequent sleep-facilitated

memory consolidation in older adults. Cereb Cortex. (2017) 27:1588–

601. doi: 10.1093/cercor/bhv347

20. Wulf G, Shea CH. Principles derived from the study of simple skills do

not generalize to complex skill learning. Psychon Bull Rev. (2002) 9:185–

211. doi: 10.3758/BF03196276

21. Kish SJ. Biochemistry of Parkinson’s disease: is a brain serotonergic deficiency

a characteristic of idiopathic Parkinson’s disease? Adv Neurol. (2003)

91:39–49.

22. Halliday GM, Blumbergs PC, Cotton RGH, Blessing WW, Geffen LB.

Loss of brainstem serotonin-and substance P-containing neurons in

Parkinson’s disease. Brain Res. (1990) 510:104–7. doi: 10.1016/0006-8993(90)

90733-R

23. Wilson H, Giordano B, Turkheimer FE, Chaudhuri KR, Politis M.

Serotonergic dysregulation is linked to sleep problems in Parkinson’s disease.

NeuroImage Clin. (2018) 18:630–7. doi: 10.1016/j.nicl.2018.03.001

24. Molloy E, Mueller K, Sehm B, Kanaan AS, Pampel A, Steele C, et al.

Serotonergic modulation of behavioural and neural responses during motor

learning. In: 2019 OHBM Annual Meeting (Rome) (2019).

25. Khalil H, Al-Sharman A, El-Salem K, Alghwiri AA, Al-Shorafat D, Khazaaleh

S. The development and pilot evaluation of virtual reality balance scenarios in

people with multiple sclerosis (MS): a feasibility study. NeuroRehabilitation.

(2018) 43:473–82. doi: 10.3233/NRE-182471

26. Khalil H, Al-Sharman A, Kazaaleh S, El-Salem K. The Development of Virtual

Reality (VR) Balance Scenarios to Improve Balance in People with Multiple

Sclerosis (MS). Stockholm: ECTRIMS online library (2016).

27. Suleiman KH, Yates BC, Berger AM, Pozehl B, Meza J. Translating the

Pittsburgh Sleep Quality Index into Arabic. West J Nurs Res. (2010) 32:250–

68. doi: 10.1177/0193945909348230

28. Buysse DJ, Reynolds CF III, Monk TH, Berman SR, Kupfer DJ. The Pittsburgh

Sleep Quality Index: a new instrument for psychiatric practice and research.

Psychiatry Res. (1989) 28:193–213. doi: 10.1016/0165-1781(89)90047-4

29. Uemura Y, Nomura T, Inoue Y, Yamawaki M, Yasui K, Nakashima K.

Validation of the Parkinson’s disease sleep scale in Japanese patients: a

comparison study using the Pittsburgh Sleep Quality Index, the Epworth

Sleepiness Scale, and Polysomnography. J Neurol Sci. (2009) 287:36–

40. doi: 10.1016/j.jns.2009.09.015

30. Peach D, Van Hoomissen J, Callender HL. Exploring the ActiLife(R) filtration

algorithm: converting raw acceleration data to counts. Physiol Meas. (2014)

35:2359–67. doi: 10.1088/0967-3334/35/12/2359

31. Slater JA, Botsis T, Walsh J, King S, Straker LM, Eastwood PR. Assessing

sleep using hip and wrist actigraphy. Sleep Biol Rhythms. (2015) 13:172–

180. doi: 10.1111/sbr.12103

32. Stavitsky K, Saurman JL, McNamara P, Cronin-Golomb A.

Sleep in Parkinson’s disease: a comparison of actigraphy and

subjective measures. Parkinsonism Relate Disord. (2010) 16:280–

3. doi: 10.1016/j.parkreldis.2010.02.001

33. Martínez-Martín P, Rodríguez-Blázquez C, Alvarez M, Arakaki T, Arillo

VC, Chaná P, et al. Parkinson’s disease severity levels and MDS-Unified

Parkinson’s disease rating scale. Parkinsonism Relat Disord. (2015) 21:50–

4. doi: 10.1016/j.parkreldis.2014.10.026

34. Hoehn MM, Yahr MD. Parkinsonism: onset, progression, and mortality.

Neurology. (1967) 17:427. doi: 10.1212/WNL.17.5.427

35. Rahman TTA, El Gaafary MM. Montreal cognitive assessment arabic version:

reliability and validity prevalence of mild cognitive impairment among

elderly attending geriatric clubs in Cairo. Geriatr Gerontol Int. (2009) 9:54–

61. doi: 10.1111/j.1447-0594.2008.00509.x

36. Malasi T, Mirza I, El-Islam MF. Validation of the hospital anxiety and

depression scale in Arab patients. Acta Psychiatr Scand. (1991) 84:323–

6. doi: 10.1111/j.1600-0447.1991.tb03153.x

37. El-Rufaie O, Absood G. Retesting the validity of the arabic version of the

hospital anxiety and depression (HAD) scale in primary health care. Soc

Psychiatry Psychiatr Epidemiol. (1995) 30:26-31. doi: 10.1007/BF00784431

38. Lee GS, Simpson C, Sun BH, Yao C, Foer D, Sullivan B, et al.

Measurement of plasma, serum, and platelet serotonin in individuals with

high bone mass and mutations in LRP5. J Bone Miner Res. (2014) 29:976–

81. doi: 10.1002/jbmr.2086

39. Portney LG, Watkins MP. Foundations of Clinical Research: Applications to

Practice. 3rd ed. New Jersey, NY: Pearson Education (2008).

40. Blischke K, Malangre A. Task complexity modulates sleep-related

offline learning in sequential motor skills. Front Hum Neurosci. (2017)

11:374. doi: 10.3389/fnhum.2017.00374

41. Kanekar N, Aruin AS. Improvement of anticipatory postural adjustments for

balance control: effect of a single training session. J Electromyogr Kinesiol.

(2015) 25:400–5. doi: 10.1016/j.jelekin.2014.11.002

42. Brawn TP, Fenn KM, Nusbaum HC, Margoliash D. Consolidation

of sensorimotor learning during sleep. Learn Mem. (2008) 15:815–

9. doi: 10.1101/lm.1180908

43. Havlikova E, van Dijk JP, Nagyova I, Rosenberger J, Middel B, Dubayova T,

et al. The impact of sleep and mood disorders on quality of life in Parkinson’s

disease patients. J Neurol. (2011) 258:2222–9. doi: 10.1007/s00415-011-

6098-6

44. Menza M, Dobkin RD, Marin H, Bienfait K. Sleep disturbances in Parkinson’s

disease.Mov Disord. (2010) 25:S117–22. doi: 10.1002/mds.22788

45. Hughes JM, Song Y, Fung CH, Dzierzewski JM, Mitchell MN, Jouldjian

S, et al. Measuring sleep in vulnerable older adults: a comparison of

subjective and objective sleep measures. Clin Gerontol. (2018) 41:145–

57. doi: 10.1080/07317115.2017.1408734

46. Al-Sharman A, Siengsukon CF. Sleep enhances learning of a functional motor

task in young adults. Phys Ther. (2013) 93:1625–35. doi: 10.2522/ptj.20120502

Frontiers in Neurology | www.frontiersin.org 9 March 2021 | Volume 12 | Article 582611

https://doi.org/10.1111/ncn3.12088
https://doi.org/10.3389/fneur.2019.00062
https://doi.org/10.1371/journal.pone.0021669
https://doi.org/10.1016/S1353-8020(09)70781-3
https://doi.org/10.1016/j.exger.2005.02.001
https://doi.org/10.1371/journal.pone.0134291
https://doi.org/10.1016/j.bandc.2010.10.015
https://doi.org/10.1016/j.neuropsychologia.2014.11.005
https://doi.org/10.1073/pnas.182178199
https://doi.org/10.1016/S0896-6273(02)00746-8
https://doi.org/10.5664/jcsm.27655
https://doi.org/10.1093/med/9780199682003.003.0026
https://doi.org/10.1016/j.smrv.2016.08.001
https://doi.org/10.1111/jsr.12028
https://doi.org/10.1093/cercor/bhv347
https://doi.org/10.3758/BF03196276
https://doi.org/10.1016/0006-8993(90)90733-R
https://doi.org/10.1016/j.nicl.2018.03.001
https://doi.org/10.3233/NRE-182471
https://doi.org/10.1177/0193945909348230
https://doi.org/10.1016/0165-1781(89)90047-4
https://doi.org/10.1016/j.jns.2009.09.015
https://doi.org/10.1088/0967-3334/35/12/2359
https://doi.org/10.1111/sbr.12103
https://doi.org/10.1016/j.parkreldis.2010.02.001
https://doi.org/10.1016/j.parkreldis.2014.10.026
https://doi.org/10.1212/WNL.17.5.427
https://doi.org/10.1111/j.1447-0594.2008.00509.x
https://doi.org/10.1111/j.1600-0447.1991.tb03153.x
https://doi.org/10.1007/BF00784431
https://doi.org/10.1002/jbmr.2086
https://doi.org/10.3389/fnhum.2017.00374
https://doi.org/10.1016/j.jelekin.2014.11.002
https://doi.org/10.1101/lm.1180908
https://doi.org/10.1007/s00415-011-6098-6
https://doi.org/10.1002/mds.22788
https://doi.org/10.1080/07317115.2017.1408734
https://doi.org/10.2522/ptj.20120502
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Al-Sharman et al. Sleep and Motor Acquisition in PD

47. Al-Sharman A, Siengsukon CF. Sleep-dependent learning of a functional

motor task declines with age. J Am Geriatr Soc. (2014) 62:1797–

8. doi: 10.1111/jgs.13002

48. Reed DL, SaccoWP.Measuring sleep efficiency: what should the denominator

be? J Clin Sleep Med. (2016) 12:263–6. doi: 10.5664/jcsm.5498

49. Jacobs BL, Azmitia EC. Structure and function of the brain serotonin

system. Physiol Rev. (1992) 72:165–229. doi: 10.1152/physrev.1992.

72.1.165

50. Politis M, Niccolini F. Serotonin in Parkinson’s disease.

Behav Brain Res. (2015) 277:136–45. doi: 10.1016/j.bbr.2014.

07.037

51. Hall JE. Guyton And Hall Textbook Of Medical Physiology e-Book. 12th ed.

Elsevier Health Sciences (2010).

52. Valim V, Natour J, Xiao Y, Pereira AFA, da Cunha Lopes BB, Pollak DF, et al.

Effects of physical exercise on serum levels of serotonin and its metabolite in

fibromyalgia: a randomized pilot study. Rev Bras Reumatol. (2013) 53:538–

41. doi: 10.1016/j.rbre.2013.02.001

53. Al-Sharman A, Khalil H, El-Salem K, Aldughmi M, Aburub A. The

effects of aerobic exercise on sleep quality measures and sleep-related

biomarkers in individuals with Multiple Sclerosis: a pilot randomised

controlled trial. NeuroRehabilitation. (2019) 45:107–15. doi: 10.3233/NRE-

192748

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Al-Sharman, Ismaiel, Khalil and El-Salem. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Neurology | www.frontiersin.org 10 March 2021 | Volume 12 | Article 582611

https://doi.org/10.1111/jgs.13002
https://doi.org/10.5664/jcsm.5498
https://doi.org/10.1152/physrev.1992.72.1.165
https://doi.org/10.1016/j.bbr.2014.07.037
https://doi.org/10.1016/j.rbre.2013.02.001
https://doi.org/10.3233/NRE-192748
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Exploring the Relationship Between Sleep Quality, Sleep-Related Biomarkers, and Motor Skill Acquisition Using Virtual Reality in People With Parkinson's Disease: A Pilot Study
	Introduction
	Materials and Methods
	Study Design and Participants
	Study Procedure
	Motor Task Description
	Sleep Quality Measures
	Other Outcome Measures
	Sleep Related Biomarkers
	Statistical Analysis

	Results
	Subject Characteristics
	Motor Skill Performance
	Correlations Between Motor Skill Acquisition, Serotonin, and Sleep Measures

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	References


