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Abstract: PD is a chronic neurologic disease that has a great impact on the patient’s quality of life.
The natural course of the disease is characterized by an insidious onset of symptoms, such as rest
tremor, shuffling gait, bradykinesia, followed by improvement with the initiation of dopaminergic
therapy. However, this “honeymoon period” gradually comes to an end with the emergence of motor
fluctuations and dyskinesia. PD patients need long-term treatments and monitoring throughout the
day; however, clinical examinations in hospitals are often not sufficient for optimal management of
the disease. Technology-based devices are a new comprehensive assessment method of PD patient’s
symptoms that are easy to use and give unbiased measurements. This review article provides an
exhaustive overview of motor complications of advanced PD and new approaches to the management
of the disease using sensors.

Keywords: Parkinson’s disease; motor complications; motor fluctuations; dyskinesia; levodopa;
sensor; mobile health; accelerometer; gyroscope; mobile application

1. A Long Day for a Patient with PD

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by motor
symptoms, such as bradykinesia, tremors, and rigidity. At the beginning of the disease,
there is an excellent response to treatment. This phenomenon is known as the “long-
duration response” of L-dopa. After a few years of use of L-dopa, patients begin to become
more aware of the duration of the action, and the “short-duration response” becomes more
evident. A combination of disease progression (loss of nigrostriatal dopamine terminals
and their storage capacity) and fluctuating L-dopa levels lead to the motor complications
of PD [1].

Motor complications include motor fluctuations and L-dopa-induced dyskinesia
(Figure 1). Motor complications have a great impact on the patient’s quality of life; they
can lead to disability, embarrassment, frustration, and increased caregiver burden [1,2].
In a prospective population-based longitudinal study of the incident and initially drug-
naïve PD patients, the 5-year cumulative incidence of motor complications was 52.4% [3].
The CamPaIGN cohort study found a cumulative incidence of motor fluctuations and
L-dopa-induced dyskinesia as 54.3% and 14.5%, respectively, at 5 years and 100% and
55.7%, respectively, at 10 years [4].

Motor fluctuations may take the form of short-duration (seconds to minutes), medium-
duration and diurnal (minutes to hours), and long-duration (days) responses. Short-
duration motor fluctuations include freezing and paradoxical kinesis, lasting from seconds
to minutes. Medium-duration fluctuations associated with chronic L-dopa treatment
include wearing-off and ON-OFF fluctuations. Diurnal fluctuations lead to different
responses in the same dose of L-dopa. Usually, patients have a much better response in the
morning than later in the day, but occasionally this pattern is reversed. Motor fluctuations
are associated with loss of the long-duration L-dopa response. It is known that benefits
from starting L-dopa, although sometimes evident from the first dose, increase over several
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weeks despite the same dosage. The phenomenon of late deterioration happens in the case
of withdrawals or the decreasing of doses of L-dopa and leads to delayed worsening of
symptoms that may occur up to two weeks later [5].
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Wearing-off is the early sign of predictable dissipation of efficacy of L-dopa and in-
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There are three worse periods of the day for patients with PD: the “end-of-the-day”,
nighttime, or early morning [6]. The “early morning akinesia” is a well-known phe-
nomenon that manifests by the worsening of symptoms in the early morning due to low
levels of L-dopa as the last dose was the night before. Stocchi et al. reported that the
majority of PD patients with motor fluctuations also suffered from delays in ON time (la-
tency > 30 min) following their first morning dose of L-dopa. [7]. However, some patients
can experience an improvement of symptoms in the morning. This phenomenon is also
known as the sleep benefit. The prevalence of the sleep benefit ranges from 33% to 55%
of PD patients. Sleep benefits can also occur after daytime naps [8]. One hypothesis on
the mechanism of sleep benefit stated that dopamine storage in nigral neuronal terminals
is replenished during sleep [9]. However, another study showed that patients with sleep
deprivation and worse night sleep were more likely to experience sleep benefits [10,11].

Wearing-off is the early sign of predictable dissipation of efficacy of L-dopa and
indicates the end of the so-called “honeymoon period” [1]. Predictable wearing-off is the
regular recurrence of symptoms at the end of a dose of L-dopa. This is the most frequent
type of wearing-off and is usually the earliest manifestation of motor fluctuations [12]. As
the disease progresses, patients experience frequent OFF periods, which usually occur in
the late afternoon or early evening. This “end-of-the-day crash” represents a predictable
deterioration of motor and non-motor symptoms of the disease as evening approaches and
is often due to a diminished response to L-dopa at the end of the day [12]. Less often, some
PD patients demonstrate the opposite circadian pattern of motor symptoms worsening in
the first half of the day. At the same time, other patients experience the deterioration of
symptoms in the postprandial state.

Wearing-off typically evolves from a slow and inconspicuous recurrence of motor
symptoms to a more rapid and obvious deterioration of the patient’s condition. ON–OFF
constitutes a sudden onset of parkinsonism. Unpredictable wearing-off or “sudden OFFs”
are less common than predictable wearing-off and usually occur in advanced stages of PD.
Because of this acute worsening of parkinsonian symptoms (that can occur within a few
seconds), some patients may develop sudden disabling akinesia (may happen at any time
during the day) [2,12]. Some patients may experience a combination of predictable and
unpredictable rapid switching from ON to OFF. The term Yo-yoing infers rapid, abrupt,
and sometimes multiple transitions from one type of state to the other. This subtype of
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wearing-off is currently rare due to the practice of using overall lower doses of L-dopa but
can be seen in some patients with advanced PD [12].

Another L-dopa treatment complication is a loss of benefit to single doses of L-
dopa [13]. Some patients notice that their medication will take longer to take effect (delayed
response), are less effective (partial response), or sometimes may fail to work at all (dose
failure) [14]. In some patients with PD, motor symptoms may paradoxically intensify
for a short period of time after taking L-dopa (beginning-of-dose worsening). Another
phenomenon is end-of-dose rebound (end-of-dose deterioration) when the L-dopa effect is
accompanied by a recurrence of symptoms even worse at the end of the dose than in the
untreated state [13]. These subtypes of motor fluctuations are usually a consequence of
erratic L-dopa absorption [12].

Freezing of gait (FOG) is characterized by a sudden inability to initiate or continue
walking. FOG is an example of the clinical heterogeneity of PD patients. FOG can occur
at different periods of time during the day; it can depend on the patient’s motor state
condition or not and can improve with dopaminergic medication or not. It typically
occurs while turning or moving among obstacles and through narrow spaces; in stressful
situations. FOG is a severe gait dysfunction, and patients can feel as if their feet were
glued to the floor for a couple of seconds. Gait can be limited to very short strides, or,
sometimes, the patient may be completely unable to move [15]. Interestingly, recent studies
have shown that freezing is a movement problem that affects more than just gait; indeed,
motor blocks are present during upper limb movements and speech [16]. Freezing in the
OFF state is a common feature for PD patients. It can occur during prolonged periods
of time and usually improves significantly with the adjustment of dopaminergic drugs.
Conversely, ON-medication FOG is rare, usually short-lived, and sometimes manifests itself
as an unpredictable or paradoxical response to drug changes. Most freezers are wheelchair
dependent after an average of 5 years from the onset of the symptom [15].

L-dopa-induced dyskinesia (LID) is another motor complication of PD. LID is phe-
nomenologically recognized as chorea/choreoathetoid movements, ballism, stereotypies,
or dystonia. The pathogenesis of a LID is complex and not well understood. There is
evidence that it may be caused by a subtle imbalance between the activity of D1 and D2
dopamine receptors in the striatum, but existing data is conflicting [17]. LID is classified
according to time of emergence in relation to L-dopa schedule and includes peak-dose,
diphasic, and OFF-period dyskinesias. Peak-dose dyskinesia is the most common form
of dyskinesia. It emerges at the time of the maximum symptomatic improvement that is
correlated with the highest plasma L-dopa levels and, presumably, high brain dopamine
concentrations [18–20]. Usually, it is a choreiform movement that involves the neck and
limbs. In some patients, ballistic movements and myoclonus can occur. When dyskinesia
becomes more evident, it can involve even facial and diaphragmatic regions.

Diphasic dyskinesia occurs more rarely; it is seen in a range from 15% to 20% of
patients. Involuntary movements occur when a serum level of L-dopa is going up or
down, coinciding with two peaks of abnormal movements, one present at the onset of drug
effect and another present at the end of drug effect [14] (Figure 1). Diphasic dyskinesia is
presented by stereotypical alternating, jerking, dystonic, or ballistic kicking movements.
Lower extremities are usually more affected [20]. Gait is also changed with high stepping
and is known as “funny” gait [12].

The OFF-period dyskinesia (OFF-period dystonia) is static posturing causing twisting,
spasms, or cramping, usually in the feet, although, in patients with advanced PD, it may
also occur in the legs, trunk, or arms. It is often worse on the side of the body most affected
by PD. OFF-period dystonia often emerges in the morning. However, it can also occur
spontaneously during any OFF period of the day and may be provoked by attempting to
walk or by anxiety and other non-motor features. OFF-period dystonia may be painful,
resembling a muscle cramp, and can be very distressing for patients [18].

Nocturnal symptoms of PD are very common, especially in those patients who are
already experiencing the wearing-off symptoms. [21]. Nocturnal hypokinesia appears in



CTN 2021, 5, 18 4 of 18

the middle stage of the disease. It affects up to 70% of patients with PD and contributes
to poor sleep quality [22]. Nocturnal hypokinesia (difficulty turning) is a decrease in the
ability to perform sufficient axial rotation and/or trunk flexion to turn in or get out of
bed because of axial and limb muscle incoordination. It may occur in all sleep stages but
intensifies in the second half of the night. Clinical observations have identified nocturnal
hypokinesia as a hypodopaminergic state [22]. The emergence of OFF symptoms (rest
tremor, rigidity, and bradykinesia) occurs during the nighttime in 48.2% of patients [6].

Restless legs syndrome (RLS) is a sleep-related movement disorder characterized by
the urge to move one’s legs and abnormal leg sensations while resting during the night
that disturbs sleep. Dopaminergic dysfunction has been suggested to play a role in RLS
based on the clinical responses of patients with RLS to dopaminergic treatment [23]. RLS
in PD patients usually develops after motor disease manifestation. A longitudinal study
that included 109 drug-naïve PD patients showed RLS prevalence increased from 4.6%
at baseline evaluation to 16.3% after 4 years, suggesting disease progression along with
increased dopaminergic medication had a role [24]. Leg motor restlessness (LMR) is a
condition when an urge to move a leg exists but does not fulfill RLS criteria. LMR could be
considered focal akathisia with a distinct diurnal fluctuation characterized by worsening
of symptoms in the evening or night. [25]. The LMR prevalence in PD range from 11.1% to
32.3% of patients. [26,27].

The definition of non-motor fluctuations (NMF) initially was represented as dy-
namic changes of non-motor symptoms that accompany a motor OFF state. According to
Brun et al., among 303 PD patients with a mean disease duration of 10 ± 7 years, 19% have
NMF, and 86% of patients have motor fluctuations [28]. A study conducted by Seki et al. in
464 PD patients found that the frequency of motor fluctuations was 69% and for NMF was
40% [29]. The pathogenic mechanisms of NMF are probably based on the dysfunction of
dopaminergic and other neurotransmitter systems [30–32].

There are three main categories of NMF: neuropsychiatric, autonomic, and sensory.
Neuropsychiatric fluctuations are reported to be the most frequent and disabling NMF.
From 32% to 100% of fluctuating PD patients experience neuropsychiatric NMF [29].
Neuropsychiatric NMFs are divided into three groups: mood, cognitive, and psychiatric
fluctuations. Mood swings usually correlate with motor fluctuations. The frequency of
panic attacks in patients with PD achieves 24% [33]. Panic attacks are suggested to be the
most debilitating among non-motor OFF symptoms. It usually occurs when wearing-off
has been present for a few years. OFF-period anxiety is known to be the most common
type of mood fluctuation, which is observed in 75% of patients and often correlates with
NMF’s disability [34,35].

Depression in OFF periods can appear suddenly as a dose of medication wears off
and be interrupted just as quickly as the next dose takes effect. In the majority of patients
with mood swings, prominent depressive symptoms are evident in OFF states only. This
means that the depressive symptoms refer to the underlying biochemical, molecular, and
structural causes of fluctuations and are not psychological reactions to immobility [36].
Apathy can occur or become more evident and severe in the OFF motor state. Apathy
correlates with motor symptoms, depression, and cognitive impairment in untreated PD
patients [37,38]. Some patients can develop apathy after reducing the L-dopa dose [39].

On the other hand, patients can experience mood elevation during ON periods that
is associated with alertness and euphoria [34,40]. Some patients describe a feeling of
euphoria that just precedes the beginning of ON [34]. Importantly, an extreme form of
mood elevation during the ON period may lead to psychomotor agitation and hyperactivity,
increased excitability, and even hypomania or mania.

Most studies confirm that large numbers of patients experience cognitive impair-
ment in selective domains during the OFF state. Delayed recall memory impairment,
particularly for names, and perseveration or festination of speech are frequently seen in
these patients [36]. Fluctuations in cognition are considered to be complex phenomena.
For example, OFF-state bradyphrenia has a tendency to improve in the ON state [41,42],
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but L-dopa may also have negative effects on executive functions [43]. There are greater
fluctuations in cognitive performance in patients with motor fluctuations than in patients
without them [44]. This fact confirms that fluctuations in cognition are mainly regulated by
dopaminergic mechanisms and correlate with the degree of dopaminergic denervation [45].

Hallucinations mainly appear in ON periods [34], but some patients report them
during the OFF state [46]. Visual hallucinations are considered to occur in the evening and
nighttime, but they may also fluctuate throughout the day [47].

The most common sensory fluctuations are akathisia and pain. Akathisia is a subjective
sensation of inner restlessness and a feeling of an emergency to move. It may be asymmetric
and usually coincides with the affected side. It is considered to be the most frequent sensory
fluctuation reported by 54% of patients with PD [34]. Akathisia is often observed in the
OFF period but can also be seen during peak dose. Sensations during OFF akathisia may be
so severe that bradykinetic patients may ask for a passive movement of their extremities to
keep tolerable discomfort levels [47]. Pain has been reported in 23–46% of PD patients [48].
It can sometimes happen in the ON period but is generally seen during the OFF period.
The pain syndrome is not always combined with dystonia. It may take the forms of a
constant aching often attributed to bursitis or arthritis or may resemble a radicular or
neuropathic pain. Patients complain about these painful sensations most often during
the OFF periods [35]. Sometimes patients describe severe symptoms, such as burning or
stabbing sensations. Pain with dystonia is usually localized in the feet and toes. Other
localizations of dystonic pain include the abdomen, neck, back, and head [47].

Fluctuations of autonomic symptoms occur in about half of patients with NMF [28].
Profuse sweating and flushing during the ON state are usually associated with severe
chorea [49]. The most prominent drenching sweats, however, occur as part of the spectrum
of the OFF period [50]. Nausea is known to be a common problem at the beginning of
dopaminergic therapy, but patients with advanced PD may have nausea after each high
dose of L-dopa in association with the peak plasma concentration. This clinical sign appears
only with the first dose of the day, but it can also occur with every dose or worsen with
each successive dose throughout the day [36].

PD patients usually experience significantly lower blood pressure in the ON than
in the OFF state [51]. The main cause of unexplained dizziness during the “ON” state
is considered to be orthostatic hypotension. Orthostatic hypotension may occur due to
secondary involvement of the sympathetic nervous system, but L-dopa and dopamine
agonists can worsen it [52]. Motor fluctuations are considered to be an independent risk
factor for fluctuations of blood pressure [53]. Several studies have also revealed that 24-h
ambulatory blood pressure monitoring may determine a large variety of abnormal circadian
BP patterns, including awakening hypotension, increased blood pressure variability, and
circadian loss of nocturnal blood pressure dipping [54,55].

Bladder urgency is clearly associated with the OFF period [34]. Nocturia is another
common urinary complaint of PD patients. A daily profile of urine formation and excretion
is altered by PD. In healthy people, the highest level of urinary excretion is noticed in the
afternoon and the lowest one at midnight. However, patients with PD are able to eliminate
only 47% of daily volume in the daytime and 57% at night [56].

2. Pathogenesis and Risk Factors of Motor Complications

Motor fluctuations are complications of long-term L-dopa therapy. Pathogenesis of
this phenomenon is based on the disease progression and the response to L-dopa treatment.
Nowadays, there are two different described responses to L-dopa [36]:

1. Short-duration response is characterized by motor improvement and coincides with
the elevation of plasma L-dopa after drug consumption. It lasts from minutes to
hours. Peak motor response also happens due to short-duration response.

2. Long-duration response keeps the positive effect of L-dopa beyond the normal half-
life of the individual dose: this kind of response usually dominates in early PD.



CTN 2021, 5, 18 6 of 18

During this period, patients are able to control motor symptoms using two or three
daily doses of L-dopa [18].

L-dopa has a rather short plasma half-life (about 1.5 h) [18]. Being a neutral amino acid,
it competes for absorption and transferring through the blood-brain barrier. Changes in
brain concentration of L-dopa do not always correlate with those in the blood. Perturbations
in dopamine levels in the brain do not always correlate with L-dopa concentrations in the
blood. In normal conditions, the dopaminergic system tends to assure a stable flow of
dopamine into the striatum. Oral doses of L-dopa provoke the appearance of short peaks of
L-dopa in the brain and may change dopamine synthesis in the central nervous system. This
process may be compensated by the dopamine storage in nigrostriatal dopamine neurons.
with disease progression, the consequent loss of nigrostriatal neurons leads to a reduction
of buffering capacity and the pulsatile stimulation of dopamine receptors [17]. There is
usually a linear improvement of symptoms with increasing dose, but chronic treatment
alters motor response in an “all or none” model, and the patient becomes dependent on
plasma L-dopa, brain L-dopa, and dopamine levels. The most frequent risk factors that
may provoke motor fluctuations are the following: disease progression, disease severity,
higher individual doses of L-dopa, peripheral pharmacokinetic factors affecting absorption
of L-dopa, and possibly genetic risk factors [57].

These factors lead to alterations in dopamine concentrations and normal constant
stimulation of postsynaptic dopamine receptors. The L-dopa effect begins to fluctuate and
results in hyperkinetic movements (dyskinesia) in response to L-dopa dosing. Disease
progression is known to be the main factor in motor complication development. Epidemio-
logical studies have revealed that about 50% of patients demonstrate some degree of motor
complications within 2–5 years, and between 80 to 100% of PD patients will suffer from
motor complications after 10 years of L-dopa therapy [58,59]. The clinical subtype of PD
may also influence the appearance of motor fluctuations. Patients with postural instability
gait difficulty motor subtype are less prone to develop motor complications; however, they
are considered to have lower effectiveness of anti-parkinsonian treatment than patients
with the tremor-dominant subtype [60].

Among factors that lead to pitfalls in L-dopa treatment are the influence of meals and
Helicobacter pylori. There is some evidence of a link between the elimination of H. pylori and
significant improvement in clinical response to L-dopa and decrease of motor complications.
Patients with early disease stages and with a family history of PD are more likely to develop
protein interaction with L-dopa [61]. Some issues may influence L-dopa metabolism, such
as slow gastric emptying, which results in raised pre-systemic decarboxylation and reduced
intestinal absorption [62].

A young age of onset was determined as a risk factor for motor complications.
Kostic et al. found that median intervals of the development of LID and motor fluctu-
ations are shorter in young-onset patients than older-onset patients [63]. The female
gender may also influence wearing-off and LID. Studies have revealed that the wearing-off
phenomenon has a higher prevalence among women than men [64]. The reason for a
higher frequency of motor complications among women is not known, but there are some
hypotheses about relatively lower body weights and the effects of estrogen [65,66].

Genetic risk factors may also contribute to the development of motor complications.
The autosomal recessive parkinsonism genes PARK2, PARK6, and PARK7, are associated
with young-onset PD and the early development of dyskinesia [67]. In sporadic PD,
the polymorphisms in dopaminergic D2 receptors were reported as factors that reduced
the risk of developing LID [68]. Polymorphisms in the dopamine transporter have also
been implicated.

Taking into consideration that the L-dopa effect gradually becomes shorter, patients
have to decrease intervals between doses or increase their individual dose. Loss of smooth
duration of the L-dopa effect causes the appearance of different motor fluctuations. Diurnal
rhythms of PD symptoms have been investigated in numerous studies. The results of these
studies may be suggestive of possible circadian influences on the expression of clinical
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features of PD. Patients with PD have lower peak activity levels and lower amplitude of
the rest-activity cycle in comparison with healthy older adults [69]. Motor symptoms are
known to be more prominent in the afternoon and evening than in the first half of the day.
This daily motor condition does not always depend on the time of drug administration and
may be caused by circadian regulation of dopaminergic systems. Motor symptoms severity
can increase throughout the day even if L-dopa metabolism and pharmacokinetics are not
altered. One of the studies by Bonucelli et al., focused attention on tremor, bradykinesia,
and gait disturbances in three groups of PD patients: newly diagnosed PD, patients with,
and patients without motor fluctuations. All these patients had standard L-dopa doses
at 8:00, 12:00, and 16:00. The results showed that patients in the early stages do not have
prominent fluctuations throughout the day, but those with advanced PD experience serious
worsening in the second half of the day [70].

3. Strategies of the Prevention and Management of Motor Complications

Since chronic L-dopa treatment for PD patients is associated with the development of
motor complications, the main strategy is to delay L-dopa use until absolutely necessary
to preserve the patient’s function [57]. The use of L-dopa leads to pulsatile dopaminergic
stimulation that may disrupt the physiological functions of dopaminergic neurons. Contin-
uous dopaminergic stimulation is a therapeutic concept for the management of PD that
proposes that continuous, as opposed to discontinuous or pulsatile, stimulation of striatal
dopamine receptors will delay or prevent the onset of motor complications [58].

There is no doubt that initiating treatment with a dopamine agonist will delay the need
for L-dopa by 1–3 years and that the incidence of motor complications during that time will
be very low [71]. When patients have already developed motor complications, the main
strategy is an adjustment of the L-dopa schedule. Other approaches include the addition of
an adjunctive therapy (dopamine agonist, COMT inhibitor, MAO-B inhibitor, amantadine)
or the use of device-assisted and surgical therapies [72]. However, the adjusting of dose and
treatment regimen of L-dopa or adding new drugs can become a clinical dilemma. Higher
doses of L-dopa can lead to new complications, such as peak-dose dyskinesia, orthostatic
hypotension, or hallucinations. The decreasing of dose or modification of regimen of
L-dopa helps to control LID. However, it can increase wearing-off. Therefore, the therapy
of PD should be individualized and tailored to the specific needs of each patient [14].

The diversity of the clinical manifestation of PD requires multi-modal assessments of a
patient’s condition. It can be done using different scales for the evaluation of motor, cogni-
tive, affective and autonomic symptoms, motor fluctuations and dyskinesia, Hauser’s diary,
and other instruments. However, the use of scales and questionnaires is time-consuming
and is associated with a lack of objectivity. Motor diaries have been extensively utilized to
gather treatment outcomes in clinical trials as well as in clinical practice. However, poor
adherence has often been reported [73].

Technology development leads scientists to the creation of devices that would make it
possible to assess the variety of changing parameters of patients during the day. Sensors
provide objective data of tremor, bradykinesia, rigidity, ON/OFF/dyskinetic condition,
physical activity, sleep, and wakefulness [74–76]. Technology-based devices offer the
opportunity to improve the objectivity and relevance of the assessment and treatment of
individuals with PD by quantifying symptom presentation in real-life conditions. Clinical
visits provide only a brief snapshot of a patient’s state and cannot adequately display
motor complications and non-motor symptoms of PD. Moreover, performance during
the clinical visit does not always reflect how patients perform at home. Such devices can
give clinicians the full presentation of patient’s state, assess the efficacy of medications,
and patient’s adherence to them. Sensors can be even more sensitive in the detection of a
patient’s transition from the “honeymoon period” to the first signs of wearing-off. Accurate
evaluation of a patient’s condition is an essential requirement for effective treatment.
Finally, technology-based devices represent a new care model that uses a closed-loop
principle as they allow not only to monitor the patient but also adjust the therapy.
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4. The World of Sensors

Mobile health (mHealth) has been defined as medical and public health practice
supported by mobile devices, such as smartphones and patient monitoring devices. There
is a great number of technology-based devices used in PD patients, and they can be
divided by type of assessed clinical parameter (tremor, bradykinesia, gait), sensor type
(accelerometer, gyroscope, magnetometer, etc.), and other characteristics (Table 1). The
evaluation of clinical symptoms can be done during passive monitoring when patients
do their daily activities or using special tests, such as finger tapping, the Timed Up and
Go test, or sustained phonation. Other systems perform the automated assessments of
motor tasks of the Unified Parkinson’s Disease Rating Scale [74]. Devices that assess motor
symptoms during the activities of daily living in home-like conditions seem more suitable
for clinical purposes and correspond to the tasks of monitoring a patient’s condition. The
introduction of active motor tests in the process of passive monitoring of motor functions
gives opportunities for the enhanced evaluation of a patient’s condition between visits to
a doctor.

Table 1. Parameters of technology-based devices.

Parameters Variants

Clinical symptom

� Tremor
� Bradykinesia
� Dyskinesia
� ON/OFF/dyskinetic state
� Balance, posture, gait

� Freezing of gait
� Speech
� Physical activity
� Sleep
� Daytime sleepiness

Sensor type
� Accelerometer
� Gyroscope
� Magnetometer

� Camera (video recording)
� Optical sensors
� Electrode sensors

Type of the way to use device
� Wearable
� Non-wearable
� Hybrid devices

Location of wearable sensor � Upper arm, forearm, wrist, finger
� Thigh, shin, heel

� Sternum
� Waist
� Lower back

Configuration of wearable sensor

� Band
� Watch-shaped
� Sensor of smartphone/smartwatch
� Ring-shaped

� Glove-shaped
� Sole
� Belt/put on a belt
� Integrated into clothing

Way of monitoring
� Active (specific motor tasks)
� Passive
� Combined

Operating system
� Computerized devices
� Mobile applications
� Telemedicine service

Data analysis
� Decision trees
� Neural networks
� Support vector machines

� Linear discriminant analysis
� Bayesian networks
� Hidden Markov models

Functions

� Motor diary
� Assessment of specific motor tasks
� Non-motor assessment
� Deliver information to doctor
� Schedule of medications
� Adjusting of therapy
� Medication delivery systems

� Monitor the clinical evolution of the
disease

� Information for patients regarding
their success in controlling PD
symptoms

� Promotion of patient for physical
activity, rehabilitation tools
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Accelerometers and gyroscopes are the most common wearable sensors for the assess-
ment of motor symptoms in PD patients. Accelerometers operate by measuring acceleration
along each axis of the device and can, therefore, detect static postures by measuring the
acceleration due to gravity and detect motion by measuring the corresponding dynamic
acceleration. Gyroscopes measure the Coriolis acceleration from rotational angular velocity.
They can therefore measure transitions between postures and are often used to compliment
accelerometers in mobility monitoring systems. These wearable devices can record not
only the orientation, amplitude, and frequency of movements but also the speed of the
part of the body where they are attached. These data allow clinicians to assess the presence
and severity of the cardinal features and complications of PD (tremor, bradykinesia, and
dyskinesia) [77]. Accelerometers and gyroscopes can be paired in an inertial measure-
ment unit (IMU). This combination of sensors can be fused to provide a stable estimate
of sensor orientation, both linear and angular motion information [78]. Each sensor has
several specifications, including size, number of axes (one, two, or three axes), amplitude
range, sampling frequency, bandwidth, sensitivity, and accuracy. It is important to consider
these specifications when evaluating PD patients to ensure consistency with the device’s
intended use.

Technology-based devices can consist of multiple sensors distributed on the body, but
some authors prefer to use a single sensor unit worn at the waist, sacrum, or chest. There
is little consensus as to the optimal placement and number of sensors required to obtain
sufficient results [79]. Because wearable sensors produce large quantities of data that are
not amenable to human interpretation, machine-learning algorithms are used (Table 1).
Each of the algorithms has computational as well as functional strengths and weaknesses.
To date, no system has been identified as the universally accepted and optimized algorithm
for the analysis of human movement [78].

Technology-based devices can be classified into three groups: (1) implemented devices
for automatic assessment of PD symptoms; (2) mHealth applications on smartphone/tablet;
and (3) a telemedicine service consisting of automated systems for the assessment and/or
monitoring of specific symptoms and mobile or web-based applications that allow both
the patients and the clinicians to access the system through user interfaces. These systems
would practically provide a modern telemedicine service using cloud platforms and server
applications in which special algorithms are implemented to analyze the acquired data.
Such systems allow a large amount of data to be transferred and managed, providing
both the clinicians and the patients with useful information about disease progression and
health conditions [68].

The format of output information about motor symptoms and motor complications
that the devices present to the clinician vary. Systems can provide information about
the amplitude of tremor, the period of time when tremors are present, bradykinesia, or
freezing of gait were detected. At the same time, other devices use a motor-fluctuation
detection algorithm that determines ON, OFF, and dyskinetic states. Klapper et al. used
five accelerometers to detect bradykinesia, hypokinesia, and dyskinetic movements. The
authors used classification trees and neural networks to detect bradykinetic/hypokinetic
states vs. not bradykinetic/hypokinetic states compared to dichotomized scores from
the neurologist who observed the participants for the duration of the recording period.
Classification trees detected bradykinesia/hypokinesia with accuracies of 74.8–85.3% and
dyskinesia with accuracies of 80.6–91.6%. Using neural networks improved the accuracy of
the algorithm to 88.0–92.1% for bradykinesia/hypokinesia detection and to 91.1–94.1% for
dyskinesia detection [80].

In an attempt to use fewer sensors, Rodríguez-Molinero et al. used a single tri-axial
accelerometer worn on a belt and an ON/OFF detection algorithm based on the analysis
of patients’ movements while walking. The motor fluctuation detector showed a mean
sensitivity of 0.96 (median 1; interquartile range, IQR, 0.93–1) and a specificity of 0.94
(median 0.96; IQR, 0.90–1). However, the algorithm was unable to detect status changes
when the patient was at rest [81].
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Pfister et al. used deep learning to classify motion data from a single wrist-worn
IMU sensor recording in 30 PD patients. Convolutional neural networks modeled the PD
motor states as a three-class categorical concept (OFF/ON/DYS). Using a 1-min window
size as an input for a convolutional neural network trained on data from a subset of
patients, they achieved a three-class balanced accuracy of 0.654 on data from previously
unseen subjects. This corresponds to detecting the OFF, ON, or DYSKINETIC motor
state at a sensitivity/specificity of 0.64/0.89, 0.67/0.67, and 0.64/0.89, respectively. On
average, the model outputs were highly correlated with the annotation on a per subject
scale (r = 0.83/0.84; p < 0.0001) [82].

There are some commercially available devices that provide continuous objective
measurement of patients with PD. The Personal KinetiGraph (PKG) Movement Recording
System is a technology that provides daily and summary scores for bradykinesia, dyskine-
sia, fluctuations, data on tremor, immobility, movement during daytime, somnolence, and
sleep. The PKG System consists of an interactive data logger (PKG Watch) that resembles
a wristwatch it measures movement accelerations of the wrist and analyzes the spectral
power of the low frequencies of accelerometer data providing continuous variables—
namely the median bradykinesia score (BKS) and dyskinesia score (DKS). Griffiths et al.
found that BKS and DKS closely correlate with UPDRS motor score and mAIMS, respec-
tively [83]. The PKG System also contains a reminder to the subject when PD medications
are due, and a means for recording when PD medications are taken. At the end of the
patient wear period, the PKG data logger is returned to the clinic and data are downloaded
and analyzed using an algorithm to translate raw movement data into a printable output of
the patient’s movement over the worn period [76]. Price et al. evaluated the clinical utility
of the PKG in routine clinical care and found the PKG identified issues that had not been
reported previously in 63% of patients [84]. Spengler et al. reported PKG use to support
deep brain stimulation programming was feasible and may decrease time to deep brain
stimulation (DBS) optimization, contributing to a more effective DBS therapy and possibly
fewer programming visits [85].

Physilog uses body-attached gyroscopes to assess spatio-temporal parameters of gait,
sway, physical activity, tremor, and bradykinesia. Depending on the expected outcomes,
one to seven inertial sensors, including accelerometers and gyroscopes, can be used. Gait
measurements using this device were performed on 10 PD patients with DBS. Some of the
gait parameters had a high correlation with UPDRS subscores (r = −0.90). This algorithm
was able to detect gait cycles and related gait events with very high sensitivity (>96%)
and with a positive prediction value >98%. These results have been demonstrated to be
accurate enough to show significant differences between Stimulation ON and Stimulation
OFF states in PD patients [86].

Kinesia-360 consists of two sensors, one mounted on a wrist and another one placed
on the patients’ ankle, a mobile phone application and an external server for data protec-
tion. The kinesia system provides information about tremors, dyskinesia, and mobility
based on temporal and frequency features [87]. Another product, Kinesia ONE, integrates
accelerometers and gyroscopes in a compact patient-worn unit and provides results in the
form of indexes from bradykinesia, dyskinesia, and tremors. The sensor component of the
device is installed in a ring, which fits on a finger [88].

The Perform system is an intelligent closed-loop system that integrates four tri-axial
accelerometers for extremities and one accelerometer/gyroscope on the waist that evaluate
tremor, bradykinesia, freezing of gait, and dyskinesia. Data acquired are pre-processed by
algorithms and allow health professionals to remotely monitor the overall status of the
patients, adjust medication schedules, and personalize treatment [89].

The assessment of LID using sensors is complicated because voluntary movements
occur in the same frequency band (1–4 Hz band), so during the performance of daily
activities, the objective evaluation of dyskinesias is confounded. Hoff et al. used four
pairs of accelerometers to investigate movement characteristics of dyskinesias. Although
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objective measures of dyskinesias were reliable and responsive, they failed to distinguish
LID from voluntary movements [90].

Keijsers et al. used the same data but with neural networks for better differentiation
between voluntary movements and dyskinesias. This technology improves LID detection
and the assessment of its severity in various activities [91]. In the next study, Keijsers et al.
tested an algorithm for the detection and assessment of the severity of LID in PD patients
performing different activities of daily living tasks during 2.5 h. The neural network
correctly classified dyskinesia or the absence of dyskinesia in 15-min intervals in 93.7, 99.7,
and 97.0% for the arm, trunk, and leg, respectively [92].

Rodríguez-Molinero et al. developed a device that can detect bradykinesia, ON/OFF
motor conditions, and freezing of gait [81,93]. In the next study, they designed and
validated an algorithm that can register the occurrence of dyskinesia during a patient’s
activities of daily living [94]. Dyskinesia was detected in a dichotomous way—namely,
only its occurrence or not is detected at every moment, without information on its severity.
Then, the possibility of an algorithm to assess the severity of dyskinesia using a continuous
numerical value was investigated. The correlation coefficient between the sensor output
and the Unified Dyskinesia Rating Scale score was 0.70 (CI 95%: 0.33–0.88; p = 0.01).
Since the sensor was located on the waist, the correlation between the sensor output and
the results of the trunk and legs scale sub-items was calculated: 0.91 (CI 95% 0.76–0.97:
p < 0.001) [95].

It should be noted that studies using wearable techniques did not differentiate between
dyskinesia subtypes, such as peak-dose dyskinesia, OFF-dystonia, and diphasic dyskinesias.
More studies are needed with new analytical algorithms that would be able to separate
the more dystonic type of dyskinesias (as in diphasic or OFF dyskinesias) from the more
choreatic peak-dose dyskinesias. This would certainly be a great help to clinicians because
making this distinction based on history taking can be very difficult.

5. mHealth Applications for PD Monitoring

In agreement with the large use of smartphones in the population, mobile applica-
tions for monitoring and assessing motor symptoms in PD patients were designed. The
mobile apps can be used directly on the patient’s own smartphone or smartwatch without
additional devices. On the contrary, there are many studies where apps are integrated
into systems consisting of additional sensors. Some allow additional functions, such as
external (non-invasive) sensory stimulation for the treatment of FOG [96]. The apps can
offer corrective feedback as well, encouraging the patients to improve their physical activity
or medical adherence [75].

Many studies validated apps using a smartphone’s accelerometer and gyroscope
signals for the characterization of tremors. High sensitivity and specificity in detection and
measurement of hand tremor was shown [97–99]. The control your Parkinson disease app
(CYPD) uses a gyroscope in a smartwatch and a special algorithm for parkinsonian tremor
detection. CYPD collects data on tremors of the limbs, manages a medicine schedule,
and contains tests and questionnaires for self-assessment of motor and non-motor PD
symptoms. As a result, it generates reports on the patient’s condition. CYPD makes the
combined graph with the percentage of tremor, the tremor duration during the day, and
the schedule of medications taken. The information can be transferred to the doctor as
a report [100]. The KinesiaU motor assessment system is a validated consumer app for
PD patients to measure their symptoms using an Android smartphone and smartwatch.
The system tracks tremors, slowness, and dyskinesia, as well as therapies and activities in
the daily reports. Furthermore, it can provide interactive communication with healthcare
professionals every month for better monitoring and treatment [101].

Other apps use special tests to evaluate a patient’s motor performance. Zhan et al.
developed an Android smartphone app HopkinsPD that assesses five activities (voice, finger
tapping, gait, balance, and reaction time) and a mobile Parkinson disease score (mPDS) that
objectively weighs features derived from each activity. The mPDS was derived from 6148
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smartphone activity assessments from 129 individuals. The measure correlated well with
the Movement Disorder Society Unified Parkinson Disease’s Rating Scale total (r = 0.81;
p < 0.001) and part III only (r = 0.88; p < 0.001), the Timed Up and Go assessment (r = 0.72;
p = 0.002), and the Hoehn and Yahr stage (r = 0.91; p < 0.001). The mPDS responds to
dopaminergic medication administration; it improved by a mean of 16.3 ± 5.6 points [97].

Punin et al. developed a system based on an Android mobile app and a tri-axial
accelerometer device for gait data acquisition. Gathered data is processed to detect FOG
episodes in real-time. Detection activates an external vibratory stimulation of the legs to
reduce FOG time. The system obtained a specificity of 86.66% and a sensitivity of 60.61%
in FOG detection. It showed an improvement in the time reduction of the FOG episodes of
each patient [96].

The Fox Wearable Companion App (FWC App) is a mobile and wearable application for
PD patients. It uses a smartwatch and smartphone that gather and transmit data to the
cloud where algorithms generate metrics, such as activity level during waking and sleeping
hours, gait, and tremor detection. The feasibility and acceptability of using the FWC App
were determined in an observational, two-cohort Parkinson at home study with 953 PD
patients. Patients used the FWC App for a minimum of 6 weeks (North America, NAM)
or 13 weeks (The Netherlands, NL). Additionally, medication intake and symptoms were
collected via self-reporting in the app. The enrollment rate was 88% in the NL (n = 304)
and 51% (n = 649) in NAM. Overall, 84% (n = 805) of participants contributed sensor data.
Participants were compliant for 68% (16.3 h/participant/day) of the study period in NL
and for 62% (14.8 h/participant/day) in NAM [102].

PD_Manager is a mHealth platform that covers most of the aspects regarding the
management of PD with a holistic approach. Patients are monitored using wrist and
insole sensors paired with a smartphone. A mobile app also provides various non-motor
self-evaluation tests for assessing cognition, mood, and nutrition. The smart pillbox can
be filled in advance by caregivers according to the prescribed medication plan and then
handed over to the patients for intake. The schedule is automatically downloaded from the
cloud service, and the patient is alerted accordingly. The core of the system is the mHealth
platform, which is a cloud IT system that provides all the necessary functionality for users
and services communication, along with computing power for data processing and storage.
Clinicians can use a separate mobile app that provides fast patient assessment, the current
and past medication plans, and register a new one if required. The system showed good
accuracy for the assessment of gait problems, tremors, bradykinesia, dyskinesia, and for
the detection of ON and OFF states. A total of 78% of patients reported that they would
use this type of mHealth platform, with the main reason being their feeling of assurance
due to close and more personalized treatment [103].

6. What Does an Ideal Sensor Look Like?

Nowadays, the variety of solutions of PD monitoring is rapidly growing. Considering
this, there is a need for consensus on the type of sensors and the main goal of their use.
The Movement Disorders Society Task Force on Technology recently suggested principles
of mHealth technologies: (1) identification of patient-centered and clinically relevant
digital outcomes; (2) selection criteria for device combinations that offer an acceptable
benefit-to-burden ratio to patients and that deliver reliable, clinically relevant insights;
(3) development of an accessible, scalable, and secure platform for data integration and
data analytics; and (4) agreement on a pathway for approval by regulators, adoption into
e-health systems, and implementation by health care organizations [104].

Thus, technology-based devices should be patient-centered and ideally work as a
closed-loop system. They assess the motor performance, non-motor symptoms and detect
radical changes of condition. Such systems are integrated with medical records that
provide continuous monitoring of the patient. Moreover, it can potentially be integrated
into treatment delivery systems that remind about the next drug dose and check that
the patient took it. In the future, mHealth technology, by using smart algorithms, can
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analyze the state of the patient and determine the course of disease, give recommendations
about adjusting of therapy, or alert patients and healthcare providers the need for a clinic
visit. Possible application areas for the mHealth system include remote DBS programming
and titration of L-dopa-carbidopa intestinal gel, particularly for people who live in rural
areas. The next step is the development of a closed-loop DBS system when signals are
transmitted from wearable sensors and central sources (such as local field potential) toward
the implanted programmable generator. The generator analyzes the data and adaptively
responds by modulation of stimulation settings [105–107].

Technology-based devices open an era of new remote medicine for doctors and pa-
tients. This approach has some limitations that need to be discussed. Side aspects of the use
of sensors are associated with the introduction into the patient’s personal life. Therefore,
information collected should be depersonalized and reliably protected on storage cloud
servers. Some types of received information cannot be used. For example, video recording
for long-term monitoring during free daily activities is not possible. On the other hand,
technology-based devices can be addictive for some patients, especially with behavior and
cognitive disorders.

Although a smart mHealth system can replace some of the work of health providers, it
cannot be fully relied on because they are not error-free. Nevertheless, nowadays, clinicians
cannot fully rely on a mHealth system because they are not error-free. Developed sensors
and algorithms are not suitable for the detection of disorders such as OFF-period dystonia,
akathisia, or most of the non-motor symptoms. Technical problems can occur, as well as
problems with the prolonged wearing of sensors [108]. If retired people, for example, can
use systems with several sensors at their home or outdoors, younger patients could refuse
the wearing of noticeable and massive devices. Hence, there is a need for systems that can
reduce patient burden by using a minimal number of sensors while continuously capturing
clinically meaningful measures of motor symptom severity under free-living conditions.

The mHealth systems cannot be used for every patient. There are expected limitations
in the use of such technologies in patients with dementia and psychotic disorders. Addi-
tionally, such systems require training and skills to work them as well as extra time for
analyzing information. Taking into consideration the heavy workload of doctors, it can
be another limitation of use. Therefore, the development of a user-friendly interface for
doctors that provide quick and easy access to the mHealth system is required.

7. Conclusions

Since there is no proven etiological treatment for PD, the only opportunity to improve
a patient’s quality of life is the use of dopamine replacement therapy. Therefore, the
main goal for clinicians should be the optimizing of individual symptomatic therapy
that includes dopamine drugs, medication for the treatment of affective and autonomic
disturbances, sleep and wakefulness disorders, cognitive and psychiatric impairments,
as well as methods of physical rehabilitation. Technology-based devices can change
approaches to the management of PD. Although they raised some limitations, the use of
such systems provides new tools in monitoring and treatment, as well as promoting the
active engagement of the patients and their caregivers in the healthcare path. This aims
to improve both patient’s quality of life and clinician’s quality of care toward an optimal
personalized therapy.
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