Review Parkinson's Disease

Wearable Technologies for Parkinson’s Disease:
Exploring Their Clinical Potential

Caitriona L Cox' and Alistair J Mackett?®

1. The Healthcare Improvement Studies (THIS) Institute, University of Cambridge, Cambridge, UK; 2. Department of Medicine for the Elderly,
Cambridge University Hospitals NHS Foundation Trust, Hills Road, Cambridge, UK; 3. Charco Neurotech, Cambridge, UK

here has been an increasing interest in technological interventions in Parkinson’s disease (PD), particularly with regard to wearable

technologies. Numerous detailed systematic reviews have recently been published examining the use of wearable technologies

for specific aspects of PD, such as diagnosis or monitoring. We do not aim to replicate these: this narrative review is not intended
to provide an exhaustive account of all the wearable devices being developed, but rather to help clinicians better understand their broad
potential for current and future uses. In this article, we provide a practical and useful overview of wearable technologies used in the (i)
diagnosis of PD, (i) monitoring of PD symptoms and (iii) management/alleviation of PD symptoms.

Parkinson’s disease (PD) is a complex neurodegenerative condition that predominantly affects

Diagnosis, monitoring, motor symptoms, older people, with a rising prevalence worldwide."? There are many on-going challenges and
neurodegenerative disorders, non-motor unmet needs in PD: difficulties in making an accurate diagnosis (particularly in the early stages
symptoms, Parkinson's disease, therapeutics, of the disease), troubling side effects associated with the available pharmacological treatments, a
wearable technologies lack of effective disease-modifying therapies and a need to develop better tools to monitor both
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this article. Numerous detailed systematic reviews examining the use of wearable technologies for specific
aspects of PD, such as diagnosis or monitoring, have recently been published.”?2 We do not aim
to replicate these: this narrative review is not intended to provide an exhaustive account of all
the wearable devices being developed, but rather to help clinicians better understand the broad
potential for current and future uses of wearable technology in PD. In this article, we provide a
practically useful overview of wearable technologies used in the (i) diagnosis of PD, (ii) monitoring
of PD symptoms and (iii) management/alleviation of PD symptoms. We will consider the potential
utility of wearables in each of these areas, the evidence base for some of the currently available
devices and those in development and areas for future research. As the scope of this review
is focused on wearable technologies, other devices and technology (mobile phones, online
applications, ambient sensor technologies, visual-based systems and modified utensils or writing
devices) will not be discussed here.
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Wearables and diagnosing Parkinson’s disease
Despite emerging potential biomarkers, the diagnosis of PD remains
clinical and is based largely on standardized clinical diagnostic
criteria.®? The Brain Bank Criteria cites bradykinesia as a core
feature, with the addition of tremor, rigidity and/or postural instability
to be reviewed alongside additional supportive features and exclusion
criteria.?® The International Parkinson and Movement Disorder Society
(MDS-PD) criteria, published in 2015 and based on the work of the
MDS Task Forces, added additional supportive criteria and altered the
exclusion criteria; these criteria have been validated against the gold
standard of expert clinical diagnosis.?”?

Despite such validated criteria, diagnosis remains challenging,
particularly in the early stages of the disease: there is considerable
clinical heterogeneity in PD with several identified subtypes, many
of the clinical features overlap with other neurological conditions,
and biomarkers are not accurate enough as yet to allow definitive
diagnosis.>? Clinicopathological studies have found diagnostic accuracy
to be as low as 58% in the early stages of the disease; a more recent
study using the MDS-PD criteria found the overall diagnostic accuracy to
be 87.9% when applied within 5 years of disease onset.*>%'

Making an accurate diagnosis early in the disease is particularly important
regarding the potential development of disease-modifying drugs.3® The
concept of prodromal PD - the stage at which individuals do not fulfil
the diagnostic criteria but do exhibit signs and symptoms that indicate
a higher-than-average risk of developing PD in the future — is relevant
here. As a 2019 review concluded, “The most critical gap in the field of PD
research is to develop neuroprotective therapy ... prodromal PD offers
arguably the best opportunity to test neuroprotective therapy, because
it is early enough in the neurodegenerative process to meaningfully
intervene” 335 At present, although there is on-going research in this
area, there are no diagnostic criteria in clinical use for prodromal PD.%

In the future, increased diagnostic accuracy and prodromal screening
may be available with the use of biomarkers (such as serum, dermal or
cerebrospinal fluid alpha-synuclein).¥” These are likely to be used within
clinical research on prodromal PD and may ultimately form part of revised
diagnostic criteria. However, the use of such biomarkers may be costly
and challenging to roll out across all healthcare economies, particularly
in low- and middle-income countries. An alternative approach to
prodromal diagnosis is to assess subtle physical symptoms that may be
present before the full clinical manifestation of the disease: for example,
several studies have demonstrated abnormal motor functioning during
the prodromal phase of PD.%¥% Therefore, there may be a role for
wearable technologies to act as a low-cost tool in the diagnosis of PD
—as an adjuvant to clinical criteria to help increase diagnostic accuracy
throughout the disease course and make the diagnosis in the prodromal
stage.®®

At present, there is no widespread commercial use of wearable
technologies to identify early or prodromal PD outside of research
settings. A 2017 systematic review noted a relative lack of high-quality
data in early diagnosis, citing only five articles that dealt with the
identification of prodromal PD.?" Studies included in this review used
numerous methods, including accelerometers, gyroscopes and force
Sensors to measure markers such as postural sway, gait and symmetry
indices; currently, none of the interventions included in the review have
made it outside of the university laboratory.*'™3 The applicability of this
research to the identification of early PD is limited as the studies were

small, and many of the participants had an established diagnosis of PD.
As the authors of the review note, to investigate their use in diagnosing
early PD, there is a need to validate these diagnostic devices using
patients with minimal motor abnormalities; this represents a recruitment
challenge, as such patients often do not present until symptoms are
more marked.?'

More recently, Schalkamp et al. used a wearable accelerometer to
assess prodromal PD in the general population.®® With the use of
machine learning, the accelerometer data performed better than other
established methods (genetics, lifestyle, blood biochemistry or prodromal
signs) at identifying prodromal PD. This finding, that reduced acceleration
manifests years before clinical PD diagnosis, suggests the potential of
accelerometry as an early marker for PD.

There are still numerous barriers to the widespread adoption of
wearables as a diagnostic tool in PD, as explored by Monje et al.* These
include a lack of external validation, small sample sizes, heterogeneity of
data collected, the large number of research devices developed (versus
the small number commercially available) and the limitations of the
technology (e.g. wrist-worn devices not capturing subtle finger tremor).

In summary, there is promising research to suggest that wearable
technologies could help increase the accuracy of PD diagnosis,
potentially even providing a robust and relatively cost-effective strategy
for diagnosis in the prodromal stage.®*-*3 However, this research is still in
its early stages, and further research is needed to better validate these
devices in larger and clinically appropriate populations.

Wearables for monitoring Parkinson’s disease

PD is characterized by diverse and fluctuating movement abnormalities.
People living with PD require longitudinal assessment of their symptoms
to guide personalized management: in particular, clinicians must have
an accurate understanding of how patients’ motor symptoms vary
throughout the day to effectively guide medication adjustments.* This is
particularly important given the frequent and variable treatment-related
motor complications patients can experience, such as motor fluctuations
and dyskinetic movements.

At present, for many patients, disease monitoring is episodic in the form
of clinic visits. The efficacy of the management of PD in patients is based
on clinicians’ global assessments, which may use clinical assessment
tools such as the Movement Disorder Society - Unified Parkinson's
Disease Rating Scale (MDS-UPDRS) or evaluations such as the Hoehn
and Yahr staging.* There are significant limitations to the use of MDS-
UPDRS for monitoring the progression of PD. The infrequent nature of
clinic reviews means that only a brief snapshot of the disease course
is captured. Moreover, MDS-UPDRS scoring is subjective (with some
inter-rater variability), and the variable nature of PD means symptoms
measured in the clinic may not be representative of their motor
symptoms in the community.***

To try to overcome some of the above-mentioned limitations, there
has been research on home monitoring, where patients collect data
on their symptoms in between clinic visits (e.g. by completing either
paper-based or electronic symptom diaries).®®*° Issues with the use
of diaries, such as recall bias, mismatch between patient-subjective
self-reporting of function and objective ratings and problems with
patients not consistently inputting data due to diary fatigue, have been
noted.>®®" Other methods of home monitoring, such as telemedicine
video consultations, suffer the same problems as in-person clinic
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Table 1: An overview of wearable devices conditionally approved by the National Institute for Health and Care Excellence for

monitoring Parkinson’s disease®>*%*¢-¢/

Device Description of device Relevant research to date

PKG Wrist-worn device, which is used for 6-10 days In many studies, the use of PKG data in addition to
and provides objective motor measurements of clinical assessment by doctors led to changes in
bradykinesia, dyskinesia and tremor. Data are also PD management.*% One study also reviewed PKG
collected about immobility, medication adherence and | acceptability and demonstrated that 82% of participants
tendency to impulsiveness.? found the PKG easy to use and 74% found PKG to be
It is a regulated class lla medical device and has somewhat or highly valuable in providing data to manage
received clearance to be used in Australia, Europe and | their PD%
the USA

STAT-ON Waist-worn inertial recorder. It measures dyskinesia, There is less published evidence regarding the

5 days.

‘on" and ‘off" periods, gait (including freezing of gait and
bradykinesia), falls, energy expenditure and posture.
Similar to PKG, the STAT-ON should be worn for at least

It is a CE safety-marked class lla medical device,
certified for the European market

STAT-ON device, with the majority of the evidence
focused on diagnostic accuracy.”° There is limited
evidence about patient or clinician opinions, which are
generally favourable but a lack of evidence regarding
the correlation between STAT-ON use and clinical
outcomes®'?

Kinesia360 and Kinesiau

Kinesia360 is a wrist- and ankle-worn monitoring
system linked to a smartphone application, whereas
the KinesiaU uses off-the-shelf smartwatch technology
paired with the Kinesia application to monitor
Parkinson’s symptoms. KinesiaU is marketed more

at consumers to monitor and manage their own
condition, whereas Kinesia360 is aimed at clinicians.
Kinesia360 is a class | CE safety-marked and FDA-
approved medical device; the Kinesial motor
assessment system is currently cleared for sale in the
USA, the UK, the EU and Canada

Diagnostic accuracy is rated as moderate to good with
Kinesia360.% There were three small studies examining
clinical outcomes using the Kinesia systems, and
although there were some indications that there may
be motor and quality of life improvements, the study
cohorts were too small to be definitive® ¢

PDMonitor

collected.

A wearable system consisting of five devices worn
on the limbs and the waist. Data on bradykinesia,
dyskinesia, tremor, gait (including freezing), postural
instability, ‘on” and “off’ periods and activity levels are

It is a CE safety-marked class lla medical device,
certified for the European market

There is limited published evidence regarding the use of
the PDMonitor system, and evidence regarding clinical
outcomes is limited to a couple of case reports*¢’

CE = Conformite Europeenne, FDA = US Food and Drug Administration; PD = Parkinson’s disease; PKG = Parkinson's KinetiGraph; STAT-ON = STAT-ON Holter monitor.

visits as they still only provide a snapshot assessment of the patient’s
symptoms.®?

Wearable devices for monitoring PD are, at face value, a highly exciting
prospect. Technological advancements have produced user-friendly
wearables with long battery lives, which can be worn by patients with
PD at home during the day to unobtrusively assess motor symptoms.
Motor symptoms that can be monitored by wearable devices include
bradykinesia, tremors, motor fluctuations, postural instability, gait
disturbance and dysarthria.’®* Such wearables have the potential to
provide more objective and continuous assessments of symptoms
compared with symptom diaries or intermittent clinic visits/examinations.
They are of particular importance, given the global shortage of neurologists
available to perform regular clinical assessments: amongst Medicare
patients in the USA living with PD, >40% have not seen a neurologist, and
in the UK, published waiting lists for all routine hospital treatments are
predicted to reach a peak of 8 million by summer 2024.54% In this sense,
the data from wearables may be helpful in improving not only the quality,
but also the accessibility of PD disease/symptom monitoring.

Compared with its use in the diagnosis of PD, wearable technology in
PD monitoring is a more established field, with several commercially
available products in use within healthcare settings. In the UK, the NICE
guidance published in January 2023 now conditionally allows healthcare
providers to offer devices for remote monitoring of PD." Five devices
fall within the guidance: Kinesia 360™ (Great Lakes NeuroTechnologies,
Cleveland, OH, USA), KinesiaU™ (Great Lakes NeuroTechnologies,
Cleveland, OH, USA), PDMonitor® (PD Neurotechnology Ltd, London, UK),
Parkinson's KinetiGraph (PKG; PKG Health Ltd., London, UK) and STAT-ON
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Holter™ (Sense4Care SL, Barcelona, Spain) (see Table 1).22495%¢7 A 2022
National Institute for Health and Care Research-commissioned report of
the five devices assimilated the evidence to date, including 57 studies of
PKG, 15 of STAT-ON, 3 of Kinesia360, 1 of KinesiaU and 1 of PDMonitor.™

Many other reviews have examined the use of wearables in PD
monitoring in recent years."®'%%36870 For example, in 2022, a systematic
review by Ancona et al. identified 26 studies examining wearable
technology to assess motor symptoms at home.™ They found that the
majority of the included studies showed positive results regarding the
accuracy and reliability of wearables, but emphasized the need for
more research examining the practicality and tolerability of devices. This
aligns with other reviews: in 2021, Sica et al. concluded: “characteristics
which were ignored by researchers, such as the system’s comfort of
use, set-up process, instructions for use, support, aesthetics and display,
need to be strongly considered”.? It is important to note that different
wearable devices consist of different numbers of sensors, and devices
with multiple sensors (e.g. on the arms, legs, sternum and wrist) may
be less suitable for long-term use in a home setting compared with
those that just involve, for example, a sensor on the wrist. As patient-
focused research examining the use of wearable devices in arthritis has
highlighted, wearable devices have to be discreet and unobtrusive for
patients to tolerate.”" The limited existing research that has specifically
examined wrist-based wearables in PD has found that patients found
them acceptable (and indeed preferable to manual self-reporting
methods for symptom monitoring).”%”

A key question is the extent to which wearable devices for monitoring
can effectively guide treatment modifications. There is some limited
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evidence in this area: many studies have assessed the degree to
which wearables can provide information sufficient to change medical
management, generally finding that such data can influence treatment
decisions.*%7* A study compared the management of PD by doctors
using a combination of objective ambulatory measurement (using the
PKG device) and conventional assessment with management using
conventional assessment alone.”® This study demonstrated statistically
significant improvements in the MDS-UPDRS scores with the use of
the PKG device, suggesting that symptom control is improved when
the management of PD is assisted by objective measurement.” There
is, however, a lack of research investigating the effect of treatment
modifications based on wearable sensors alone versus clinician-based
decision alone. A 2023 review concluded: “[a]t this stage, we could
only consider [wearable sensors] as a potential useful add-tool for PD
treatment management, when coupled with clinical evaluation (history
taking) but their clinical relevance remains to be proven”.”¢

It is important to note that wearable devices for monitoring PD have
overwhelmingly focused on motor symptoms.”” Although motor
symptoms are important, non-motor symptoms have been increasingly
recognized as having a significant impact on patients’ quality of life.”®
As a 2016 review noted, there is “an urgent need for developing
unobtrusive systems to monitor nonmotor endpoints in the home and
community settings”.” There is some evidence for associations between
bradykinesia and dyskinesia, as measured by wearable devices, and
gastrointestinal symptoms, suggesting that wearable sensor motor data
may potentially serve as a marker for some non-motor symptoms.”?
Many studies have investigated the use of wearable devices to monitor
sleep dysfunction in PD (including rapid eye movement sleep behaviour
disorder and nocturnal hypokinesia).28* Regarding autonomic
dysfunction, although traditional wearable blood pressure devices
are unwieldy, there is potential for wrist-based sensors to provide
quantitative assessments of parameters, such as heart rate and blood
pressure.”s’7#8 There is thus some preliminary research suggesting
that monitoring non-motor symptoms using wearables may be feasible,
but the impact of such monitoring on treatment or patient outcomes
has not been proven.*?56-¢7

Overall, although the application of wearables to PD monitoring is the
most mature of the three sectors examined, the evidence base is still
relatively limited; there is a particular need for research assessing the
feasibility and practicality of wearables for long-term disease monitoring.
There is also a need for more research to bridge the gap between the
‘big data” acquired with wearable sensor technologies and their limited
clinical applications.” Moreover, the cost-effectiveness of these devices
also needs to be examined in more detail: the devices may represent a
significant cost pressure to healthcare economies.™

Wearables for managing or alleviating Parkinson’s
disease symptoms

Once a diagnosis of PD is established, there is a broad consensus about
the recognized pharmacological interventions. National guidelines have
been developed, summarizing the management strategies (including
the role of surgery).¥”® Despite the general agreement around
pharmacological management strategies in PD, there are recognized
complications of drugs, such as levodopa (including wearing-off and
dyskinesias) or dopamine agonists (impulse control disorders).*° As PD
progresses, patients may be suitable for advanced therapies, including
deep brain stimulation or levodopa-carbidopa intestinal gel, but these
are invasive interventions, and a proportion of patients will be hesitant
about such options due to perceived risks.”’ Even when patients are keen

to explore advanced therapies, they may be unsuitable for intervention
due to comorbidities or other contraindications.

Wearable technologies have the potential to contribute to the
management of PD symptoms beyond the above-mentioned treatment
approaches, for example, through devices that aim to directly suppress
tremor or improve gait.”>” Many such non-invasive devices have
been developed, with some proven efficacy.?® A 2022 systemic review
concluded that although such non-invasive devices are less effective
than invasive devices, such as Deep Brain Stimulation (DBS), they are
easier to use and potentially more feasible for widespread use, given the
lower risks of complications.?% Indeed, wearable devices are attractive,
as they avoid some of the adverse effects or risks associated with
pharmacological treatment or surgery.

A variety of different devices with varying mechanisms of action have
been explored. Mechanisms used to control tremors include the
following: (i) transcutaneous electrical nerve or muscle stimulation, (ii)
passive biomechanical loading to dissipate the energy and dampen the
tremor and (iii) orthoses containing elements that exert an active force
to counteract the tremor.”>?8 Mechanisms to improve gait and combat
FOG include the following: (i) devices that make use of ‘cueing’ (the use
of visual, auditory or tactile stimuli as triggers to help initiate or continue
movement), (i) peripheral mechanical stimulation, intended to correct
gait abnormalities and enhance motor performance and (i) wearable
exoskeletons designed to facilitate neurorehabilitation or reduce
freezing 77-1%

A huge array of devices are in various stages of development — for a
clinician, it can be challenging to determine which devices have a
clear evidence base for use in PD and which are approved for clinical
use in various jurisdictions. It is important to note that many of those
with initially promising published data are not Conformite Europeenne
(CE) marked/FDA approved (so are not available for clinical use), while
some that have been approved for clinical use lack published evidence
to support their use. Furthermore, some devices have received media
attention, even though they are still in the early stages of development
and far from being available in a clinical setting (e.g. a non-invasive
vibrotactile glove developed at Stanford University used to alleviate
motor symptoms).'%¢1%

In Table 2, we have summarized some examples of wearable devices
for the management of symptoms, such as tremor and FOG, which
are currently approved for clinical use; this is intended to give an
overview of some of the different types of devices available and is not
exhaustive, 777108118

In general, research in this area is in its remarkably early stages: many
of the studies are highly small scale and of variable quality, and many
of the devices included in recent reviews are prototypes. Moreover,
relatively little research has involved experimental validations of
devices with a control group using a sham version of the device. As
in other areas discussed earlier, methodological heterogeneity limits
the strength of conclusions that can be drawn; for example, different
studies often use different methods to quantify tremor reduction,
making it difficult to compare the results. There is also a lack of data on
the feasibility and acceptability of many of these devices for everyday
use for patients — this is particularly notable for some of the larger
exoskeletons or orthoses, for which this may be a significant barrier
to their use.

tOUChREVIEWS in Neurology



Wearable Technologies for Parkinson's Disease

Table 2: Examples of wearable devices for reducing tremor or freezing of gait that are currently approved for clinical

use96,97,1087’| 15

Device

Cala Trio
(Cala Health, San Mateo, CA, USA)

Type of device

Electrical nerve stimulation

Description of device

An FDA-approved electrical nerve
stimulator with two electrodes over

the median and radial nerves plus

an accelerometer that measures

the frequency of the tremor, thereby
modulating the stimulation intensity
depending on the tremor frequency. The
device is currently intended for use in
essential tremor rather than in PD

Relevant research to date

A small case series of 5 patients with
PD demonstrated electrical stimulation
of the median and radial nerves, leading
to a 57% tremor suppression.” A larger
study involving the use of the device
for 3 months in patients with essential
tremors demonstrated improvements in
upper limb tremors'®

MotiMove
(3F-Fit Fabricando Faber, Beograd,
Serbia)

Electrical muscle stimulation

A CE safety-marked multichannel
stimulator, which is placed on the forearm
and upper arm. This system delivers out-
of-phase stimulation by sending electrical
current pulses to the flexor and extensor
muscles, triggering the depolarization of
motor neurons to counteract tremorgenic
activity

A study of 7 patients with PD/essential
tremor demonstrated a significant

decrease in the amplitude of tremor™®”

Tremelo
(Five Microns, Fresno, CA, USA)

Biomechanical passive suppression

An FDA-approved wearable sleeve, where
springs attached to weights dampen
tremors in a similar manner to methods
used in stabilizing skyscrapers. The device
is currently intended for use in essential
tremor rather than in PD

Limited evidence for reduced tremor in
an analysis of its use in 2 patients with
PD”

Gondola
(Gondola Medical Technologies,
Lausanne Switzerland)

Automated mechanical peripheral
stimulation

An FDA-approved and CE safety-marked
device applied to the feet, which applies
pressure pulses to the head of the big toe
and the first metatarsal joint. The overall
treatment consists of four repetitions of
the stimulation cycle (total: 2 minutes).
Currently, patients must visit a Gondola
Partner Centre (all in Europe) to access
the device

Evidence for increases in stride length
and gait speed.”*""" The Gondola
promoted faster walking with longer
strides after six to eight stimulation
sessions in the study 'Peripheral
neurostimulation breaks the shuffling
steps patterns in Parkinsonian gait: A
double blind randomized longitudinal
study with automated mechanical
peripheral stimulation' (Foot Mechanical
Stimulation for Treatment of Gait and
Gait Related Disorders in Parkinson's
Disease and Progressive Supranuclear
Palsy. [GONDOLAPILOTAY; ClinicalTrials.
gov identifier: NCT01815281)""

CUE1
(Charco Neurotech, Cambridge, UK)

Vibrotactile stimulation and cueing

A CE safety-marked non-invasive-
focused stimulation device attached

to the sternum via a medical adhesive
patch, which uses a quiet electric motor
to produce high-frequency vibrotactile
stimulation. It is currently commercially
available in the UK (although there is a
waiting list due to high demand), with
plans to launch in other countries such as
the USA and Australia

Case reports show reduced FOG and
improved MDS-UPDRS Il scores."*"® A
small feasibility study involving patients
with PD demonstrated that the study
design was acceptable and that further
studies, specifically designed to explore
the efficacy of the SVSD, should be
designed on a larger scale'

CE = Conformite Europeenne, CUET = Vibrotactile stimulator; FDA = US Food and Drug Administration, FOG = freezing of gait; MDS-UPDRS = Movement Disorder Society - Unified
Parkinson's Disease Rating Scale; PD = Parkinson’s disease, SVSD = sternal high frequency vibrotactile stimulation device.

It is also important to note that much research on wearables for tremor
suppression has not been specific to PD; for example, tremor control
devices have been explored in the management of essential tremors or
in tremor disorders more generally.”>"' Indeed, many clinically approved
devices (such as Tremelo and Cala Trio) are intended for use in essential
tremors, with only limited evidence for their use in PD.""""® Although
there may be some overlap in therapeutic effect, it is important to ensure
that devices are adequately tested in patients with PD to assess their
validity in this population.

In summary, the use of wearables for managing motor symptoms in PD is
an emerging area, but the evidence generated to date is generally still of
low quality. Although nearly all devices present a low risk of harm, there
is not enough evidence to recommend any of the devices discussed be
adopted for widespread clinical use.
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Conclusion: Current limitations and future
directions

There is an undoubted appeal of wearable technology to people with
PD. However, devices are often marketed as providing a simple answer
to what represents a highly complex situation; there are more than 40
symptoms associated with PD, but most devices focus on measuring or
treating only a handful.

A few important limitations in the field need to be acknowledged.
Regarding the measuring and monitoring of symptoms, none of the
devices discussed earlier are able to quantify all the cardinal features of
PD; for example, STAT-ON does not measure tremor, and PKG does not
assess gait. There is a general lack of consensus on which symptoms
are the most important to focus on (for both diagnosis and monitoring);
clarity is required in this area, particularly if the data from wearables are
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to be incorporated into diagnostic criteria or treatment guidelines in the
future. Moreover, research on wearable devices to detect and monitor
non-motor symptoms lags behind.

There is currently a significant gap between the number of devices being
developed and the number of devices approved for clinical use. For
example, the use of wearables in early diagnosis of PD is a promising
field, yet there are no devices in widespread commercial use; a lack
of external validation for devices in sufficiently sized and clinically
appropriate populations are current barriers to their uses. For wearables
used in the management of PD, many devices have been approved for
clinical settings, but there is relatively a dearth of high-quality evidence
supporting their use.

A challenge for all these wearable technologies concerns a lack of
compatibility across platforms. Most wearable systems developed
are not compatible with one another; as a 2016 review noted, the
development of this technology “is currently advancing in isolated
silos rather than as part of concerted actions aimed to implement
open platforms”.” Additionally, the impact that commercially available
wristwatches/activity trackers may have on further development in

the field needs to be considered. This is exemplified by the advent of

StrivePD (Rune Labs, San Francisco, CA, USA), a collaboration between
Apple and Rune Labs providing patients the ability to monitor their
disease using the Apple smartwatch and a mobile-based application,
which was approved by the FDA in 2022." It is possible that
dedicated wearable PD-monitoring technology will become obsolete
in favour of algorithms in applications linked to the already widely
available consumer products such as the Apple watch; this blurring
of the divide between what constitutes a medical or wellness device
presents challenges for regulation.' The challenges and complexities
of commercializing wearable technologies more generally have
been explored, and for wearables in PD, the interface between more
traditional academic research institutions and technology corporations
will be important in shaping the field."?"%?

Overall, although wearable devices have the potential to contribute
significantly to the care of people living with PD, for the vast majority
of devices, this potential has yet to be fully realized. There has been
an exponential growth in the evidence base for wearables in PD over
the past 5 years and this is likely to grow further over the next 5 years.
Consensus guidelines are required to clarify key areas for researchers
and allow common standards when using wearable technology in the
diagnosis, monitoring or treatment of PD. O

1. Bloem BR, Okun MS, Klein C. Parkinson'’s disease. Lancet. disease symptoms: A systematic review. J Med Eng Technol. 34, Mantri S, Morley JF. Prodromal and early Parkinson’s disease
2021;397:2284-303. DOI: 10.1016/S0140-6736(21)00218-X. 2021;45:532-45. DOI: 10.1080/03091902.2021.1922528. diagnosis. Pract Neurol. 2018;35:28-31.
2. Pringsheim T, Jette N, Frolkis A, et al. The prevalence of 18.  Ancona S, Faraci FD, Khatab E, et al. Wearables in the home- 35.  Postuma RB, Berg D. Prodromal Parkinson's disease:
Parkinson'’s disease: A systematic review and meta-analysis. based assessment of abnormal movements in Parkinson’s The decade past, the decade to come. Mov Disord.
Mov Disord. 2014;29:1583-90. DOI: 10.1002/mds.25945. disease: A systematic review of the literature. J Neurol. 2019;34:665-75. DOI: 10.1002/mds.27670.
3. Pires AQ, Teixeira FG, Mendes-Pinheiro B, et al. Old and 2022;269:100-10. DOI: 10.1007/500415-020-10350-3. 36. BergD, Postuma RB, Adler CH, et al. MDS research criteria for
new challenges in Parkinson’s disease therapeutics. 19.  Channa A, Popescu N, Ciobanu V. Wearable solutions for prodromal Parkinson'’s disease. Mov Disord. 2015,30:1600-11.
Prog Neurobiol. 2017;156:69-89. DOI: 10.1016/j. patients with Parkinson’s disease and Neurocognitive DOI: 10.1002/mds.26431.
pneurobio.2017.04.006. disorder: A systematic review. Sensors. 2020;20:2713. DOI: 37.  Parnetti L, Gaetani L, Eusebi P, et al. CSF and blood biomarkers
4. Sherer TB, Chowdhury S, Peabody K, et al. Overcoming 10.3390/520092713. for Parkinson’s disease. Lancet Neurol. 2019,18:573-86. DOI:
obstacles in Parkinson’s disease. Mov Disord. 20.  Fujikawa J, Morigaki R, Yamamoto N, et al. Therapeutic devices 10.1016/51474-4422(19)30024-9.
2012;27:1606-11. DOI: 10.1002/mds.25260. for motor symptoms in Parkinson'’s disease: Current progress 38.  Darweesh SKL, Verlinden VIA, Stricker BH, et al. Trajectories
5. Smith'Y, wichmann T, Factor SA, et al. Parkinson’s disease and a systematic review of recent randomized controlled of prediagnostic functioning in Parkinson'’s disease. Brain.
therapeutics: New developments and challenges since trials. Front Aging Neurosci. 2022;14:307909. DOI: 10.3389/ 2017;140:429-41. DOI: 10.1093/brain/aww291.
the introduction of levodopa. Neuropsychopharmacology. fnagi.2022.807909. 39.  Fereshtehnejad S-M, Yao C, Pelletier A, et al. Evolution of
2012;37:213-46. DOI: 10.1038/npp.2011.212. 21, Rovini E, Maremmani C, Cavallo F. How wearable sensors prodromal Parkinson’s disease and dementia with lewy
6. Tolosa E, Garrido A, Scholz SW, et al. Challenges in can support Parkinson’s disease diagnosis and treatment; A bodies: A prospective study. Brain. 2019;142:2051-67. DOI:
the diagnosis of Parkinson’s disease. Lancet Neurol. systematic review. Front Neurosci. 2017;11:555. DOI: 10.3389/ 10.1093/brain/awz111.
2021;20:385-97. DOI: 10.1016/S1474-4422(21)00030-2. ins.2017.00555. 40. Schalkamp A-K, Peall KJ, Harrison NA, et al. Wearable
7. Espay AJ, Bonato P, Nahab FB, et al. Technology in Parkinson’s 22, Sica M, Tedesco S, Crowe C, et al. Continuous home movement-tracking data identify Parkinson’s disease years
disease: Challenges and opportunities. Mov Disord. monitoring of Parkinson’s disease using inertial sensors: A before clinical diagnosis. Nat Med. 2023,29:2048-56. DOI:
2016;31:1272-82. DOI: 10.1002/Mds.26642. systematic review. PLOS One. 2021;16:60246528. DOI: 10.1371/ 10.1038/541591-023-02440-2. o
8. Prieto-Avalos G, Sanchez-Morales LN, Alor-Hernandez G, et al. journal.pone.0246528. 41. ChenT-Z,Xu G-J, Zhou G-A, et al. Postural sway in idiopathic
A review of commercial and non-commercial wearables 23.  Ganguly U, Singh S, Pal S, et al. Alpha-synuclein as a rapid eye movement sleep behavwo_r d\sorder:_A potential
devices for monitoring motor impairments caused by biomarker of Parkinson’s disease: Good, but not good marker of prodromal Parkmsonts disease. Brain Res.
neurodegenerative diseases. Biosensors. 2022;13:72. DOI: enough. Front Aging Neurosci. 2021;13:702639. DOI: 10.3389/ 2 é?;g;sr\jzzfg\?;l Rg|:g§h1n?;g/ égripf\sg;:igg.g?gﬁqarker?
10.3390/bi0s13010072. fnagi.2021.702639. | . ! ! . " '
9. Cheung CC, Krahn AD, Andrade JG. The emerging role of 24.  LiT, Le W. Biomarkers for Parkinson’s disease: How good are accellerometers reveal that redgced moyement quqllt\/ b
wearable technologies in detection of arrhythmia. Can J they. Neurosci Bull. 2020;36:183-94. DO 10.1007/512264-019- walking is associated with Parkinson's disease, ageing and fall
Cardiol. 2018;34:1083-7. DOI: 10.1016/}.¢jca.2018.05.003. 00433-1. risk. Annu int Conf IEEE Eng Med Biol Soc. 2014;2014:5968-71.
10.  Warrington DJ, Shortis EJ, Whittaker PJ. Are wearable devices 25.  Tolosa E, Wenning G, Poewe W. The diagnosis of Parkinson's 53 SDaOn"t,X)H:];OZ/EQ/‘IE%ZHOAA\'/SZ‘L‘;?S; N. A new measure
effective for preventing and detecting falls: An umbrella disease. Lancet Neurol. 2006;5:75-86. DOI: 10.1016/51474- | of movemen’t symmetry' in early Parkw'.nson's disease
review (a review of systematic reviews). BMC Public Health. 4422(05)70285-4. atients using symbolic processing of inertial sensor data
2021;21:2091. DOI: 10.1186/512889-021-12169-7. 26.  Hughes AJ, Daniel SE, Kilford L, et al. Accuracy of clinical FEEE Trans Biomyad Eng. 2011:58:2127-35. DOI: 10.1109/ .
11, Ahmad N, Ghazilla RAR, Khairi NM, et al. Reviews on various diagnosis of idiopathic Parkinson’s disease: A Clinico- TBME 20112149521 | o T
inertial measurement unit (IMU) sensor applications. pathological study of 100 cases. J Neurol Neurosurg e o
International Journal of Signal Processing Systems. Psychiatry. 1992;55:181-4. DOI: 10.1136/jnnp.55.3.181. 44 wé)aﬂ#aeb’\lﬂth(;’c;%\agéigs?g 2?3 ‘Jn i;sldﬁeg\gosj: Z?lrdatTSatm ent
2013;1:256-62. DOI: 10.12720/ijSps.1.2.256-262. 27.  Postuma RB, Berg D, Stern M, et al. MDS clinical monitoring of Parkinson’s disease. Annu Rev Biomed Eng.
12. Roos LG, Slavich GM. Wearable technologies for health diagnostic criteria for Parkinson's disease. Mov Disord. 2019:21:111-43. DOI- 10.1Mé/anm.urev—b\oeng—%m17—12.1036.
resdearch: Oppolrtumtllt(ejs, Ilm\tatlons,‘and ﬁract\cal 2015;30:1591-601. DOI: 10.1002/mds.26424. 45. Bhidéyas'\ri R Martinez-Martin P Clinical assessments
and conceptual considerations. Brain Behav Immun. 28.  Postuma RB, Poewe W, Litvan |, et al. Validation of the MDS ; ; 1o . ; [
2023;113:444-52. DOI: 10.1016/}.bbi.2023.08.008. clinical diagnostic criteria for Parkinson’s disease. Mov Disord. ;:/165?222)3/92051(71\?2;?? ngg\zesbgr:d1gw?gwjtg/rénsg”:]n;gf ;/ 01.
13.  Godfrey A, Hetherington V, Shum H, et al. From Ato Z: 2018;33:1601-8. DOI: 10.1002/mds.27362. 001. '
Wearable technology explained. Maturitas. 2018;113:40-7. 29.  Simuni T, Caspell-Garcia C, Coffey C, et al. How stable are 46, Evers LW, Krijthe JH, Meinders M, et al. Measuring
DOI: 10.1016/j.maturitas.2018.04.012. Parkinson’s disease subtypes in de novo patients: Analysis parkinson’s disease over time: The real-world within-subject
14. Burnham JP, Lu C, Yaeger LH, et al. Using wearable of the PPMI cohort. Parkinsonism Relat Disord. 2016;28:62-7. reliability of the MDS-UPDRS. Mov Disord. 2019;34:1480-7.
technology to predict health outcomes: A literature review. J DOI: 10.1016/j.parkreldis.2016.04.027. DOI: 10.1002/mds.27790.
Am Med Inform Assoc. 2018;25:1221-7. DOI: 10.1093/jamia/ 30.  Beach TG, Adler CH. Importance of low diagnostic accuracy 47. Heijmans M, Habets JGV, Herff C, et al. Monitoring
0cy082. ) for early Parkinson'’s disease. Mov Disord. 2018;33:1551-4. Parkinson’s disease symptoms during daily life: A feasibility
15.  Cox EM, Wade R, Hodgson R, et al. Devices for Remote DOI: 10.1002/mds.27485. study. NPJ Parkinsons Dis. 2019;5:21. DOI: 10.1038/541531-
Continuous Monitoring of People with Parkinson’s Disease: A 31, Virameteekul S, Revesz T, Jaunmuktane Z, et al. Clinical 019-0093-5.
Diagnostics Assessment Report for the National Institute for diagnostic accuracy of Parkinson’s disease: Where do 48, Reimer J, Grabowski M, Lindvall O, et al. Use and interpretation
Health and Care Excellence. 2022. Available at: www.nice.org. we stand. Mov Disord. 2023;38:558-66. DOI: 10.1002/ of on/off diaries in Parkinson’s disease. J Neurol Neurosurg
uk/guidance/dg51/documents/diagnostics-assessment-report mds.29317. Psychiatry. 2004;75:396-400. DOI: 10.1136/jnnp.2003.022780.
(Date last accessed: 8 July 2024). 32.  LangAE, Espay Al. Disease modification in Parkinson's 49.  Terroba-Chambi C, Bruno V, Medina-Escobar A, et al. Open-
16.  NICE. Devices for remote monitoring of Parkinson's disease disease: Current approaches, challenges, and future access electronic diary for motor fluctuation and dyskinesia
(DG51). 2023. Available at: www.nice.org.uk/guidance/dg51/ considerations. Mov Disord. 2018;33:660-77. DOI: 10.1002/ evaluation in Parkinson disease: Comparison with paper
chapter/1-Recommendations (Date last accessed: 5 February mds.27360. diary. Clin Neuropharmacol. 2018;41:20-2. DOI: 10.1097/
2024). 33.  Mahlknecht P, Seppi K, Poewe W. The concept of prodromal WNF.0000000000000264.
17.  Alban-Cadena AC, Villalba-Meneses F, Pila-Varela KO, et al. Parkinson'’s disease. J Parkinsons Dis. 2015;5:681-97. DOI: 50.  Shulman LM, Pretzer-Aboff |, Anderson KE, et al. Subjective

Wearable sensors in the diagnosis and study of Parkinson's

10.3233/JPD-150685.

report versus objective measurement of activities of daily

tOUChREVIEWS in Neurology


http://www.nice.org.uk/guidance/dg51/documents/diagnostics-assessment-report
http://www.nice.org.uk/guidance/dg51/documents/diagnostics-assessment-report
https://www.nice.org.uk/guidance/dg51/chapter/1-Recommendations
https://www.nice.org.uk/guidance/dg51/chapter/1-Recommendations

Wearable Technologies for Parkinson's Disease

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

living in Parkinson'’s disease. Mov Disord. 2006;21:794-9. DOI:
10.1002/mds.20803.

Erb MK, Karlin DR, Ho BK, et al. mHealth and wearable
technology should replace motor diaries to track motor
fluctuations in Parkinson's disease. NPJ Digit Med. 2020;3:6.
DOI: 10.1038/s41746-019-0214-X.

Achey M, Aldred JL, Aliehani N, et al. The past, present, and
future of telemedicine for Parkinson'’s disease. Mov Disord.
2014;29:871-83. DOI: 10.1002/mds.25903.

0Ossig C, Antonini A, Buhmann C, et al. Wearable sensor-based
objective assessment of motor symptoms in Parkinson's
disease. J Neural Transm. 2016;123:57-64. DOI: 10.1007/
500702-015-1439-8.

Willis AW, Schootman M, Evanoff BA, et al. Neurologist

care in Parkinson disease: A utilization, outcomes, and
survival study. Neurology. 2011;77:851-7. DOI: 10.1212/
WNL.0b013e31822¢9123.

The Health Foundation. NHS waiting list to peak at more than
8 million by summer 2024. 2023. Available at: www.health.
org.uk/news-and-comment/news/nhs-waiting-list-to-peak-at-
more-than-8-million-by-summer-2024 (Date last accessed: 8
February 2024).

Joshi R, Bronstein JM, Keener A, et al. PKG movement
recording system use shows promise in routine clinical

care of patients with Parkinson's disease. Front Neurol.
2019;10:1027. DOI: 10.3389/fneur.2019.01027.

Santiago A, Langston JW, Gandhy R, et al. Qualitative
evaluation of the Personal KinetiGraph™ movement recording
system in a Parkinson’s clinic. J Parkinsons Dis. 2019;9:207-19.
DOI: 10.3233/JPD-181373.

Sundgren M, Andréasson M, Svenningsson P. Does
information from the Parkinson KinetiGraph™ (PKG) influence
the Neurologist's treatment decisions?-An observational
study in routine clinical care of people with Parkinson's
disease. J Pers Med. 2021;11:519. DOI: 10.3390/jpm11060519.
Bayés A, Sama A, Prats A, et al. A "HOLTER" for Parkinson's
disease: Validation of the ability to detect on-off states

using the REMPARK system.. Gait Posture. 2018;59:1-6. DOI:
10.1016/).gaitpost.2017.09.031.

Caballol N, Prats A, Ranchal MA, et al. Early detection of
Parkinson's disease motor fluctuations with a wearable
inertial sensor. Mov Disord. 2020;35.

Santos Garcia D, Lopez Ariztegui N, Cubo E, et al. Clinical
utility of a personalized and long-term monitoring device for
Parkinson'’s disease in a real clinical practice setting: an expert
opinion survey on STAT-ON™TM. Neurologia. 2023;38:326-33.
DOI: 10.1016/).nrleng.2020.10.014.

Rodriguez-Martin D, Perez-Lopez C, Pie M, et al. Satisfaction
survey on a Parkinson's Holter, a medical device for the
monitoring of motor symptoms. Mov Disord. 2021;36.

Pulliam CL, Heldman DA, Brokaw EB, et al. Continuous
assessment of levodopa response in Parkinson's disease
using wearable motion sensors. IEEE Trans Biomed Eng.
2018;65:159-64. DOI: 10.1109/TBME.2017.2697764.

Hadley AJ, Riley DE, Heldman DA. Real-world evidence for

a smartwatch-based Parkinson’s motor assessment app

for patients undergoing therapy changes. Digit Biomark.
2021,5:206-15. DOI: 10.1159/000518571.

Isaacson SH, Boroojerdi B, Waln O, et al. Effect of using a
wearable device on clinical decision-making and motor
symptoms in patients with Parkinson's disease starting
transdermal rotigotine patch: A pilot study. Parkinsonism Relat
Disord. 2019;64:132-7. DOI: 10.1016/j.parkreldis.2019.01.025.
Peacock D, Yoneda J, Thomson V, et al. Tailoring the use of
wearable systems and telehealth for Parkinson’s disease.
Parkinsonism Relat Disord. 2021;89:111-2. DOI: 10.1016/j.
parkreldis.2021.07.004.

Tsamis K, Rigas G, Nikolaos K, et al. Accurate monitoring of
Parkinson'’s disease symptoms with a wearable device during
COVID-19 pandemic. In Vivo. 2021;35:2327-30. DOI: 10.21873/
invivo.12507.

Barrachina-Fernandez M, Maitin AM, Sanchez-Avila C,

et al. Wearable technology to detect motor fluctuations in
Parkinson'’s disease patients: Current state and challenges.
Sensors. 2021,21:12. DOI: 10.3390/521124188.

Godinho C, Domingos J, Cunha G, et al. Erratum to: A
systematic review of the characteristics and validity of
monitoring technologies to assess Parkinson’s disease.
Neuroeng Rehabil. 2016;13:71. DOI: 10.1186/512984-016-0181-
2.

Thorp JE, Adamczyk PG, Ploeg H-L, et al. Monitoring motor
symptoms during activities of daily living in individuals with
Parkinson’s disease. Front Neurol. 2018;9:1036. DOI: 10.3389/
fneur.2018.01036.

Bergmann JHM, Chandaria V, McGregor A. Wearable and
implantable sensors: The patient's perspective. Sensors.
2012;12:16695-709. DOI: 10.3390/5121216695.

Botros A, Schitz N, Camenzind M, et al. Long-term home-
monitoring sensor technology in patients with Parkinson’s
disease-acceptance and adherence. Sensors. 2019;19:23. DOI:
10.3390/519235169.

Fisher JM, Hammerla NY, Rochester L, et al. Body-worn
sensors in Parkinson’s disease: Evaluating their acceptability
to patients. Telemed J E Health. 2016;22:63-9. DOI: 10.1089/
tmj.2015.0026.

tOUChREVIEWS in Neurology

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Virbel-Fleischman C, Mousin F, Liu S, et al. Symptoms
assessment and decision to treat patients with advanced
Parkinson’s disease based on wearables data. NP/ Parkinsons
Dis. 2023,9:45. DOI: 10.1038/541531-023-00489-X.

Woodrow H, Horne MK, Fernando CV, et al. A blinded,
controlled trial of objective measurement in Parkinson’s
disease. NPJ Parkinsons Dis. 2020;6:35. DOI: 10.1038/s41531-
020-00136-9.

Moreau C, Rouaud T, Grabli D, et al. Overview on wearable
sensors for the management of Parkinson'’s disease. NP/
Parkinsons Dis. 2023;9:153. DOI: 10.1038/541531-023-00585-Y.
van Wamelen DJ, Sringean J, Trivedi D, et al. Digital health
technology for non-motor symptoms in people with
Parkinson’s disease: Futile or future? Parkinsonism

Relat Disord. 2021,89:186-94. DOI: 10.1016/j.
parkreldis.2021.07.032.

Schapira AHV, Chaudhuri KR, Jenner P.Non-motor features of
Parkinson disease. Nat Rev Neurosci. 2017;18:435-50. DOI:
10.1038/nrn.2017.62.

van Wamelen DJ, Hota S, Podlewska A, et al. Non-motor
correlates of wrist-worn wearable sensor use in Parkinson's
disease: An exploratory analysis. NPJ Parkinsons Dis.
2019;5:22. DOI: 10.1038/541531-019-0094-4.

Ko Y-F, Kuo P-H, Wang C-F, et al. Quantification analysis of
sleep based on smartwatch sensors for Parkinson’s disease.
Biosensors. 2022;12:74. DOI: 10.3390/bi0s12020074.
McGregor S, Churchward P, Soja K, et al. The use of
accelerometry as a tool to measure disturbed nocturnal sleep
in Parkinson’s disease. NPJ Parkinsons Dis. 2018;4:1. DOI:
10.1038/s41531-017-0038-9.

Mirelman A, Hillel I, Rochester L, et al. Tossing and turning

in bed: Nocturnal movements in Parkinson'’s disease. Mov
Disord. 2020;35:959-68. DOI: 10.1002/mds.28006.

Naismith SL, Rogers NL, Mackenzie J, et al. The relationship
between actigraphically defined sleep disturbance and

REM sleep behaviour disorder in Parkinson’s disease.

Clin Neurol Neurosurg. 2010;112:420-3. DOI: 10.1016/j.
clineuro.2010.02.011.

Sringean J, Taechalertpaisarn P, Thanawattano C, et al. How
well do Parkinson’s disease patients turn in bed? Quantitative
analysis of nocturnal hypokinesia using multisite wearable
inertial sensors. Parkinsonism Relat Disord. 2016;23:10-6. DOI:
10.1016/j.parkreldis.2015.11.003.

Ahn JH, Song J, Choi |, et al. Validation of blood pressure
measurement using a smartwatch in patients with Parkinson’s
disease. Front Neurol. 2021;12:650929. DOI: 10.3389/
fneur.2021.650929.

Niwa F, Kuriyama N, Nakagawa M, et al. Circadian rhythm

of rest activity and autonomic nervous system activity at
different stages in Parkinson'’s disease. Auton Neurosci.
2011;165:195-200. DOI: 10.1016/j.autneu.2011.07.010.

Gray R, Ives N, Rick C, et al. Long-term effectiveness of
dopamine agonists and monoamine oxidase B inhibitors
compared with levodopa as initial treatment for Parkinson’s
disease (PD MED): A large, open-label, pragmatic randomised
trial. Lancet. 2014;384:1196-205. DOI: 10.1016/50140-
6736(14)60683-8.

NICE. Parkinson's disease in adults [Ng71]. 2017. Available

at: www.nice.org.uk/guidance/ng71 (Date last accessed: 8
February 2024).

Fahn S. A new ook at levodopa based on the ELLDOPA study.
J Neural Transm Suppl. 2006,2006:419-26. DOI: 10.1007/978-3-
211-45295-0_63.

Weiss HD, Marsh L. Impulse control disorders and compulsive
behaviors associated with dopaminergic therapies in
Parkinson disease. Neurol Clin Pract. 2012;2:267-74. DOI:
10.1212/CPJ.0b013e318278be%b.

Hamberg K, Hariz GM. The decision-making process leading
to deep brain stimulation in men and women with Parkinson’s
disease — An interview study. BMC Neurol. 2014;14:89. DOI:
10.1186/1471-2377-14-89.

Lora-Millan JS, Delgado-Oleas G, Benito-Leon J, et al. A review
on wearable technologies for tremor suppression. Front
Neurol. 2021;12:700600. DOI: 10.3389/fneur.2021.700600.

Mo J, Priefer R. Medical devices for tremor suppression:
Current status and future directions. Biosensors. 2021;11:99.
DOI: 10.3390/bi0s11040099.

Sweeney D, Quinlan LR, Browne P, et al. A technological
review of wearable cueing devices addressing freezing of gait
in Parkinson’s disease. Sensors. 2019;19:1277. DOI: 10.3390/
$19061277.

Pascual-Valdunciel A, Rajagopal A, Pons JL, et al. Non-
invasive electrical stimulation of peripheral nerves for the
management of tremor. J Neurol Sci. 2022;435:120195. DOI:
10.1016/}.jns.2022.120195.

Dosen S, Muceli S, Dideriksen JL, et al. Online tremor
suppression using electromyography and low-level

electrical stimulation. IEEE Trans Neural Syst Rehabil Eng.
2015,23:385-95. DOI: 10.1109/TNSRE.2014.2328296.
Rudraraju S, Nguyen T. Wearable tremor reduction device
(TRD) for human hands and arms. Front Biomed Deyv.
2018;40789:V001T10A10. DOI: 10.1115/DMD2018-6918.
Rocon E, Ruiz AF, Pons JL. Rehabilitation robotics: A wearable
exo-skeleton for tremor assessment and suppression.
Proceedings of the 2005 IEEE International Conference

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

.

112,

13.

114.

115.

116.

17.

118.

119.

120.

121.

122.

on Robotics and Automation. 2005;2271-6. DOI: 10.1109/
ROBOT.2005.1570451.

Das J, Vitorio R, Butterfield A, et al. Visual cues for turning

in Parkinson’s disease. Sensors. 2022;22:18. DOI: 10.3390/
$22186746.

Ginis P Nackaerts E, Nieuwboer A, et al. Cueing for people
with Parkinson'’s disease with freezing of gait: A narrative
review of the state-of-the-art and novel perspectives.

Ann Phys Rehabil Med. 2018;61:407-13. DOI: 10.1016/j.
rehab.2017.08.002.

McCandless PJ, Evans BJ, Janssen J, et al. Effect of three
cueing devices for people with Parkinson’s disease with

gait initiation difficulties. Gait Posture. 2016;44:7-11. DOI:
10.1016/j.gaitpost.2015.11.006.

Tedeschi R. Automated mechanical peripheral stimulation for
gait rehabilitation in Parkinson’s disease: A comprehensive
review. Clin Park Relat Disord. 2023;9:100219. DOI: 10.1016/j.
prdoa.2023.100219.

Gryfe P, Sexton A, McGibbon CA. Using gait robotics to
improve symptoms of Parkinson’s disease: An open-label,
pilot randomized controlled trial. Eur J Phys Rehabil Med.
2022;58:723-37. DOI: 10.23736/51973-9087.22.07549-9.

Kim J, Porciuncula F, Yang HD, et al. Soft robotic apparel

to avert freezing of gait in Parkinson’s disease. Nat Med.
2024,30:177-85. DOI: 10.1038/541591-023-02731-8.

Dubois M, Scheurich C, Briggs FA. Synchronization, coherence,
and event ordering in multiprocessors. IEEE. 1998;21.DOI:
10.1109/2.15.

Today.com. Scientists develop glove that eliminates
Parkinson’s tremor. 2022. Available at: www.today.com/
video/new-vibrating-glove-eliminates-parkinson-s-
tremor157390405854 (Date last accessed: 6 March 2024).
Pfeifer KJ, Kromer JA, Cook AJ, et al. Coordinated reset
vibrotactile stimulation induces sustained cumulative benefits
in Parkinson'’s disease. Front Physiol. 2021;12:624317. DOI:
10.3389/fphys.2021.624317.

Isaacson SH, Peckham E, Tse W, et al. Prospective home-use
study on non-invasive neuromodulation therapy for essential
tremor. Tremor Other Hyperkinet Mov. 2020;10:29. DOI:
10.5334/tohm.59.

Popovié Maneski L, Jorgovanovié N, lli¢ V, et al. Electrical
stimulation for the suppression of pathological tremor. Med
Biol Eng Comput. 2011;49:1187-93. DOI: 10.1007/511517-011-
0803-6.

Kleiner A, Galli M, Gaglione M, et al. The Parkinsonian gait
spatiotemporal parameters quantified by a single inertial
sensor before and after automated mechanical peripheral
stimulation treatment. Parkinsons Dis. 2015;2015:390512. DOI:
10.1155/2015/390512.

Stocchi F, Sale P, Kleiner AFR, et al. Long-term effects of
automated mechanical peripheral stimulation on gait patterns
of patients with Parkinson’s disease. Int J Rehabil Res.
2015;38:238-45. DOI: 10.1097/MRR.0000000000000120.

Galli M, Vicidomini C, Rozin Kleiner AF, et al. Peripheral
neurostimulation breaks the shuffling steps patterns in
parkinsonian gait: A double blind randomized longitudinal
study with automated mechanical peripheral stimulation. Eur
J Phys Rehabil Med. 2018;54:860-5. DOI: 10.23736/51973-
9087.18.05037-2.

Tan XS, Pierres F, Dallman-Porter A, et al. Focused
vibrotactile stimulation with cueing effect on freezing of

gait in Parkinson's disease: Two case reports. J Mov Disord.
2021;14:236-8. DOI: 10.14802/jmd.21076.

Mackett A. Case report on the use of a high frequency
vibrotactile stimulation and cueing device over 4 months in
a patient with Parkinson'’s disease and refractory symptoms.
Mov Disord. 2023;38.

Rodriguez R, Pinilla L, Villarreal J. First case series on the use
of a high frequency vibrotactile stimulation and cueing device
in Panama. Mov Disord. 2023;38.

Castrillo-Fraile V, Pefia EC, Gabriel Y Galan JMT, et al. Tremor
control devices for essential tremor: A systematic literature
review. Tremor Other Hyperkinet Mov. 2019;9. DOI: 10.7916/
tohm.v0.688.

Cala Health. Cala Health Receives FDA Clearance for

Cala ONE and Presents New Evidence at American
Academy of Neurology Annual Meeting Available at:
www.essentialtremor.org/wp-content/uploads/2018/
05/CalaHealth-FDAClearance-2018Apr26.pdf (Date last
accessed: 17 July 2024).

Five Microns. Frequently Asked Questions Available at:
https://fivemicrons.com/frequently-asked-questions/ (Date
last accessed: 24 July 2024).

Larkin HD. Apple Watch Parkinson disease symptom
monitor is cleared. JAMA. 2022;328:416. DOI: 10.1001/
jama.2022.12641.

Brophy K, Davies S, Olenik S, et al. The Future of Wearable
Technologies. London, UK: Imperial College London, 2021.
McAdams E, Gehin C, Massot B, et al. The challenges facing
wearable sensor systems. pHealth. 2012;196-202.
Morozova D, Gurova O. How the practice of commercializing
comes together and falls apart in a market of wearable
technologies. J Con Cult. 2022;22:674-91. DOI:
10.1177/1469540521990862.


https://www.health.org.uk/news-and-comment/news/nhs-waiting-list-to-peak-at-more-than-8-million-by-summer-2024
https://www.health.org.uk/news-and-comment/news/nhs-waiting-list-to-peak-at-more-than-8-million-by-summer-2024
https://www.health.org.uk/news-and-comment/news/nhs-waiting-list-to-peak-at-more-than-8-million-by-summer-2024
https://www.nice.org.uk/guidance/ng71
https://www.today.com/video/new-vibrating-glove-eliminates-parkinson-s-tremor157390405854
https://www.today.com/video/new-vibrating-glove-eliminates-parkinson-s-tremor157390405854
https://www.today.com/video/new-vibrating-glove-eliminates-parkinson-s-tremor157390405854
http://www.essentialtremor.org/wp-content/uploads/2018/05/CalaHealth-FDAClearance-2018Apr26.pdf
http://www.essentialtremor.org/wp-content/uploads/2018/05/CalaHealth-FDAClearance-2018Apr26.pdf
https://fivemicrons.com/frequently-asked-questions/

	Wearable Technologies for Parkinson’s Disease: Exploring Their Clinical Potential
	Wearables and diagnosing Parkinson’s disease
	Wearables for monitoring Parkinson’s disease
	Wearables for managing or alleviating Parkinson’s disease symptoms
	Conclusion: Current limitations and future directions


