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Abstract: In Parkinson’s disease (PD), abnormal movements consisting of hypokinetic and
hyperkinetic manifestations commonly lead to nocturnal distress and sleep impairment, which
significantly impact quality of life. In PD patients, these nocturnal disturbances can reflect disease-
related complications (e.g., nocturnal akinesia), primary sleep disorders (e.g., rapid eye movement
behaviour disorder), or both, thus requiring different therapeutic approaches. Wearable
technologies based on actigraphy and innovative sensors have been proposed as feasible solutions
to identify and monitor the various types of abnormal nocturnal movements in PD. This narrative
review addresses the topic of abnormal nocturnal movements in PD and discusses how wearable
technologies could help identify and assess these disturbances. We first examine the
pathophysiology of abnormal nocturnal movements and the main clinical and instrumental tools
for the evaluation of these disturbances in PD. We then report and discuss findings from previous
studies assessing nocturnal movements in PD using actigraphy and innovative wearable sensors.
Finally, we discuss clinical and technical prospects supporting the use of wearable technologies for
the evaluation of nocturnal movements.

Keywords: parkinson’s disease; nocturnal movements; actigraphy; wearable sensors;
polysomnography; akinesia; RBD

1. Introduction

Parkinson’s disease (PD) is the fastest-growing neurological disorder in prevalence, disability,
and deaths worldwide [1]. PD diagnosis is based on the clinical recognition of specific motor
manifestations, including bradykinesia (i.e., movement slowness and amplitude or speed
decrement), rigidity (i.e., velocity-independent resistance of major joints to passive movement), and
4-6 Hz rest tremor [2]. Moreover, several non-motor symptoms, including cognitive, sensory, and
autonomic dysfunction, invariably contribute to increasing the disease burden on patients and
caregivers [3]. Although the loss of dopaminergic neurons in the substantia nigra pars compacta
(SNpc) is the main pathophysiological mechanism responsible for the occurrence of most motor
symptoms in PD, current consensus attributes several parkinsonian signs and symptoms to
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neurodegeneration in other neurotransmitter systems, such as cholinergic and noradrenergic
pathways. L-Dopa and other drugs directly or indirectly acting on dopaminergic transmission in the
central nervous system are the main therapeutic strategies used in PD patients [4-6].

PD patients commonly experience nocturnal distress and sleep impairment due to the
occurrence of several disturbances [7,8]. Among these, abnormal movements consisting of
hypokinetic and hyperkinetic manifestations are major contributing factors to nocturnal distress and
sleep impairment in PD patients and their bed partners. Abnormal nocturnal movements in PD can
reflect disease-related complications, primary sleep disorders, or both [7]. Disease-related
complications mostly occur in more advanced PD stages and reflect the complex interaction between
chronic L-Dopa intake and the amount of neurodegeneration in the dopaminergic system. Among
disease-related nocturnal complications, akinesia is one of the most disabling consequences, leading
to abnormal nocturnal movements in PD [9]. Nocturnal akinesia is a hypokinetic disorder consisting
of partial or complete loss of movement in the axial body and limbs, limiting body position changes
and leading to prolonged immobilization, pain, and sleep impairment [9]. In addition, PD patients
can manifest primary sleep disorders, such as restless legs syndrome (RLS), periodic limb movement
disorder (PLMD), and rapid eye movement (REM) behaviour disorder (RBD), which, unlike
nocturnal akinesia, may occur in early or even prodromal phases of PD [10]. While RLS and PLMD
are sleep-related movement disorders primarily characterised by segmental and stereotyped
movements, RBD is a more compound syndrome (i.e., parasomnia) associated with complex motor
behaviours [11]. Nocturnal akinesia and primary sleep disorders frequently coexist in PD and, due
to their specific pathophysiologic mechanisms, require different therapeutic approaches.
Accordingly, it is crucial to recognise and classify abnormal nocturnal movements in order to
optimise therapeutic strategies in PD patients.

Actigraphy and innovative wearable sensors have increasingly been used to monitor nocturnal
movements in PD. Actigraphy is based on the placement of a clock-like instrument, called an
actigraph, which contains sensing technologies (e.g., an accelerometer and temperature, noise, and
light detectors) able to monitor specific biological functions and reconstruct the sleep/wake cycle [12].
Along with the examination of sleep impairment, some previous studies using actigraphy in PD have
also provided information about nocturnal limb movements in parkinsonian patients [13-24]. More
recently, innovative wearable technologies including wireless sensor networks have also been used
to examine nocturnal movements involving axial body rotations in PD patients [25-36]. Compared
to clinical evaluation and polysomnography, actigraphy and innovative wearable sensors are now
increasingly considered feasible solutions for the long-term recording of a large amount of ecological
data due to the low costs and unobtrusiveness of these tools.

This narrative review first discusses the issue of abnormal nocturnal movements in PD. We then
summarise the main clinical and instrumental tools currently available for the evaluation of nocturnal
movements, including polysomnography and wearable technologies. We subsequently report
findings from previous studies assessing nocturnal movements in PD patients through actigraphy
and innovative wearable sensors. Finally, we discuss the prospects and challenges of wearable
technologies in the instrumental assessment of nocturnal movements in PD.

2. Pathophysiology of Abnormal Nocturnal Movements in Parkinson’s Disease

Humans spend nearly one-third of their lives sleeping in bed. Optimal nocturnal rest involves
the ability to freely move consciously or unconsciously in order to find a comfortable body position.
In addition to voluntary movements when awake in bed, dozens of major body shifts and hundreds
of small and non-purposeful movements commonly occur in healthy subjects (HS) while sleeping.
These movements largely depend on sleep architecture [37]. In healthy adults, sleep architecture
reflects the alternation of REM sleep and three progressively deepening stages (i.e., N1, N2, and N3)
of non-REM (NREM) sleep. Wakefulness, NREM sleep, and REM sleep show specific physiological
characteristics in terms of brain activity, eye movement, and muscle activity, which can be measured
by electroencephalography (EEG), electrooculography (EOG), and electromyography (EMG),
respectively [38,39] (Table 1).
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Table 1. Physiological features of sleep in older adults.

Wakefulness NREM Sleep (75-85% TST) REM Sleep
N1 (5-10%) N2 (45-55%) N3 (15-20%) (15-25% TST)
High
Brain High Slowing d(?wn Mostly slow Slow (high- (desynchromz.ed,
.. K (rhythmic (sleep low-voltage, mixed-
activity (predominant . voltage delta
alpha and theta  spindles and frequency waves
(EEG) beta rhythm) waves)
waves) K complex) and sawtooth
waves); dreaming
Eye Voluntary gaz sl Rapid
movemens VS0t e e
(EOG) \% ing \¢
Muscle atonia,
MI.IS?Ie High muscle Low - e?<cept for short'
activity activit Moderate - low moderate Low episodes of phasic
(EMG) ¥ muscle activation
and limb twitches
Variable
Autonomic according to
. . . Reduced Reduced Reduced Increased
activity environmental
changes

EEG: electroencephalography; EMG: electromyography; EOG: electrooculography; N1: stage 1; N2:
stage 2; N3: stage 3; TST: total sleep time.

Concerning physiological nocturnal movements, immobility predominantly characterises
descending phases of the sleep cycle (e.g., transition from NREM stage 2 to 3). Conversely, transitions
from NREM stage 3 to NREM stage 2 or REM sleep show major position changes [40,41]. Moreover,
sleep/wake transitions sometimes present brief and sudden involuntary muscle contractions (i.e.,
hypnic and propriospinal myoclonus). These movements are considered physiological phenomena
when they do not affect sleep through arousal and fragmentation [42]. REM sleep is usually
characterised by shorter and jerkier movements as compared to NREM sleep [43]. Small movements
mainly involve the lower extremities and are more frequent in men than women [43]. Sleep-related
motor activity before sleep onset or during sleep can also include rhythmic and stereotyped
movements, such as head rocking or body rolling, though these movements are much more common
in infants than adults [44]. Ageing is an important factor impacting sleep-related motor activity in
HS. Indeed, nocturnal movements commonly decrease over time, likely reflecting decreased daytime
motor activity in the elderly [45]. Accordingly, young adults have more segmental body movements
and greater position changes than older adults during sleep [45—-47]. Furthermore, elderly adults have
increased movement distribution across sleep stages and reduced motor activity during REM sleep
as compared to young adults [46,47].

In addition to age-related sleep changes, pathophysiologic findings of abnormal nocturnal
movements in PD patients include abnormal sleep macrostructure (e.g., sleep fragmentation and
sleep-cycle dysregulation with a relative increase in superficial sleep), and impaired sleep
microstructure (e.g., disturbed sleep spindles and K-complexes) [48]. Accordingly, sleep architecture
changes may partially contribute to abnormal nocturnal movements in PD. Moreover, abnormal
nocturnal movements in PD may crucially reflect neurodegenerative progression in the central
nervous system. When cardinal motor signs appear in PD patients, up to 60-70% of dopaminergic
neurons in the SNpc have already been lost [49,50]. The surviving dopaminergic neurons can still
store and continuously release dopamine in the synaptic cleft, thus allowing a long-duration response
to the exogenous administration of L-Dopa (honeymoon period) [51]. However, as the disease
progresses, dopaminergic neuronal loss worsens endogenous dopamine synthesis, storage, and
release, leading to a progressive decline in the long-duration response to exogenous administration
of L-Dopa [51]. As a result, PD patients in more advanced stages of the disease require additional
daily administrations of L-Dopa to achieve stable improvement of motor symptoms due to the short-
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duration response to exogenous L-Dopa, which directly depends on L-Dopa plasmatic levels [51].
Accordingly, when partial nighttime dopaminergic drug withdrawal leads to akinesia, PD patients
may progressively experience nocturnal distress and sleep impairment.

The second main cause of abnormal nocturnal movements in PD is primary sleep disorders,
including RBD, RLS, and PLMD, which reflect dysfunction of sleep regulatory centres in the pons
and medulla, implicating noradrenergic and cholinergic dysfunction [52-54]. According to the well-
known progression of neurodegenerative processes in PD [55], RBD frequently precedes cardinal
parkinsonian motor symptoms [56]. Table 2 summarises the main causes of abnormal nocturnal
movements and reports the main clinical manifestations and pathophysiological mechanisms in PD.

Table 2. Abnormal nocturnal movements in Parkinson’s Disease.

Disease-
Related Primary Sleep Disorders
Complications
Nocturnal
Akinesi RBD [52 RLS [57 PLMD
disturbance kinesia [9] [52] S [57] MD [58]
A sleep-related
REM parasomnia is movement
responsible for A sensorimotor disorder
Difficulty prominent motor disorder responsible responsible for
Definition moving in bed activity. Patients for the overwhelming involuntary
during physically act out their urge to move when movements
nighttime dreams, often injuring resting, possibly disrupting
themselves and delaying sleep onset sleep, mainly
waking up during NREM
sleep
Repetitive and
rhythmic
Voluntary movements, = movements (at
Partial or . . predf)minantly le.ast four),
Loss of atonia; complex involving the legs, lasting 0.5-10 s
complete loss of . L .
. motor behaviours (e.g.,  providing temporary (e.g., thythmic
Movements movement in . . . .
. punching, kicking, and  relief and frequently extension of the
axial body and . . . .
. screaming) associated with big toe,
limbs o o
periodic leg dorsiflexion of
movements the foot, and
flexion of the
knee and hip)
D .
Neurodegeneration in Abnormal yharnie
. . . . . oscillating
Striatal brainstem nuclei (e.g., dopaminergic chanees in
Pathophysiology dopamine locus coeruleus, neurotransmission, s mfl and
depletion peduncle-pontine hypocretin levels, and P .
. . supraspinal
nucleus) brain iron metabolism
structures

NREM: non-rapid eye movement; PLMD: periodic limb movement disorder; RBD: rem behaviour

disorder; REM: rapid eye movement; RLS: restless legs syndrome.

3. Clinical Assessment of Nocturnal Movements

Clinical assessment in PD patients commonly involves individual interviews, diaries, and rating
scales to investigate nocturnal disturbances, including abnormal movements. All these approaches
are patient-based instruments and thus examine subjective perceptions of symptoms with variable
psychometric properties. Rating scales are the only standardised clinical tools for the
semiquantitative evaluation of nocturnal symptom severity and impact on quality of life. These scales
investigate a wide range of sleep disturbances, including insomnia, nocturia, breathing disorders,
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and daytime sleepiness [59]. However, the most relevant scales commonly used in PD only partially
address the issue of abnormal nocturnal movements (Table 3) [59].

Table 3. Rating scales evaluating nocturnal movements in Parkinson’s Disease.

Clln.lcal L. Items evaluating Nocturnal
Rating Description
Movements
Scales
IRLS 10 items for the assessment 9f RLS.symptoms and impact on All items concern RLS
quality of life
MDS- Four parts comprising 50 questions for a comprehensive Item 2.9 (turning in bed);
UPDRS assessment of non-motor and motor symptoms Item 2.11 (getting out of bed)
Item 9 (getting out of bed for
urination);
NMSQ 30 questions for the assessment of non-motor symptoms Item 25 (acting out dreams);
Item 26 (urgency to move
when resting)
NMSS 30 items for the assessment of non-motor symptom severity Item 2.6 (urgency to move
and frequency when resting)
Item 4 (leg or arm
restlessness when resting);
Item 5 (fidgeting in bed);
PDSS 15 items for the assessment of sleep disturbances Item 8 (getting out of bed for
urination);
Item 12 (painful posturing of
arms or legs)
Item 4 (leg or arm
restlessness when resting);
Item 5 (urgency to move
when resting);
PDSS2 15 questions on the frequency and severity of nocturnal Item 8 (getting out of bed for
disturbances urination);
Item 9 (nocturnal
hypokinesia);
Item 12 (painful posturing of
the arms or legs)
Item 5c (getting out of bed
24 total questions for the assessment of overall sleep quality for urination);
PSQI (5 questions rated by the bed partner or roommate and not Item 10c (leg twitching or
included in the final score) jerking rated by the bed
partner)
RBDSQ 10 questions for the assessment of RBD All items concern RBD
RBD1Q Single-question screen for RBD Single item (acting out
dreams)
SCOPA- 11 items for the assessment of nighttime sleep (5 items) and No items
Sleep daytime sleepiness (6 items)

IRLS: International Restless Legs Scale; MDS-UPDRS: Movement Disorder Society-sponsored
revision of the Unified Parkinson’s Disease Rating Scale; NMSQ: Non-Motor Symptoms
Questionnaire; NMSS: Non-Motor Symptoms Scale; PD: Parkinson’s disease; PDSS: Parkinson’s
Disease Sleep Scale; PSQI: Pittsburgh Sleep Quality Index; RBD: REM behaviour disorder; RBDSQ:
REM Behaviour Disorder Screening Questionnaire; RBD1Q: REM Sleep Behaviour Disorder Single-
Question Screen; SCOPA-Sleep: Scales for Outcomes in Parkinson’s Disease-Sleep Disturbances.

When considering the clinical assessment of nocturnal movements in PD, several limitations
should be considered. First, PD patients are often unaware of specific nocturnal disorders affecting
sleep, such as apnoea, PLMD, and RBD. Second, poor recall memory can also affect the reliability of
data collection. Third, cognitive impairment and other neuropsychiatric disorders may preclude the
administration of standardised clinical scales. Fourth, all these limitations also affect information
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reported by caregivers and/or bed partners. Overall, these drawbacks in the clinical evaluation of
abnormal nocturnal movements in PD underline the need for instrumental examination of nocturnal
disturbances.

4. Instrumental Assessment of Nocturnal Movements

4.1. Polysomnography

Polysomnography is the current gold standard for the assessment and diagnosis of sleep
disturbances. Polysomnography includes specific instrumentation for the evaluation of nocturnal
movements [60] and is based on standardised methods requiring hospital-based settings, compound
instrumentation, and trained technicians. Polysomnography contains multiple tools, including EEG,
EOG, oronasal thermal sensors, respiratory inductance plethysmography, pulse oximetry, and
single-lead electrocardiography. To assess nocturnal movements, polysomnography usually uses
video recordings and a body-position sensor to provide information on overnight body position
changes. Moreover, surface EMG (sEMG) of the mental muscle and flexor or extensor digitorum
muscles in the forearms is recorded to assess muscle tone during REM sleep. Finally, sSEMG of the
anterior tibialis muscles is also used to monitor limb movements and possibly identify a periodic
pattern. By monitoring several physiological functions, polysomnography allows sleep structure to
be studied and different stages of NREM and REM sleep to be identified, thus providing a graphic
representation, termed the “hypnogram”. Polysomnography also provides several quantitative
parameters to assess sleep features, such as sleep latency (i.e., sleep onset delay), wake after sleep
onset, sleep efficiency (i.e., total sleep time divided by total recording time), sleep stage percentages,
periodic limb movement index, arousal index, and cyclic alternating pattern (i.e., a marker of sleep
stability and continuity) [60].

However, polysomnography has some limitations that restrict its use. It is a cumbersome,
labour-intensive, and expensive examination due to the high resource burden required for data
acquisition. Moreover, since the laboratory setting and technical equipment do not reflect regular
sleep conditions in a domestic environment, polysomnography provides poor ecological data.
Indeed, specific external factors commonly occur at home and possibly affect patient sleep.
Furthermore, a one-night assessment with polysomnography may be insufficient for the patient to
become comfortable with the examination setting (i.e., first-night effect), and a time-limited recording
could miss sporadic pathological events. Although polysomnography is also available for domestic
assessment, this method requires high patient collaboration due to composite equipment and may
provide suboptimal accuracy as compared to in-laboratory measurements [15,16]. The huge demand
for polysomnography supports the use of alternative approaches able to provide unobtrusive,
ecological, and long-term evaluations [61].

4.2. Actigraphy and Innovative Wearable Sensors

Wearable technologies consist of smart electronic devices worn on the body that record different
physical and physiological signals, such as heart rate, muscle activity, and body motion. Among
wearable technologies, actigraphy and innovative wireless sensors, including inertial and
electromyographic devices, are the main tools used to investigate nocturnal movements.

Actigraphy is a simple non-invasive examination that measures body movements multiple times
per second, 24 h a day. The actigraph is usually worn on the non-dominant wrist and includes an
accelerometer to record linear accelerations. The accelerometer outputs an analogue electrical voltage
in response to the motion. This signal is sampled with a specific sampling frequency, usually 10 Hz,
and processed in three different ways in order to gather information about movement frequency,
duration, and intensity. All extracted information is then saved as data points, with a one-minute
interval between each sample and the following one [12]. As a result, about 1440 wrist-movement
data points are recorded every 24 h [62]. The most widely used method for sleep recognition based
on motor activity level is the Zero Crossing Mode, which measures how many times per minute the
voltage signal crosses a specific threshold value (usually close to zero) [62]. Moreover, most
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actigraphic devices have a dedicated button to allow the patient to mark time in and out of bed,
making it easier and more accurate to identify the time in bed. There are no contraindications to
performing actigraphy, and its execution does not require any specific preparation or setup.
Therefore, it is possible to examine the sleep/wake cycle, circadian rhythms, and sleep- and wake-
related disorders through actigraphy. In addition, by integrating different signals and additional
sensing components, such as temperature, noise, and light detectors, actigraphy can provide more
information about the quality of the sleep environment. Data collected through actigraphy can be
downloaded on a personal computer and processed using a dedicated algorithm that separately
assesses sleep/wake cycles and sleep parameters. Like polysomnography, the algorithm provides a
wide variety of parameters and sleep indices, such as total sleep time, sleep efficiency (i.e., the
percentage of time spent sleeping when in bed), sleep latency, wake after sleep onset, fragmentation
index (i.e., the number of sleep interruptions), and number of awakenings [63]. Furthermore, the
elaboration of actigraphic data offers several movement measures, including mean and median
activity during time in bed (i.e., nocturnal activity reflected by the number of wrist movements),
movement index (i.e.,, the number of limb motions divided by time in bed), mean duration of
immobility periods, ratio of nighttime and daytime activity, and motility time. Overall, the negligible
obtrusiveness and high simplicity of actigraphy allow prolonged monitoring without a significant
impact on patient behaviour, thus offering valuable ecological data. However, despite its extensive
application in sleep research, experimental evidence specifically addressing the methodology of sleep
parameter estimation through actigraphy is currently limited.

Innovative wearable sensors include advanced electronic devices that share several features
with actigraphy, such as small size, low-to-no manual intervention, and very low costs. Besides
actigraphy, one of the most widely used embedded sensors to analyse movement is the triaxial
accelerometer. By measuring linear acceleration on three different reference axes, the accelerometer
allows an accurate reconstruction of patient movements and positions. In addition to an
accelerometer, these devices also commonly include a gyroscope measuring angular velocity and
sometimes a magnetometer to analyse magnetic field changes. Inertial measurement units (IMUs) are
electronic sensors that use a combination of accelerometers and gyroscopes to provide three-
dimensional information on body motion and position.

Unlike actigraphy, innovative wearable sensors offer versatile solutions regarding placement.
Patients can also wear multiple devices, thus creating a body area network (BAN). In a BAN, sensors
are typically time-synchronised and regulated by a master control unit that reorders data from
multiple slave devices before transmission to a computer. Both intra-BAN and inter-BAN
communication protocols are critical to provide a reliable output, though these protocols become
more complex and challenging as the number of sensors in the BAN increases [64]. With BANs, it is
possible to have a partial or complete human avatar that provides a visual reconstruction of body
movements and positions [65].

A more recent wearable technology approach involves the integration of different sensory data,
such as inertial and EMG signals. This approach, also termed “sensor fusion”, provides more
complete information on body motion, including data on muscle activity through sEMG wireless
sensors [66]. Accordingly, innovative devices composed of both IMUs and sEMG are increasingly
used to optimize the objective recognition of motor disorders in PD patients [67,68]. When using
innovative wearable sensors, it is essential to consider also some limitations. Concerning IMUs,
possible technical challenges include magnetic interferences, energy consumption, calibration loss,
and errors of misalignment, orthogonality, and offset. Moreover, skin-electrode interface noise and
crosstalk due to adjacent muscles may also affect recordings through sEMG sensors [68]. Figure 1
reports the main wearable technologies available for nocturnal movement assessment, including the
actigraph and inertial and sEMG sensors.
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Figure 1. Wearable technologies for the assessment of nocturnal movements. On the left, a
representative actigraph placed on the wrist (orange dot) able to record linear accelerations for data
analysis through dedicated algorithms. On the right, innovative wearable devices consisting of
inertial and surface electromyography sensors. Multiple inertial sensors can be used to create a body
area network (green dots and lines) providing three-dimensional information on body motion and
position (e.g., 3D Avatar). Surface electromyography sensors record muscle activity that can be
integrated with kinematic data through a “sensor fusion” approach.

5. Literature Search Strategies and Criteria

Three independent researchers (A.Z., AM., and F.A.) performed a literature search of studies
investigating nocturnal movements in PD through wearable technologies using Medline, Scopus,
PubMed, Web of Science, EMBASE, and Cochrane Library databases. All possible combinations of the
following keywords, including hyphens and inverted commas, were used: “Parkinson’s disease” OR
“parkinsonian” OR “parkinsonism” AND “sensors” OR “wearable technologies” OR “accelerometer”
OR “gyroscope” OR “IMU” OR “wireless device” OR “actigraphy” OR “sEMG” AND “nocturnal
movements” OR “hypokinesia” OR “akinesia” OR “sleep” OR “turning in bed” OR “hyperkinesia” OR
“primary sleep disorders” OR “sleep-related movements” OR “RBD” OR “RLS” OR “PLMD”.
Experimental studies on wearable technology recordings published before July 2020 were considered
for eligibility. The references of each matched article were also examined in order to include relevant
studies that were not identified in the electronic databases. We excluded reviews, reports, and articles
in languages other than English from our literature search. We first collected eligible studies based on
title and abstract. We then evaluated full texts according to the inclusion and exclusion criteria. Finally,
we extracted the demographic and clinical features of subjects enrolled in the selected studies, as well
as information on sensor type and location, use of polysomnography, monitoring duration, and main
sensor-based outcome measures, including clinical-behavioural correlations.

6. Nocturnal Movements in Parkinson’s Disease: Studies Using Wearable Technologies

6.1. Actigraphy

By monitoring the sleep/wake cycle, actigraphy has become the most widely used wearable
technology for the assessment of nocturnal disturbances in PD patients. Although this approach relies
on the measurement of limb motor activity, only a limited number of studies have specifically
assessed nocturnal movements in PD through actigraphy [13-24]. Conversely, most authors used this
tool to indirectly examine sleep quality through specific measures, such as the fragmentation index



Sensors 2020, 20, 5171 9 of 25

and sleep latency, time, and efficiency. Overall, studies that used actigraphy in PD addressed the
following four main issues: (i) assessment of sleep features [13,16,17,20-24,69-88]; (ii) evaluation of
therapeutic interventions [14,15,83,89-94]; (iii) validation of clinical scales [95,96], and; (iv)
identification of specific primary sleep disorders [18,19].

Concerning device placement, most authors placed the actigraph on the upper limbs of PD
patients, predominantly on the least affected side in order to avoid possible recording bias due to
motor symptoms such as tremor. However, several authors did not consider this issue and used a
priori the non-dominant wrist or lower limb. One study compared actigraphic recordings between
the upper and lower limbs and found differences in several parameters (e.g., sleep efficacy and total
sleep time) [82]. The unobtrusiveness of actigraphy has allowed long-duration evaluations of the
sleep/wake cycle for up to 28 days in PD patients.

Regarding actigraphic measures, the most widely used parameters include total nocturnal
moving time, derived indices such as the movement index, and static body position distribution.
Several authors have found increased nocturnal motor activity during rest in PD patients as
compared to HS, especially in those with hallucinations [13,20,21,23,24]. Conversely, one study
demonstrated lower motor activity in early PD patients than in HS [16]. Despite a similar frequency
of body turns when awake in bed, PD patients complaining of impaired bed mobility had reduced
body position changes during sleep as compared with PD patients who did not report this symptom
[17]. A few authors assessed primary sleep disorders associated with abnormal nocturnal movements
in PD, such as RBD and RLS [18,19,22]. These studies demonstrated a low sensitivity of actigraphy in
the identification and classification of primary sleep disorders. Unexpectedly, actigraphy recorded a
comparable number of nocturnal movements in PD patients with and without RBD [18]. Actigraphy
identified the two patient subgroups with good specificity but very low sensitivity by comparing the
total number of wake bouts, which was higher in patients with RBD [18,19]. Moreover, lower limb
actigraphy failed to disclose a significant association between periodic limb movements and RLS in
PD [22]. Finally, two studies assessing the impact of pergolide and deep brain stimulation on
nocturnal movements in PD [14,15] demonstrated that the former increased the movement index
during sleep [15], whereas the latter did not [14].

Previous studies assessing possible clinical-behavioural correlations found no associations
between the periodic limb movement index and RLS in PD patients. In contrast, some actigraphic
measures, such as total rest time and number of wake bouts, positively correlated with the REM Sleep
Behaviour Disorder Screening Questionnaire.

Considering its accuracy in sleep assessment, a limited number of authors have also used
actigraphy in combination with polysomnography in PD [14,17,18,20,72,73,75,76,79,89,94] and found
a fairly high agreement rate on specific measures, such as sleep time and efficiency. However,
agreement between the two techniques has not been evaluated with respect to nocturnal movements
in PD [20,73,79]. Several factors, including disease stage, increase sleep recording variability, thus
worsening actigraphic performance [73]. Table 4 summarises studies that have used actigraphy for
sleep assessment in PD, including those examining nocturnal movements.
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Table 4. Actigraphy in Parkinson’s Disease.

Acti h Monitori linical-Behavi 1
Study Aim PSG ¢ 1grefp y ont o.rmg Outcome Measures Main Findings Clinical-Be .a vioura
Location Duration Correlations
Linear correlation between actigraphy and PSG Actigraphic sleep measures
.. measurements partially dependant on disease correlated with disease stage
Nocturnal activity; movement . L . . .
S stage; higher sleep efficiency and total sleep time  and severity, PDSS sleep quality,
. and fragmentation indices; . . .
Non-dominant ) . . when recording lower limbs compared to upper  non-motor symptoms, morning
[13,16,1 . mean duration of immobility . . . . .. - . ..
Assessment  [17,20,7 wrist, least or . . s limbs. Higher nighttime activity level, daytime mobility, LEDD, cognitive
7,20- 1to14 days periods; ratio of nighttime and . . . ,
of sleep 2,73,75, most affected X .. . napping, and movement and fragmentation function, and melatonin blood
24,69— daytime activity (relative L .. .
features 76,79] arm, lower . indices; worse WASQO and sleep efficiency, concentration.
88] . amplitude); sleep latency, . s -
limbs . L latency, and time in PD than HS. Worse sleep No significant associations
time, efficiency; WASO; . . . . sy
. . measures in patients with advanced PD, mild between the periodic limb
daytime napping e . s .
cognitive impairment, hallucinations, and movement index and restless
probable RBD legs syndrome
Good agreement rate (0.85) between actigraphy
and PSG for sleep time. LCIG infusion, DBS,
latonin, parietal rTMS and bright light
Evaluation Total time in bed; movement threlli , Oir:rl\n rgzzls :Cé ra 1:12 me:;guresl%e
[14,15,8 Non-dominant and fragmentation indices; py 1mp grap & Nighttime psychotic symptoms
of [14,89,9 . . e sleep quality, latency, duration, fragmentation, .
3,89- . wrist or least 14 to 28 days nocturnal immobility onset - . A and daytime somnolence
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DBS: deep brain stimulation; LCIG: L-Dopa/carbidopa intestinal gel; LEDD: L-Dopa equivalent daily dose; NA: not available; NMSQ: Non-Motor Symptoms Questionnaire;
PD: Parkinson’s disease patients; PDSS: Parkinson’s Disease Sleep Scale; PSG: polysomnography; RBD: rapid eye movement sleep behaviour disorder; RBDSQ: REM Sleep

Behaviour Disorder Screening Questionnaire; rTMS: repetitive transcranial magnetic stimulation; UPDRS: Unified Parkinson’s Disease Rating Scale; WASO: wake after
sleep onset.
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6.2. Innovative Wearable Sensors

A small number of authors have used innovative wearable sensors to investigate abnormal
nocturnal movements in PD [25-35,97]. A single research group has performed most of these
investigations (7 out of 12 studies) [26-31,34]. Overall, these studies have examined a heterogeneous
cohort of PD patients, including subjects with early and advanced disease stages. Only 8 out of 12
studies also enrolled HS [25-27,29,31,34,35,98]. Of the studies that did not enrol HS [28,30,32,33], one
investigated changes in nocturnal movements based on disease stage and severity [32], while another
investigated subjective perception of impaired bed mobility [33]. Two other studies assessed the
effect of different therapeutic approaches (i.e., subcutaneous apomorphine infusion and the
rotigotine transdermal patch) to improve nocturnal hypokinesia in PD patients [28,30].

Concerning the type and placement of wearable sensors, all authors adopted inertial devices,
including accelerometers and gyroscopes. Most studies used a single inertial sensor placed on the
trunk [27-30], waist [25,35,98], or abdomen [32]. Conversely, a few authors monitored nocturnal
movements through a wireless sensor network composed of five inertial devices located on the
wrists, ankles, trunk, or abdomen [26,31,33,34]. Overnight sensor-based recordings lasted a limited
time that was restricted to one or two nights.

Regarding output measures, all authors examined body rotations by analysing the number,
velocity, acceleration, and degree of axial turns in bed [25-35,98]. Moreover, some studies also
assessed overnight body positions [27,31,35], number of limb movements [26,31,33], and frequency
of getting out of bed [26-29,31,33]. Concerning body rotations, while several studies found a reduced
number of nocturnal turns in PD patients compared to HS [26,27,29,31], a few authors demonstrated
a similar frequency in the two groups [25,35]. Conversely, all studies consistently found reduced
nocturnal body rotation velocity, acceleration, and amplitude in PD patients compared with HS [25-
27,29,31,35,98]. Regarding nocturnal body positions, a few studies demonstrated that PD patients
usually spent more time in the supine position [31,35] and less frequently manifested postural
changes compared to HS [27]. Moreover, only one study compared the number of limb movements
in PD patients and HS, demonstrating a similar amount of activity in the two groups [31]. Lastly,
some studies reported an increased [26,27] or similar [31] frequency of getting out of bed in PD
patients compared to HS. Overall, nocturnal movement changes were prominent in PD patients with
advanced disease stages [32,35] and in those with subjective perception of impaired bed mobility [33],
especially during the second half of the night [31,35]. Subcutaneous apomorphine infusion and the
rotigotine transdermal patch partially increased body axial rotation in PD patients [28,30].

Several authors have demonstrated correlations between specific clinical features, such as
disease duration, severity, and axial impairment; and behavioural measures, such as body rotations
(e.g., degree, velocity, and acceleration) [26-29,31-35]. Moreover, one study also demonstrated that
nocturnal bed rotations in PD patients not only correlated with motor disturbances, but also with
cognitive function and non-motor symptoms [35].

No authors measured the accuracy of innovative wearable sensors in the investigation of
abnormal nocturnal movements in PD. One previous study combined innovative wearable sensors
with polysomnography, but did not compare the performance of the two systems in monitoring
nocturnal movements in PD [33]. Table 5 summarises the main data of studies that have used
innovative wearable sensors to assess nocturnal movements in PD.
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Table 5. Innovative wearable sensors in Parkinson’s Disease.
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Hé&Y: Hoehn and Yahr; HS: healthy subjects; LEDD: L-Dopa equivalent daily dose; NA: not available; NHQ: Nocturnal Hypokinesia Questionnaire; OFF state: not on
dopaminergic therapy; ON state: on dopaminergic therapy; PD: Parkinson’s disease patients; PD + IBM: patients with Parkinson’s disease and subjective impaired bed
mobility; PD — IBM: patients with Parkinson’s disease without subjective impaired bed mobility; PIGD: postural instability/gait difficulty; PSG: polysomnography; RBD1Q:
REM Sleep Behaviour Disorder Single-Question Screen; SD: standard deviation; TST: total sleep time.
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7. Discussion

In the present review, we addressed the topic of abnormal nocturnal movements in PD by
examining previous studies using actigraphy and innovative wearable sensors. Overall, these studies
have shown several abnormal nocturnal movements in PD patients, including both hypo and
hyperkinetic manifestations (Figure 2).

Healthy Patient with
subject Parkinson’s Disease
P sea elate Primary Sleep
- g - Complication:
Degeneration of dopaminergic Dysfunction of dopaminergic and non-
nigrostriatal pathway dopaminergic brainstem nuclei

N

Acceleration
Acceleration

Time (s)

Time (s)

Wearable Sensor Recordings Wearable Sensor Recordings

<4
'Il oe ”ulﬂl

Sensor-based Report

Figure 2. Abnormal nocturnal movements in Parkinson’s Disease (PD). Disease-related complications
due to degeneration of the dopaminergic nigrostriatal pathway lead to nocturnal akinesia that is
responsible for hypokinetic manifestations (left side). Primary sleep disorders, including rapid eye
movement behaviour disorder (RBD), restless legs syndrome (RLS), and periodic limb movement
disorder (PLMD), are associated with dysfunction of dopaminergic and non-dopaminergic brainstem
nuclei, and lead to hyperkinetic manifestations (right side). Hypo and hyperkinetic manifestations
frequently coexist in PD and can be recorded through wearable sensors that provide information
about frequency, duration, severity, and body distribution of abnormal nocturnal movements.

Our discussion of specific clinical issues and current instrumental tools provides an up-to-date
and detailed review of studies using advanced technologies in order to foster a better understanding
of abnormal nocturnal movements in PD.

7.1. Actigraphy

Since the main scope of actigraphy is to examine rest-activity cycles based on the amount of
motor activity rather than nocturnal movements, only limited and often indirectly deduced data are
currently available in PD.

A first consideration concerns actigraph placement in PD patients. Only one study has compared
recordings from different body regions of PD patients. This study found different measures in the
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upper and lower limbs but similar results between the two body sides [82]. This finding appears to
contrast with the typically asymmetric symptoms in PD patients, possibly because the study did not
compare the more and less-affected sides [82]. Hence, the use of a single actigraph may under or
overestimate nocturnal movements in PD patients. Accordingly, multiple devices should be placed
in order to properly assess nocturnal movements in PD patients.

Most studies have reported higher nocturnal activity in PD patients than HS [13,20,21,23,24], a
finding apparently in contrast to the well-known reduced bed mobility in PD secondary to nocturnal
akinesia [9]. This inconsistency may reflect the inability of actigraphy to accurately distinguish
between abnormal nocturnal movements and voluntary motor activity during nighttime
wakefulness. Moreover, actigraphy only partially discriminates isolated limb movements from axial
turns or position changes involving multiple body segments. Hence, actigraphy may not properly
classify abnormal nocturnal movements in PD [18,19].

To date, although a few studies have compared actigraphic performance with polysomnography
recordings in the evaluation of specific sleep parameters in PD [20,73,79], none have assessed the
accuracy of actigraphy in evaluating nocturnal movements.

Opverall, although actigraphy is objective, ecological, and unobtrusive, it provides limited
information regarding nocturnal movements in PD. Future studies are necessary to provide specific
recommendations for actigraph placement and to evaluate the accuracy of this method in assessing
nocturnal movements in PD.

7.2. Innovative Wearable Sensors

Based on the motor behaviour to be measured, researchers have applied different numbers of
wearable sensors rather than adopting a single standardised placement, which is usually required for
actigraphy. All authors analysed patient rotations in bed using at least one inertial sensor placed on
the body axis, i.e., the trunk, waist, and/or abdomen [25-35,98]. Authors that also addressed limb
movements in PD placed wearable sensors on the limbs, thus possibly involving a BAN [26,31,33].
Unlike actigraphy, the most recent and innovative wearable sensors allow specific motor behaviours
to be identified during nighttime in PD. To date, no authors have used sEMG sensors to evaluate
nocturnal motor activity in PD. However, monitoring muscle activity through sEMG sensors in
addition to inertial signals could significantly contribute to the characterisation of nocturnal motor
activity in PD. For instance, since REM sleep usually shows muscle atonia, SEMG sensors could
provide additional information about recorded sleep types based on muscle signals.

Regarding findings from studies using innovative wearable sensors, the most relevant results
concern the reduced size, velocity, and acceleration of body rotations in bed in PD patients, even in
early stages of the disease, as compared to HS [25-27,29,31,35,98]. Moreover, some authors have also
reported a reduced frequency of these movements [26,27,29,31]. Overall, these findings are consistent
with the high prevalence of nocturnal akinesia in PD, which prominently involves the body axis
through the worsening of trunk rigidity and bradykinesia. These nocturnal changes were prominent
in the second half of the night [31,35] and in patients with a more advanced disease stage [32,35],
consistent with the pathophysiology of nocturnal akinesia. In further support of these findings,
overnight dopaminergic stimulation through subcutaneous apomorphine infusion or the rotigotine
transdermal patch led to an improvement in nocturnal axial turns in PD [28,30]. It is reasonable to
assume that patients spend more time in the supine position due to nocturnal akinesia [31,35]. The
supine position worsens sleep-related breathing disorders, such as obstructive sleep apnoea
syndrome [99]. Accordingly, new therapeutic strategies that improve nocturnal akinesia could also
improve some non-motor disorders in PD.

An important current limitation concerns the lack of sensor-based studies on primary sleep
disorders, such as RBD, RLS, and PLMD. Only one study has compared limb movements in PD
patients and HS, unexpectedly reporting a similar amount of movements in the two groups [31]. This
finding appears to contrast with the increased prevalence of primary sleep disorders associated with
hyperkinetic manifestations in PD. However, the authors excluded PD patients with RLS and PLMD,
which may explain this inconsistency [31].
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As for actigraphy, the most advanced wearable sensors currently lack strong validation
supporting their use in the assessment of nocturnal movements in PD. Indeed, only one study has
combined polysomnography and sensor-based recordings, though this study did not compare the
performance of the two systems. Accordingly, despite the availability of multiple sensor-based
measures, it is currently difficult to select and compare derived indices for optimal evaluation of
nocturnal movements in PD. Furthermore, another relevant issue concerns the lack of standardised
reference values reflecting the severity of abnormal nocturnal movements recorded through
innovative wearable sensors.

Overall, current evidence supports the use of the most recent wearable sensors to quantitatively
measure nocturnal hypokinesia in PD patients at home. However, several issues, including the
validation and assessment of primary sleep disorders, remain unresolved and should thus be
addressed by future studies. Similarly, the accuracy of advanced wearable sensors in measuring
nocturnal movements in PD should also be clarified.

8. Conclusions and Prospects

Wearable technologies, including actigraphy and innovative sensors, are useful tools to evaluate
nocturnal movements in PD patients and may provide alternative solutions to conventional
polysomnography. To date, studies using wearable technologies have allowed instrumental and
extensive investigation of abnormal nocturnal movements secondary to akinesia in PD patients, but
not of those related to primary sleep disorders. Among wearable technologies, innovative sensors are
likely more reliable than actigraphy in recognising and classifying nocturnal movements in PD
patients. Based on current evidence, an interconnected network of wearable inertial sensors may be
the most suitable solutions to quantify nocturnal akinesia in PD by three-dimensionally
reconstructing body motion and position. However, innovative wearable sensors are limited by their
inability to identify different sleep stages and specific primary sleep disorders, such as RBD. To
overcome these limitations, new advanced approaches based on multimodal sensor systems (e.g.,
tattoo-type EEG electrodes, sSEMG, and photoplethysmography) may allow the proper reconstruction
of sleep architecture [100-103]. Furthermore, multimodal sensor systems and dedicated machine
learning algorithms may make it possible to automatically classify sleep stages and recognise
abnormal nocturnal movements and primary sleep disorders in PD. These advanced technologies
could also make it possible to monitor large amounts of data in an ecological setting over a long
period. Lastly, the use of miniaturized and flexible biosensors able to measure L-Dopa or dopamine
concentrations through microneedle skin patches could aid in the investigation into the
pathophysiology of abnormal nocturnal movements in PD patients [104].
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Abbreviations

BAN Body area network

EEG Electroencephalography
EOG Electrooculography

HS Healthy subjects

MU Inertial measurement unit

NREM Non-rapid eye movement
PD Parkinson’s disease
PLMD Periodic limb movement disorder
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RBD REM behaviour disorder
REM Rapid eye movement
RLS Restless legs syndrome
sEMG Surface electromyography
SNpc Substantia nigra pars compacta
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