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Overview on wearable sensors for the management of
Parkinson’s disease
Caroline Moreau1,2, Tiphaine Rouaud2,3, David Grabli2,4,5, Isabelle Benatru2,6,7, Philippe Remy2,8, Ana-Raquel Marques 2,9,
Sophie Drapier2,10, Louise-Laure Mariani 2,4,5, Emmanuel Roze2,4,5, David Devos2,11, Gwendoline Dupont 2,12,
Matthieu Bereau2,13 and Margherita Fabbri2,14✉

Parkinson’s disease (PD) is affecting about 1.2 million patients in Europe with a prevalence that is expected to have an exponential
increment, in the next decades. This epidemiological evolution will be challenged by the low number of neurologists able to deliver
expert care for PD. As PD is better recognized, there is an increasing demand from patients for rigorous control of their symptoms
and for therapeutic education. In addition, the highly variable nature of symtoms between patients and the fluctuations within the
same patient requires innovative tools to help doctors and patients monitor the disease in their usual living environment and adapt
treatment in a more relevant way. Nowadays, there are various body-worn sensors (BWS) proposed to monitor parkinsonian clinical
features, such as motor fluctuations, dyskinesia, tremor, bradykinesia, freezing of gait (FoG) or gait disturbances. BWS have been
used as add-on tool for patients’ management or research purpose. Here, we propose a practical anthology, summarizing the
characteristics of the most used BWS for PD patients in Europe, focusing on their role as tools to improve treatment management.
Consideration regarding the use of technology to monitor non-motor features is also included. BWS obviously offer new
opportunities for improving management strategy in PD but their precise scope of use in daily routine care should be clarified.
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INTRODUCTION
Parkinson’s disease (PD) is a neurodegenerative disease affecting
almost 1.2 million individuals in Europe and being the second
leading cause of motor disability in adults after strokes. In France,
there are ~25,000 annual new cases of PD and by 2030, the
number of PD patients could increase by 65%1,2.
In 2017, a French epidemiological study showed that only

33.5% of PD patients had received a neurology consultation over a
1-year study period3, whereas a neurology consultation every
6 months is the recommended standard of care in the French
national protocol for diagnosis and management (PNDS). Limited
access to neurology consultations could be related to several
factors, including the insufficient number of neurologists and
unequal repartition over the national territory (French population
in 2021: 67,75 millions; French neurologists in 2022: 2980; French
neurologists belonging to expert PD centres in 2022 :100). This
data reflects a global trend, as in Germany, or in the United States,
>40% of PD patients are treated by general practitioners4.
As the disease progresses, the response to dopaminergic

subsitutive therapy changes. The classical motor manifestations,
i.e. bradykinesia, resting tremor, rigidity, and gait disorders will
eventually fluctuate. Dyskinesia will occur and the burden of non-
motor symptoms (NMS), such as pain, mood disorders, sleep
disturbances and dysautonomia, which usually vary during the

day, will increase. Thus, PD may be viewed as “fluctuating” disease
in nature5,6. The management of fluctuations (especially in
patients with advanced PD), require frequent treatment adjust-
ments based on expert knowledge of clinical features and
available pharmacotherapy. Treatment adjustments can be
challenging even for neurologists belonging to tertiary movement
disorders centres, as their decision should be based on patients’
subjective feelings and caregivers’ perceptions that are sometimes
difficult to collect. Overall, this highlights the need to improve the
specialized care offer for PD patients or to find alternative options
for treatment management in routine clinical care.
The COVID-19 pandemia gave rise to a considerable expansion

of technology-applied to healthcare that has also invaded the field
of PD7,8. Quantitative parameters assessing motor condition
obtained using wearable technology are growingly considered
as clinical trials exploratory outcomes9. Inertial measurement units
(IMUs) are the most used technology for this purpose. IMUs
typically consist of a triaxial accelerometer and gyroscope, and
sometimes a magnetometer. For PD remote in-clinic or home-
based monitoring, IMUs have been embedded in devices worn by
the patient (i.e., wearable sensors and systems). The growing
number of publications and available body wearable sensors
(BWS) for PD, have led the International Movement Disorder
Society (MDS) to create a dedicated Task Force, aiming at
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maximizing the diagnostic and therapeutic potential of technol-
ogy in the care of patients with movement disorders10. In January
2023, the UK National Institute for Health and Care Excellence
(NICE) has published their national recommendations regarding
the use of devices for monitoring of PD11. Although some results
are promising, the use of BWS in daily clinical practice has been
quite limited and “practical recommendations” are still lacking to
ensure the best outcomes for PD patients, their caregivers and
clinicians. Additionally, BWS outcomes seem to be influenced by
psychological, physiological, cognitive, environmental, and tech-
nical factors, with possible inconsistency in mobility parameters
when comparing laboratory vs. in-home unsupervised
recordings8.
This practical anthology aims to summarize the available and

most used BWS for PD patients in Europe, monitoring PD
manifestations and used for treatment adjustments.We specifically
focused on technology for PD treatment management and we do
not touch other aspects, even if valuable, as PD early and
prodromal detection or the use of BWS as biomarkers in clinical
trials. For each BWS strengths and weaknesses, regarding their
performances, validation process, ease of use and reports’ clarity
have been summarized based on a not systematic literature
review and authors’ expert opinion.
The authors of this article are part of the “Wearable sensors

workgroup” of the NS-Park French Network.

HISTORICAL PERSPECTIVE: LABORATORY-BASED MOTION
CAPTURE SYSTEMS
Some BWS were developed and valitated based on comparisons
with laboratory based motion capture systems. Among these
systems, the most widely used is ViconTM (particularly for BWS
recording gait parameters). Before entering into the details of
BWS, we propose a brief paragraph on the VicomTM system, to
provide an historical perspective on laboratory-based motion
capture system applied to PD, as it was one of the first in-hospital
product to objectively evaluate PD motor manifestations. The
ViconTM Motion Systems Limited is an optoelectronic motion
capture system, which is a set of class I Medical devices with a CE-
mark. Multiple spherical retro-reflective motion sensors, typically
from 2.5 to 14 mm in diameter, positioned on the face, chest, back,
upper and lower limbs of the moving subject are tracked by infra-
red cameras positioned on the walls of a dedicated room, in order
to generate kinematics parameters. A reconstruction of the
position of the different sensors in time and space allows a 3D
analysis of the movement. The ViconTM Motions Systems Limited
has the potential to objectively measure the evolution of
movements in subjects.

Validation studies
To study PD gait, the typical “plug-in-gait full body” set is placed in
the front and the back of the body12, but additional markers can
be placed as needed, on the fingers and face for instance,
according to the movement studied13. The medical device
requires a calibration to measure marker position, typically within
2 mm accuracy at a frequency of 100 Hz (lower rates of 50 Hz have
been previously used)12. The ViconTM system was usually used as a
source of read-outs for basic and clinical studies of gait and
movement in PD. In addition, it serves as the gold standard
reference comparison for new devices or wearables, in particular
in gait analysis or PD patient evaluation14–16. Previous studies
have shown that the positioning error would be above 1mm. It
corresponds to the error magnitude usually considered as a
standard for this type of systems. But others suggest that, if
calibrated properly, and given a careful choice of marker sizes,
ViconTM sampling rate, camera sensor resolution and closer

camera distance to the tracked objects, the error is <1 mm, in
both static and dynamic measurement experiments17–19.

Strengths and weaknesses
This system does not allow remote at-home monitoring of
patients in an ecological environement, and requires the patient
to come to the hospital. It is considered one of the most accurate
motion capture system but it requires the patient to perform
specific tasks during a limited time, repeating each measured task
several times (usually twice or 3 times) to ensure a proper analysis
of the movement. Yet, it is considered the gold standard tool and
is widely used as a reference to calibrate and validate other
devices’ accuracy, that will be used as wearables, some of them
described in the next sections of this review.

WEARABLE SENSORS SELECTION
Technology products have different degree/phase of develop-
ment reflecting the maturity or “readiness level”, i.e. how close a
system is to being validated for use in routine care. The
Technology Readiness Level (TRL) scale developed by NASA in
the 1970s is a commonly used scale to define the degree of
validation of a technology product. For the purpose of this article
we have included wearables sensors that hold a TRL of 8–9,
meaning that they have sufficiently demonstrated to work in
clinical practice or in-home environment20 and that are available
in Europe and CE mark for clinical use in PD. Thus, the following
BWS have been reviewed, regarding product description, valida-
tion process, clinical applications and regulatory status: PDMo-
nitor®, Personal KinetiGraph® (PKG®), STAT-ON, Kinesia 360™/
One™ and FeetMe®. Additionally, we also describe the “Mobility-
Lab” system, having a TRL of 8–9, even if not used in Europe, as
largely validated and FDA-approved for PD axial features
monitoring. For the sake of clarity, based on different gold-
standard for validation, we considered two distinct groups of BWS:
(a) wearable sensors validated vs. patients and clinicians-based
scales (PDMonitor, PKG, Sense4Care and Kinesia 360/U); (b)
wearable sensors for gait analysis validated vs. laboratory based
motion capture systems (FeetME and Mobility Lab).

WEARABLES SENSORS: DESCRIPTION, VALIDATION PROCESS
AND CLINICAL APPLICATIONS
PD monitor
PDMonitor®, consists of five identical IMU-based sensing devices,
placed on both wrists, shins and waist, designed and developed to
monitor patients with PD. The components of the PDMonitor®
device are: (i) a SmartBox: used to collect, process and upload data
to the Cloud; (ii) 5 sensing monitoring device each with internal
data storage for the period they are worn (for a minimum period
of 2 h up to 7 days) and transfer the data collected when they are
docked into the SmartBox; (iii) accessories used to attach the
devices to the patient (Fig. 1).
When the data are docked, they can be transferred as a pdf

report to the clinicians (Fig. 1). The following clinical outcomes are
present in the report, each measured every half-an-hour; (i) Off-
score, expressed as a score ranging from 0 to 1.0; (ii) dyskinesia,
expressed as a global score or single score for each arm and leg,
each scoring from 0 to 4; (iii) arms/legs bradykinesia and global
body bradykinesia, score ranging from 0 to 4; (iv) arms/legs tremor
and global body tremor, score ranging from 0 to 4; (v) an
estimation of the UPDRS part III score, ranging from 0 to 108; (vi)
gait impairment, score ranging from 0 to 4; (vii) FoG index, score
ranging from 0 to 1.0; (viii) postural instability, score ranging from
0 to 1.0; (ix) number of steps made during the recording and
activity/lack of movement index, as well as sitting time and lying
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time, ranging from 0 to 1.0; (x) gait analysis including cadence
(step/min), gait speed (m/sec), stride length (cm).

Validation studies
The PDNST001 study assessed the PDMonitor® system among 65
PD patients over an in-hospital recording of 6 h (Phase I) and over

a recording of at least 1–3 days at home, during at least 7 h/day
(Phase II)21. During the Phase I patients have been assessed
combining the PDMonitor® with a video-recording of the UPDRS
and the Abnormal Involuntary Movement Scale (AIMS), for a third-
party physician. Patients were preferably in Medication-Off (Med-
Off) condition and a diary was kept by their caregivers or nurses to
describe their motor state while performing different motor tasks.

Device’s name, Manufacturer, 
battery details Device/ Body Position

PD Monitor®,  

PD Neurotechnology,  

8-10 hours (mandatory data 

download before re-use) 

5 DEVICES 

PKG®,  

GKC,  

7 days while recording 24h/24h 

1 DEVICE

STAT-ON®,  

Sense4care, 

 7 days / 8 hours per day 

1 DEVICE

DynaPort7,  

McRoberts 

5 days battery life 

ECIVED1

Kinesia 360®/Kinesia U,  

GreatLakes Neurotechnologies,  

16 hours for Kinesia 360 and 24 

hours for KinesiaU 

KINESIA 360: 2 DEVICES KINESIA U, 1 DEVICE

Mobility Lab®, APMD 

12 hours if collecting data at the 

128Hz sample rate set in 

Mobility Lab software. 1-2 

hours to fully recharge the 

battery each day  
6 DEVICES

FeetMe Monitor Insoles®,  

16 hors of walking, (if no gait 

activity battery should be 

charged each 3 days) 

2 INSOLES

Fig. 1 Body worn sensors for Parkinson’s disease management. Authors have obtained consent to publication of the image from PD
Neurotechnology Ltd, Global Kinetics, Sense4Care, McRoberts, GreatLakes Neurotechnologies, APDM Wearable Technologies and FeetMe.
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During Phase II study, patients were asked to keep a diary. A
Comfort Rating Scale was used at the end of Phase II to measure
the wearability of the device. As a result, for wearability: (i) patients
needed about 5 min to wear the device but were faster with
assistance; (ii) the waist device was the most inconvenient.
Regarding clinical features detection, a good accuracy was found
for: (i) bradykinesia index and UPDRS arm bradykinesia subscore
(accuracy: 86%); (ii) dyskinesia index vs. AIMS and gait index vs.
UPDRS gait score (accuracy: 99% and 99%, respectively); (iii)
tremor index vs. UPDRS item 20 (accuracy: 99%); (iv) FoG
presence/absence vs. clinician/patients’ diary (96%). The prob-
ability of the patient being OFF, is calculated by the PDMonitor®
based on a combination of different index including gait, tremor,
FoG and bradykinesia and it has been compared to patients’
diaries finding a high correlation (r2= 0.75). Similarly, the
dyskinesia index showed a moderate correlation (r2= 0.63) with
the AIMS.
Another case-control study has evaluated PDMonitor® perfor-

mances among 61 PD patients and 27 age-matched controls in
both clinic and home environment. Authors report on an average
accuracy of 99.1% of the sensor in detecting body and arms/legs
dyskinesia, but the publication does not clearly explain the gold
standard vs. with the sensors have been compared22.
More recently, a German pilot study on 12 PD patients with a

mean age of 65 years, assessed the feasibility of PDMonitor use
over 12 weeks, finding good values (from “Okay” to ‘very good” in
a satisfactory Likert scale), but with technical support needed for
the whole study period23.
Finally, one report on two PD patients described how

PDMonitor® could help in the treatment adaptation (levodopa
increment) during restrictions in the access to healthcare units,
due to the COVID-19 pandemic to better identify Off-periods24.

Strengths and weaknesses
Overall, PDMonitor® has the advantages to propose a home-based
continuous monitoring over 7 days, capturing different parkinso-
nian manifestations (ranging from Off-score, dyskinesia, global
motor impairment and gait/axial parameters), offering a clinical
report that is sent to physicians but that is quite long (1 first
summary page with hour/hour averages for ON/OFF dyskinesia
and UPDRS scores and 30 pages for the whole report). Overall
accuracy vs. clinical-based score seems to be from moderate to
high, but it has been evaluated only in 2 studies included with
small groups of patients (61–65 patients) and should be replicated
in larger, multi-centre cohorts. Additionally, patients seem to
require continuous technical support and PDMonitor® use implies
the use of 5 sensors at the same time.

Personal Kinetigraph
The PKG® technology was developed by neurologists in Australia,
in order to quantify kinematics of motor manifestations in the real-
life conditions for parkinsonian patients. It also includes a
reminder for taking anti-parkinsonian medications, i.e. a medica-
tion administration marker when these are taken, a sensor to
detect the removal of the watch and it can monitor activity
associated with movements during sleep.
The PKG system consists in a PKG watch and PKG report (Fig. 1).
The PKG watch is a wrist-worn medical device, worn on the side

of the body most severely affected by PD. It weighs 35 g. It
contains a rechargeable battery and a 3-axis accelerometer,
sampling rate of 50 samples per second and data storage on flash
memory.
It is carried by the patient over 6–10 days. During the wear

period, the PKG watch automatically collects data on the type of
movement experienced by the patient and reminds the patient to
register when they have taken dopaminergic medication as
prescribed by their physician. A mathematical algorithm translates

the raw movement data collected into bradykinesia and
dyskinesia scores and provides a graphical PKG report (Fig. 1)25.
The PKG report gives a measure of severity and proportion of

time spent at different levels of dyskinesia and bradykinesia in
relation of timing of levodopa medication. The main plot of the
PKG report shows the median, 25% and 75% percentile of the
bradykinesia score (BKS) and dyskinesia score (DKS) of the patient
over all days of recording compared with the BKS and DKS of a
control group (non-PD patients).
Fluctuations and dyskinesia score (FDS) is a summary score

combining variation in bradykinesia and dyskinesia scores and is
representative of motor complications.
Other and separate scores are the Percent Time in Tremor (PTT)

which is a summary score for the ambulatory assessment of
tremor and the Percent Time Immobile (PTI) which represents the
percentage of time the patient was totally immobile, helping to
describe sustained immobility, daytime sleep and somnolence.

Validation studies
Several studies have evaluated the clinical performance of PKG vs.
patients’ diaries or physicians-based assessment.
For tremor detection the PTT summary score has been

evaluated in two consequtive cohort of 85 and 87 PD patients
showing similar results: a PTT of ≥0.8% had a 92.5% and sensitivity
and 92.9% selectivity, in identifying resting or postural tremor that
involved the wrist whose frequency was >3 Hz26.
FDS has been validated in a population of 527 PD patients and

then further tested in a second group of fluctuators (n= 36) and
non fluctuators (n= 16), showing to differentiate the two groups
with a sensitivity of 97.1% versus the gold-standard clinical
evalaution (AIMS score for dyskinesia and UPDRS-III for
bradykinesia)27,28.
The median PKG Bradykinesia was shown to closely correlate

with the UPDRS III motor score (minus tremor item) in 25 PD
patients with bilateral well established disease (p < 0.0005;
r2= 0.64) and the PKG Dyskinesia closely correlated with the
modified AIMS in 34 PD patients (p < 0.0001: r2= 0.80)25. In an
observational study, Ossig, et al. compared the PKG scores to 24
patient home diaries. They reported that global distribution of
total hours/day in all motor states measured by PKG reflected
those assessed by PD home diaries. However, hour to hour
agreement was weak (Cohen’s κ: 0.304), but with a moderate
correlation between objective measure of PKG and diary data for
Off and On state without dyskinesia, and a strong correlation for
the dyskinetic periods (Cohen’s κ: 0.404; 0.562 and 0.658,
respectively)29. In the qualitative evaluation of Santiago et al.,
movement disorder specialists in a PD clinic, reported that PKG
provided additional information beyond that obtained during
clinical consultation alone, in 41% of visits, and resulted in
adjusting treatment nearly a third of the time overall30. The PKG
most yielded new and accurate information about daily off-time
(50% of cases)30. A blinded controlled trial conducted in 2020 in
154 PD patients, compared physician management of PD using
information provided by objective ambulatory measurements and
conventional assessment, with management using conventional
assessment alone. This study shows that therapeutic decisions
supported by objective measurement (PKG+ arm) resulted in
reduced bradykinesia, motor complications and improved global
motor disability as measured by the MDS-UPDRS Total score, part
III and IV, with no changes in PDQ3931. In contrast, the changes in
MDS-UPDRS Total, MDS-UPDRS part III, and PDQ39 in the PKG—
arm were not statistically significant.
Once evaluating satisfaction, in a study including 65 PD patients

(mean disease duration of 10 years), patientes stated in 82% of
responses that they agreed or strongly agreed in PKG training,
usability, performance, and satisfaction32.
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Finally, regarding NMS, the PTI has been suggested as a
surrogate marker of daytime sleepiness, has shown a good
correlation with ambulatory daytime polysomnography (85.2%
concordance) and high Epworth Sleepiness Scores (p= 0.01)33 (see
paragraph on NMS).

Strengths and weaknesses
PKG has the strength to be only one device easy to wear. It is able
to detect motor fluctuations/bradykinesia, dyskinesia and, offering
probably an measure of day-time sleepiness. The graphical report
is easy to read offering a summary of the whole period in one
unique graphic indicating the changes in bradykinesia, tremor and
dyskinesia, immobility/inactivity (including night period) as well as
medication intakes. PKG has been included in 26 studies with
large sample size (up to 3288 patients for the largest study) of PD
patients and compared vs. patients’ diaries or physicians-based
assessment26,29–32,34–55. It has been compared as add-on tool
compared to conventional management in a randomized trial31

with some positive results and as add-on tool to select PD patients
for device-aided treatment50,51. Indeed in 2018 an expert review
suggested that PKG increases clinical decision-making, and that
the objective measures of the PKG could confirm the presence or
the absence of motor manifestations as reported by the patient27.
PKG has some limitations: the device measures only some of the

motor PD manifestations, only on one extremity and does not
directly evaluate gait, FoG and falls.

Stat-OnTM

This is a wearable sensor analysing inertial signals, with a set of
validated machine learning algorithms running in real time. This
sensor measures 90mm× 62.5 mm × 21.2 mm and weighs 86
grams (Fig. 1). Internally, the system is composed of two ultralow
triaxial nano-accelerometers, two microcontrollers, and a Blue-
tooth Low Energy system. The sensor has a battery life of 7 days
for a continuous 8 h/day. The compromise in this tool was to rely
on a single sensor to ensure usability and to locate the system
over the waist given that it is very close to the mass centre of the
body and many movements, at least partially, are reflected there
(Fig. 1). Information is provided on several parameters of gait, such
as step length, FoG and falls, as well as upper and lower limbs
movements, trunk or neck dyskinesia, while bradykinesia is mainly
estimated from gait and tremor is not recorded by the system56.

Validation studies
STAT-ONTM has the aim to evaluate ON/OFF fluctuations and gait
changes over seven daysand it has been compared with57 Hauser
diaries. Four clinical studies have compared STAT-ONTM with
patient self-report of ON/OFF status58–60; in one study an observer
stayed with the patient, during several hours60. A total of 74
patients were included, one study being multicentre over four
countries58. Considering technical aspect of drop-off related to
different reasons, a total 53 fluctuating patients were analysed
with recordings of various duration from several hours to 3
consecutive days. Accuracy was compared to: (i) patients diaries
with 30min intervals; (ii) report from phone interview, every two
hours; (iii) report of observers either over several hours or once a
day. Altogether, the detection of ON and OFF periods in the three
studies had a sensitivity ranging from 92% to 97% and a 88–94%
specificity. Nevertheless in one recent paper including 39 PD
patients, Cohen’s κ agreement analysis between the UPDRS-IV/
clinical interview and STAT-ON was low for motor fluctuation
(0.089) and fair for dyskinesia (0.318) and FoG (0.481) ref. The same
study evaluated patients satisfactionIn one paper, these scores
were obtained by restricting analysis to data obtained with at least
10 consecutive strides58–60.

The validation of bradykinesia measurement was based on two
studies with very similar approaches61,62. The main difference is
that the first pilot study included 12 PD patients and the gold
standard of bradykinesia measurement were home-video record-
ings of movements over 30min ON and 30min OFF, whereas the
second was a multicentre study including 75 patients with only
UPDRS measurements of motor status. In both studies, patients
performed a mixed of freely and requested task, in which gait took
a large place. In the pilot study, the average specificity and
sensitivity in detecting bradykinetic gait was 89.07% and 92.52%,
respectively, while the average accuracy was 91.81%61. In the
larger study, the correlation between the total UPDRS-III score and
bradykinesia score provided by the STAT-ONTM was significant
(ρ=−0.56, p < 0.001) as well as the one with with the gait item of
UPDRS (ρ=−0.729, p < 0.001), while a less significant correlation
was found with hand rest tremor (ρ=−0.182, p= 0.026).
The assessment of peak-dose dyskinesia was also performed in

a multicentre study in which 35 of 92 patients had such
dyskinesia59. STAT-ONTM system detects any dyskinesia of the
trunk with a sensitivity over 93% and 95–98% specificity.
Conversely, when dyskinesia only involve the limbs without
inducing trunk movements, sensitivity drops to 39%, although
specificity remains high (95%). Likewise, in a subset of 13 patients
video-recorded whose dyskinesia were evaluated using the
Unified Dyskinesia Rating Scale (UDysRS), the correlation was
significant between UDysRS and STAT-ONTM measures for the
trunk and legs (ρ ranging from 0.64 to 0.77, p < 0.025) but not for
arms or neck dyskinesia (ρ ranging from 0.25 to 0.53, p > 0.14)63.
Step lengths has been assessed using STAT-ONTM system in 28

patients in different conditions, i.e., ON or OFF and compared with
video recordings of the patients. The tool achieved a 96.8%
accuracy in step detection observed on video recordings64.
However, this level of accuracy is obtained with individual
correction factors whereas a generic correction factor has been
proposed to avoid an individual calibration process.
FoG was assessed in a subset of 21 patients included in one of

the previous study65 whose FoG questionnaire score66 was 6 or
higher [7–23]. Patients were examined during ON and OFF
medication conditions, at home. A total of 93.03 min of FoG
episodes were registered (1321 episodes), among which
74.12 min (79.67%) were registered when patients were in OFF
state, 12.35 min (13.28%) were registered when patients were in
ON state and 6.56 min (7.05%) were registered in an intermediate
state. The ability of the system to identify FoG has a sensitivity of
79% and a specificity of 75% compared to physician-based
observation at home65. Falls are also detected with a reported
95% sensitivity and 99% specificity compared to clinical
obervation, but full data on this study are not yet published
(reported in56).
Finally, the STAT-ONTM system is intended to identify postural

changes of PD patients, with a good accuracy, both in ON (98.5%)
and OFF (97.6%) state, in particular when changes between sit and
standing positions occur, although dyskinesia may create some
bias in the analysis60,67.

Strengths and weaknesses
Among the strengths of STAT-ONTM, we can mention the use of a
single sensor, and an acceptable usability for patients. In addition,
the “event” button can provide personalized information such as
drug intake, which is useful for further analysis of patients’ status.
The feedback provided by the software to the physicians is easy to
read and help to better analyse daily-living condition of the
patient (Fig. 1). STAT-ONTM performances in regard to PD clinical
features have been evaluated in 9 studies, one beeing multicentre.
However, some limitations desserved to be mentioned. Con-

sidering the position of the sensor, postural information and gait
are captured but bradykinesia is best recorded during walking,
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ideally with at least 10 consecutive strides. In addition, dyskinesia
of the trunk and legs are accurately measured which is not the
case for peripheral limb choreic dyskinesia, especially if they are
mild and isolated. Eventually, methodological issues remain. The
numbers of patients, who were involved in the various processes
of validation are low with no comparison to healthy controls in
most reports. Still, when conflicting interpretation between
patient and observer about a patient condition occur, the
corresponding data are discarded from analysis, which may de
facto limit the performance of the system to detect intermediate
clinical status. Finally,STAT-ON report does not offer a graphic
summary of parameters’ averages of the whole recorded period
but averages of daily total OFF time and average of daily FoG
episodes (one mean for each day) and a detail of each single day
including all features (FoG, dyskinesia, OFF, falls and medication)
in one line (each day = one graph = one line, which means 7 lines
for 7 days). A user with STAT-ON can download a report which
might be basic (5 pages) or extended (length depending on the
number of monitoring days, it can be >40 pages).

KinesiaTM technology
Kinesia ONETM (Cleveland medical Devices Inc., Cleveland, Ohio,
USA) includes a wearable sensor, an iPad mini preloaded with the
kinesia ONE application and a charge pad. The motion sensor
contains three orthogonal accelerometers and three orthogonal
gyroscopes to measure linear accelerations and angular velocities
respectively. The sensor is worn on the finger index or on the heel
during specific tasks used to assess motor manifestations (tremor,
bradykinesia, dyskinesia, gait, freezing of gait). A mobile application
guides patients through doning the motion sensor and provides
instructions for completing the assessment tasks based on
common rating scales (e.g., UPDRS for Parkinson’s disease, TETRAS
for essential tremor). Once an assessment has been completed,
motion data is transmitted to a secured cloud database (the Kinesia
Web Portal) and algorithms are used to calculate severity scores on
a 0 (no signs) – 4 (severe signs) rating scale shown to be correlated
with clinician ratings. Clinicians access the data and reports by
logging into the Kinesia Web portal.
Kinesia UTM includes a mobile application and a smartwatch

worn on the patients’ wrist to quantify tremor, bradykinesia and
dyskinesia during specific tasks or throughout the day during
normal activities.
Kinesia 360™ includes a mobile application and two wireless

motion sensors worn on the patient’s wrist and ankle (Fig. 1) to
quantify tremor, bradykinesia, dyskinesia, body position and steps
throughout the day during normal activities. For Kinesia UTM and
Kinesia 360™, electronic diaries are included in the application for
patient rating their symptoms and log when medications are
taken. Data from the motion sensors are uploaded to a secured
cloud database and algorithms are used to detect clinical features
and calculate severity scores every 2 min on a scale. Motor
symptom reports are generated from the cloud server for clinician
review. Sensors record data all day and recharge overnight for
extended home use.

Validation studies
The efficacy of Kinesia ONETM for recording kinematics of tremor
in PD was evaluated in a study including 60 PD subjects68. In this
study, PD subjects performed the tremor subset of the UPDRS
motor section while wearing the device. Each subject was seated
in front of a computer screen and instructed to perform three
tasks evaluating rest, postural and kinematic tremor. Data were
wirelessly transmitted from the patient-worn unit to the computer.
Each trial was videotaped and videos presented to two movement
disorder neurologists for scoring according to the UPDRS motor
section task 20 for each tremor task. After clinical data collection,
clinical acceptability was evaluated by patient questionnaires. The

Kinesia system captured biokinetic data related to tremor severity.
Correlations using the device were high for rest tremor (r2= 0.89),
postural tremor (r2= 0.90), and moderate for kinetic tremor
(r2= 0.69). The wireless link provided real-time synchronization
between video-instructed tasks and data analysis. The quantitative
features recorded were used to develop a mathematical model
that predicted tremor severity scores. Forty PD patients completed
the questionnaire of clinical acceptability. All of them found the
device comfortable, lightweight and unobtrusive.
The Kinesia system also successfully captured biokinetic data

related to bradykinesia severity, according to the Modified
Bradykinesia Rating scale (MBRS), speed amplitude, and rhythm
scores69 among 50 PD patients, with a moderate correlation (r2:
0.63–0.67) among kinematic outcomes and MBRS sub scores.
The feasibility and compliance of patients to use this device at

home was evaluated in a pilot study in 10 parkinsonian patients at
early stage of the disease70. Subjects used the system at home to
perform 6 video-guided motor tasks per day for 3–6 consecutive
days, while motion sensor data were captured to evaluate tremor
and bradykinesia in response to PD medication. The authors
demonstrated that PD patients were able to perform correctly
motor tasks based on the UPDRS unsupervised at home to
evaluate tremor and bradykinesia of the more affected hand.
Nevertheless, the device failed to detect properly tremor and
bradykinesia when the two features overlapped.

Kinesia UTM. It has been tested in a small study including 14 PD
patients, whose motor features (tremor, slowness and dyskinesia)
were assessed for 1 week prior to instituting a doctor
recommended change in therapy and for 4 weeks after the
change. Thereafter, patients were seen by the clinicians who made
therapy recommendations based on the reports and his clinical
judgement. The objective changes highlighted by Kinesia UTM
were compared to qualitative clinicians judgement, finding an
improvement in at least one symptom measured by the BWS in
the eight participants who were deemed by the clinician to have
improved, and an aggravation in two of the five patients
considered as “worsened” by the clinician71.

Kinesia 360TM. The validity of this device has mainly been studied
to assess tremor, bradykinesia and dyskinesia. It was evaluated in a
study including 13 PD patients, with a history of motor fluctuations
and levodopa-induced dyskinesia72. All the subjects were instru-
mented with the device and recorded by video. Kinematic data were
recorded during a two-h series of activities of daily-living in a
simulated home environment through transition from OFF to ON
medication. Algorithms were applied to the kinematic data to score
tremor, bradykinesia and dyskinesia. A blinded clinician rated the
severity of the clinical features using the UPDRS III observed on
video. Algorithms scores for tremor, bradykinesia and dyskinesia
agreed with clinician ratings of video recordings with a high
correlation coefficient (ROC area > 0.80). In 2019, a 12-week pilot
study investigated whether using Kinesia at home could improve
motor symptom management in PD patients starting transdermal
dopamine agonist73. 39 PD patients were included and randomized
1:1 to control group (CG) or experimental group (EG). Motor
manifestations were assessed at baseline and week 12. At week 12,
mean improvements in UPDRS II and UPDRS III were clinically greater
in the EG, and mean number of dosage changes during the study
was higher in the EG versus CG. Tolerability and retention rates were
similar. The authors concluded that continuous motor manifestations
monitoring using the device may enhance clinical decision-making
and improve motor outcomes in PD patients starting this therapy.

Strengths and weaknesses
Overall, KinesiaTM Technology has been adopted in 19 studies
including PD patients68–86. Kinesia ONE™ quantifies tremor,
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bradykinesia and dyskinesia in PD patients under standardized
motor tasks with a good sensitivity and sensibility, as evaluated in
9 studies (sample size: 2–85). The device is light, not-binding and
well-accepted. Nevertheless, it does not make it possible to
evaluate the motor manifestations of the patients during routine
activities. It cannot therefore constitute a tool for evaluating nor
improving the therapeutic management of PD patients in real-life
conditions.
Kinesia UTM and 360™ has the advantage of being able to

monitor the patient’s motor status continuously and in real-life
conditions. It is particular sensitive and specific for evaluating
tremor and dyskinesia. Its specificity for detecting bradykinesia is
lower and some items of the UPDRS III are note captured, such as
rigidity or posture. Kinesia 360™ has been evaluated in 10 studies
with smal sample size (range: 13–60 patients). The device is easy
to install, well-accepted and the graphic reading of the results for
the practitioner seems easy to read, representing bradykinesia,
dyskinesia and tremor fluctuations on the same graphic with
different colours, with one graphic for each day.

DynaPort
The DynaPort7 (Mc Roberts) is a small, light-weight sensor on a
belt on the lower back and it is the new version of the DynaPort
Hybrid system. It combines acceleration sensors and gyroscopes
with six channels that assess the individual’s movement at 100 Hz
each. It uses Bluetooth protocol, to communicate with a host
personal computer. Quantity measures include: the total number
of walking bouts, the total number of steps, median walking bout
duration, median number of steps, variability of the gait pattern,
gait rhythmicity, gait smoothness, the phase coordination index
(measure of the consistency and accuracy of the left-right bilateral
coordination during walking) and median cadence per bout and
the percent of time spent walking which reflects the total walking
in relation to the overall walking and non-walking activity. Mobility
classification is done from second to second, and report can
present data with mean per day or per week.

Validation studies
Validation and acepptability studies in PD have been made on the
first hardware unit which was the DynaPort Hybrid system, not on
the lastet DynaPort7 version.
The algorithm was developed in a cohort of elderly 350 elderly

patients, but neither dementia, nor PD and showed to well identify
misstep events with a good hit ratio and specificity (odds ratio was
1.84, 95% confidence intervals: 1.15–2.93)87. When tested in PD
cohorts the algorithm showed that PD fallers have a different gait
quality if compared to non-fallers (sample size: 107 patients)88,
with higher percentage of missteps if compared to non-fallers, in
another cohort of 40 PD patients (p= 0.01)89. In an in-hospital
assessment of 176 PD patients, seven of the twelve mobility
measures were significantly associated with the MDS-UPDRS part
III after adjustment for age, sex, and disease duration (0.0001 < p
0.005)90. Finally, DinaPort has been also used to characterise in-
home physical behaviour comparing 17 PD not cognitively
impaired (PD-NC) with 22 PD with mild cognitive impairment
(MCI) with 9 PD with dementia (PDD). PDD patients showed fewer
but longer sedentary and sitting bouts than PD-MCI (p= 0.01/
0.03) and PD-NC (p= 0.01/0.04)91.

Strengths and weaknesses
DynaPort is a single small device, easy to wear, able to give
information about gait parameters and risk of falls. McRobert
technology also includes two other products, i.e. MoveMonitor
and MoveTest, able to monitor physical activity over 2 weeks and
to do short physical test performance, respectively. A study
assessing wearable acceptability showed that all included 18 PD

patients considered DynaPort as both comfortable and accepta-
ble92. However, DynaPort does not provide information on other
parkinsonian manifestations, including tremor, dyskinesia and
motor fluctuations and its’ performances have been evaluated
only in three studies specifically including PD patients.

Feet me monitor
Feet Me® Monitor is a three part solution (insoles, connector and
App) used for continous remote and real time monitoring. It
allows healthcare professionals to collect mobility data from
remote patient monitoring to assess the level of disability and risk
for falling, but also patients progress and response to treatment.
Connected insoles are instruments used to perform proprioceptive
training using biofeedback or to collect balance and gait
parameters for monitoring gait and posture.
FeetMe® Monitor connected insole is a wearable medical device

that measure spatio-temporal gait parameters and plantar
pressure to support the mobility assessment of individuals. The
hardware product consists of two regular shape insoles and a
double-head wireless charger with wall adaptor to charge both
insoles simultaneously (Fig. 1). The insoles are available in 12 sizes
ranging from 35 to 46 (EU standard) or from 4.5 to 13 (US standard
for men) or 5.5 to 14 (US standard for women).
An insole includes one IMU with a 3-D accelerometer and a 3-D

gyroscope to capture movement in 6 directions and eighteen
capacitive cell pressure sensors, around 15mm² cell area each. In
the insoles key parameters of the gait cycle (namely heel strike
(HS) and toe off (TO)) events are detected by the pressure sensors
and the related temporal parameters are calculated from HS and
TO event timings. HS, TO and stride length are calculated in each
insole and are defined as insole-based parameters. For each insole,
these parameters are sent to a mobile application via Bluetooth
Low Energy. The velocity, stride length, stride duration, stance
duration, swing duration, step duration, single support duration
and double support durations, cadence, number of steps,
distance, duration of walking test are defined as mobile-based
parameters and are calculated by a dedicated mobile application.
The mobile application allows the real-time recording and/or
visualization of the gait parameters on the Feet-Me mobility dash-
bord, including selected gait parameters reports and actimetry
variations The report is customized for each study, and contains
both average values over several days of analysis and instanta-
neous values on the graphs. The usual gait analysis parameters are
included: pace, rhythm asymmetry, variability, posture control and
walking dynamics. Tests data (e.g. 6 min) are reported, and
performance can be compared with data from healthy individuals
in the same age group.

Validation studies
Previous validation studies, demonstrated an acceptable validity
and reliability of the collected gait parameters in middle-aged93

and community-dwelling older adults94 as well as in post stroke
and multiple sclerosis patients95,96.
In addition, twenty-five PD patients completed two walking

assessment sessions. In each session, participants walked on an
electronic pressure-sensitive walkway (GaitRite®, CIR System Inc.,
Franklin, NJ, USA) without other additional instructions (i.e., single-
task condition) and while performing a concurrent cognitive task
(i.e., dual-task condition). Spatiotemporal gait parameters were
measured simultaneously using the pressure-sensing insoles and
the electronic walkway. The validity results showed very high
correlations and good agreement between the 2 systems, i.e.
FeetMe vs. GaitRite (correlation coefficients ranged from 0.73 to
1.00 in both single and dual-task conditions)97. Concerning
test–retest reliability, excellent correlation (intraclass correlation
coefficient laying between 0.8 and 0.95) was demonstrated
between the 2 systems.
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Strengths and weaknesses
Feet Me Monitor is promising tools to evaluate gait parameters
and help PD patients in the everyday management. FeetMe®
insoles (FeetMe, Paris, France) integrate IMU and pressure sensors
inside the soles and do not present wires or other external
modules, visible over the clothes, as occurs for other instrumented
insole systems, such as Medilogic, LoadSole®, Tekscan, and Pedar
system98,99.
Furthermore, they do not require a connection box connected

to a computer to transmit data and they have a real-time feedback
of the gait parameters on the smartphone application, contrary to
what occurs for PodoSmart and Moticon OpenGo insoles100,101.
FeetMe® insoles compute spatio-temporal gait parameters

through embedded algorithms and collect them through a
smartphone application93. All these characteristics lead to better
ergonomics, portability, and ease of use, that could enhance the
end-users’ compliance and acceptance to wear over long-term
monitoring102. Hence, the FeetMe® technology allows the use in
both clinical and free-living settings.
However, clinical data on PD are still limited, i.e. only one study

performed on PD patients, and additional studies and protocols
are required to specify the way to monitor patients at home103.
Indeed, Feet Me cannot offer data on tremor, but a study aiming
to detect On-Off fluctuations based on FeetMe gait analysis is
actually on-going. Finally, size of the insoles is specific to each
person, which makes it not interchangeable with other patients
unlike above mentioned BWS (that are intercheangable).

Mobility lab
Mobility Lab™ by Ambulatory Parkinson’s Disease Monitoring—
APDM (http://www.apdm.com/ mobility/) specifically monitors the
quality of gait and balance by means of synchronized, wearable
inertial sensors, applied in the upper and lower part of the body
(Fig. 1). Mobility Lab™ includes: (i) a set 1–6 wireless, body-worn
Opal™ inertial sensors (other Opal products/systems that can use
fewer or more Opal sensors to collect raw IMU data or kinematic
data); (ii) an access point for wireless data transmission and
synchronization of the independent sensors; (iii) a software to
guide the user and patients through the testing protocols; (iv)
automated analysis and reporting of the recorded data, that are
immediately available for the users (both patients and investiga-
tors) after each test, with comparisons done vs. the previous
assessment.
Investigators can choose which set of clinical tests to perform,

including the Time up and Go (TUG), 2-min walk, 360° Turn Test,
Postural Sway testcos and Balance Error Scoring System (BESS)
test. Each OpalTM includes three-axis accelerometers and gyro-
scopes and a magnetometer, with a 12-h battery and possibility
for data storage during a month. User can also hold them during
several hours, without doing specific test. However, it this case,
only raw data in excel form will be available, without comparison
with normative performance. Conversely, those sensors are often
used in a research setting to perform the above cited test, possibly
in a longitudinal way. Patients can use from one to six OpalTM at
the same time, depending on the suitable measure and test: (i) for
balance and postural transition measures, one posterior sensor on
the lower back (at the level of L5); (ii) two sensors on the feet for
gait measures; (iii) two sensors on the arms and one on the
sternum for arm range of motion and turning during gait (Fig. 1).
Mobility LabTM can be used in a clinical and research setting.

Validation studies
Mobility Lab™ measures for gait, postural balance and arm swing
have been obtained in healthy subjects of difference ages to
determine reference values104, in patients with multiple sclero-
sis105 or mild brain injury106, ataxia107 and in PD patients, in

different disease stages and medication conditions108–111. There
are at least 30 indexed original studies that have used to
investigate Mobility Lab™ performances in PD patients112. We
summarize the results of some of those, including the original
princeps paper on objective measures of balance and gait and
correlation with disease severity111.
Overall, Mobility Lab™ has been showed to be able to: (i) detect

subtle parkinsonian gait in early PD patients; (ii) to evaluate
parkinsonian gait/posture responsiveness to levodopa; (iii) to
evaluate the global impairment of gait and balance, that has been
found to have a moderate to high correlation with disease
progression. Indeed, trunk acceleration, as measured by postural
sway measures, has been revealed in 13 early untreated PD
patients, if compared to 12 age-matched controls113; their
test–retest reliability was also confirmed in another small case-
control study, with a moderate intra-class correlation (0.55 to 0.84
in subjects with PD and 0.60 to 0.89 in healthy controls) and
moderate correlation with the postural instability and gait
disorders score (PIGD) of the UPDRS-III (r2 ranged from 0.50 to
0.63; 0.01 < p < 0.05). Similar findings have been highlighted in a
larger study, having included 135 PD patients and 66 age-
matched controls, confirming that TUG and instrumented test of
postural sway (iSWAI) measures correlated well with disease
severity (MDS-UPDRS-III and PIGD scores)111. In a population of
104 PD patients belonging to different disease stages, Mobility
Lab™ was able to identify difference motor performance compar-
ing the Med-Off status vs. the Med-On status, with an improve-
ment of arm swing followed by pace-related gait metrics (stride
velocity, stride length, and lower leg range of motion) after
medication intake, while detecting an increment of sway velocity
(worsening of balance) in the Med On, possibly related to
dyskinesia114.
As mentioned, Mobility Lab™ is primarily used for in-hospital

assessment, but this single-event mobility measures may not
accurately reflect functional mobility during daily life at home.
More recently, Opal™ sensors have been used for continuous in-
home monitoring, to monitor the quality of turning and the
amount of steps/day. Turning quality resulted to be correlated
with disease severity (UPDRS-III) and to identifies fallers from non-
fallers PD patients in a small study (34 patients)115,116. On the
same path, Mobility Lab™’s ability to detect FoG episodes has
been evaluated in a clinical setting and compared to blinded
clinical raters, with a high agreement (r2: 0.839–0.875) for FoG
episodes longer than 2–5 and >5 s, respectively, while a low
agreement for shoter FoG episodes (<1 s; r2: 0.39)117. The sensors
have shown to be able to differentiate patients with from patients
without FoG, over a 7-day in-home recording, based on the
percentage of FoG episodes117.
Finally, a second version of Mobility Lab™ that principally

applies sensors to feet rather than to shanks, has been recently
validated among 21 PD patients vs. pressure sensor walkway,
showing a high correlation (r2 > 0.75) for several gait parameters
(gait velocity, stride length, stride length, cadence, stride time and
stride time)118.

Strengths and weaknesses
Mobility Lab™ is one of the best validated tools in terms of study
number for gait and postural in-hospital analysis for PD patients,
whose parameters are also able to differentiate between the Med-
On and Med-Off conditions.
However, it is mainly used for in-hospital assessment, it does

not capture tremor and its feasibility in continuous in-home
monitoring still need to be proved in large cohorts. Mobility Lab™
report is also quite complex to read, individually and graphically
representing each gait parameter or offering gait data in an excel
table, that need interpretation by trained physicians.
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REGULATORY SITUATIONS
See Table 1 and Table 2 for summary on devices target clinical
features, validation studies, regulatory situations and intended
approved use, which are quite heterogenous comparing the
reviewed BWS. Overall, in Europe BWS are essentially adopted in
research clinical studies or lend by pharmaceutical or healthcare
service providers involved in the routine treatment of advanced
PD patients. The only available European guidelines for BWS are
NICE reccommendations that recently indicated Kinesia 360,
KinesiaUTM, PDMonitor, PKG and STAT-ON as “conditionally
recommended options for remote monitoring of PD to inform
treatment”, though not expressing any indication on one wearable
vs. another neither on frequency of use11. All the revised BWS
belong to medical Class I (Im = device with low risk with “m” for
measure) or medical Class IIa (with low to medium risk, installed
on the body during 30min up to 60 days). Instruction for use can
be downloaded or requested at each manufacturer web site.

PDMonitor®

In Europe, it’s a CE marked, class IIa medical device.

PKG®

The PKG System is the first FDA-cleared medical device on August
2014. It has received regulatory approval for the use in PD patients
in Australia, Europe (CE marked) and US. It is a class IIa medical
device.

Sense 4 care—STAT-ON®

STAT-ON is a CE marketed, class IIa medical device.

Kinesia™ technology
It is manufactured by Great Lakes NeuroTechnologies (Cleveland,
Ohio, USA). It is FDA and CE marketed, class I medical device.
However it is not marketed in several european countries.

McRoberts—DinaPort
Is a CE marketed and FDA approved, Class I medical device in
Europe and Class II in US.

FeetMe® monitor insoles
FeetMe® Evaluation is CE-marked class Im and FDA listed (510k
exempt). It is manufactured by FeetMe, Paris, France.

APDM™

It is FDA and CE marketed, class II medical device. Three different
kits of Opal™ sensors can be bought, from the basic form to the
most high-level system.

WEARABLES SENSORS AND NON-MOTOR PARKINSONIAN
CLINICAL FEATURES
The focus of wearable sensors is now also slowly shifting towards
the broad, but more covert spectrum of NMS. Indeed, NMS are
major determinants of quality of life, and influence the therapeutic
strategy119. Few studies have addressed the question of the
objective monitoring of NMS either using wearable sensors
already available for motor features120, or using other devices
such as smartwatches121. Therefore, the need for accurate and
objective assessment of NMS in PD remains unmet.
Associations between NMS and the measure of bradykinesia and

dyskinesia based on PKG have previously been reported40,
particularly for sleep33,53 and impulse control disorders (ICDs)122.
Regarding sleep, PKG parameters seem to correlate with different
aspects of sleep including insomnia, parasomnia and restless legs

syndrome53. However, PTI could not discriminate sleepy from
motionless but non-sleepy PD patients and results on excessive
daytime sleepiness are still inconsistent123. Yet, among patients
complaining of excessive diurnal sleepiness, a small study has
recently shown that PKG bradykinesia scores allow to distinguish
between normal and abnormal PSG studies with good selectivity
(86%) and sensitivity (80%), suggesting that this system is
promising as a quantitative score for assessing sleepiness in PD53.
Smartwatch sensors have also been proposed to quantify sleep
stages in PD121, and to detect rem behaviour disorders, yet such
device is not able to detect restless leg syndrome, or sleep apnea.
Psycho-behavioural manifestations of PD, such as ICDs and

mood fluctuations, can directly influence therapeutic strategy and
may vary throughout the day. However, unlike motor features,
these manifestations are difficult to measure directly using remote
digital technologies. One study suggested the possibility to
indirectly measure dopamine-dysregulation syndrome (DDS)
severity by measuring the amount of time a patient acknowledge
treatment intake (consumption of medication) by pressing a
button embedded in the PKG wearable device122. A high
Response Ratio is reported as sensitive measure of impulsive
compulsive behaviour122. Further digital technology develop-
ments are underway to capture psycho-behavioral disorders, such
as tracking devices developed in the field of psychiatry to capture
the dynamic nature of mood disorders using electronic self-report,
behavioural data (collected through smartphone use: call logs,
social media usage) and physiological measures124. Electronical
ecological momentary assessment (EMA) appears to be a valuable
tool for research on mood disorders, and involves the repeated
administration of questionnaires requiring an immediate
response125. Whereas questionnaires were previously admini-
strated through paper surveys, wearable devices now allow to
administer questionnaire repeatedly in a more instantaneous and
convenient way at multiple time points along day. Chrono-
record126 is one of these devices widely used in bipolar disorders
research, and requires patients to rate their mood on a visual
analogue scale ranging from 0 to 100. Patients can also add
features of their mood state (reduced sleep, grandiose
thoughts…). Thus, mobile apps and programs designed to record
electronic self-report mood ratings are becoming common.
However, such devices have limitations and remain subject to
patient self-report, whereas clinical interviews are based both on
verbal reports and clinical observations. To overcome these
limitations, several studies have assessed smartphones sensors
to monitor real-time behavioral patterns. Data extracted form
phone usage activity including call and sms logs, and data from
online social networks and reported usage patterns or language
choices correlated with mood changes.
Detection of orthostatic hypotension can also impact PD

management, and wearable blood pressure devices are capable
of reproducing the results of standard blood pressure measure-
ment in the supine and upright position with the advantage of a
home environment127, but the main limitation being the size of
the monitor. Smart watches can measure heart rate and possibly
blood pressure and oxygen saturation, but only heart rate meets
accuracy guidelines as of yet128.
Altogether, it seems that it will be soon possible to reliably

measure several NMS, including orthostatic hypotension, sleep
and excessive daytime sleepiness, using either devices worn on
the body, smartphones or sensors embedded into a patient’s
home (such as smart beds). To date, only one study suggested the
possibility to screen DDSs122, using PKG, but does not allow to
monitor those psycho-behavioral fluctuations. Other digital
technology developments are underway to allow for better
capture of often under-reported and under-recognised NMS,
and allowing a comprehensive management of PD129. For
example, PD_Manager is a mobile Health platform for PD patient’s
management that will use a holistic approach combining the
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assessment of PD motor manifestations but also various NMS
including sleep and mood130,131.

PERSPECTIVES AND CONCLUSIONS
A more objective and continuous monitoring of PD features is an
unmet need, related to both the difficulties in properly evaluating
the presence and severity of symptoms by means of sole
subjective means and by the fails in care continuity due to sparse
in-person visits. Currently, patients have to purchase them at their
own expense or neurologists can get recordings with various BWS
throughout home healthcare providers. Although several BWS are
available, there are no national or international guidelines on their
scope of use and how to use them.
Our practical anthology aims to offer an european overview of

BWS, aiming to improve PD patients management.
To conclude we propose a list of questions, which is not

intended to represent formal guidelines, but rather reflect an
authoritary opinion from european movement disorders experts
with a variable field experience in BWS applications for PD
patients. A summary of potential values and unknonw aspects/
risks from BWS use is also proposed on Table 2.

1. Are BWS useful in monitoring PD motor and NMS
manifestations? BWS could be useful in monitoring several
PD motor features, including gait parameters, dyskinesia,
motor fluctuations and tremor (see Fig. 1 and Table 1). Yet FoG
and falls are detected only by few of them with variable levels
of sensitivity/specificity. The interpretation of BWS data ideally
requires a coupled analysis of objective measure (BWS) and
patients’perspective or activities. Regarding NMS, a few
evidence indicate the possibility to monitor orthostatic
hypotension, sleep and excessive daytime sleepiness and
DDS (with indirects measures) but this still needs confirmation.

2. Are BWS useful in the management of PD motor and NMS?
We still do not know. There is some evidence that suggests a

moderate/high correlation between changes in PKG scores (for
bradykinesia, dyskinesia, and tremor) and Kinesia measure and
treatment modifications31,132. However, studies investigating
the effect of treatment modifications based on BWS alone vs.
clinician-based decision alone are lacking. At this stage, we
could only consider BWS 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. Concerning NMS, there is a need for a trial that could
indicate an impact of BWS on NMS management, even if the
monitoring of a few NMS seem to be feasible.

3. Which BWS is most useful for which clinical feature? No direct
comparison of these different tools has been performed in the
same patients. Moreover not all BWS are intended to monitor
the same PD manifestations and their performance may vary
across clinical parameters.

4. Which BWS is most useful for which patients? As expressed in
the previous question, there is no study that compared the
accuracy of different BWS or the performance of one BWS in
different PD groups in one study. Overall, the use of any BWS
in demented parkinsonian patients still seem challenging due
to the need of patient’s compliance. It could be discussed if
PKG has the best wearability, possibly applicable to patients
with cognitive impairment, although no study has investigated
this aspect, while a single study explored physical activity in
demented PD patients by means of DinaPort. At the same
time, the low informative level of a clinical interview with
cognitively impaired patients, could be the exact reason why
we would need the help of a BWS for managing the treatment
those patients.

5. Who is the most suitable physician or allied healthcare
professional user profile for BWS in PD managment? Move-
ment disorder experts and neurologists trained on BWS use
and outcomes interpretation, but also general practitioners or
PD nurses with similar training could consider the use of BWS
for routine care in some selected patients. Several studies

Table 2. Potential values, shortcomings and unknown aspects of body worn sensors in the monitoring and management of PD.

Potential value of technologies applied to PD management Risks, Hot-points, shortcomings and unknown aspects

Objectively, continuous, remote monitoring of PD symptoms over several
days

Induce a risky reduction of the frequency of face-to-face appointments
(helpful to have a complete clinical picture and avoid patient’s isolation)

Possibly helpful in informing on treatment changes Remote assessment cannot replace in-person visit, just be an add-on to
the actual standard of care

Possibly helpful in identifying patients who need treatment changes Need for continuous technical support and patients being familiar with
technology

Helpful in better identifying symptoms for PD patients with/without
caregivers or with caregivers not able to help in symptoms recalling

Hardly applicable to demented patients or patients with severe mobility
impairment (HY 5)

+/− Reduction of the need to travel to hospital and associated costs No data compared different wearable sensors: not known which is the
one with highest accuracy (highest performance, highest wearability) and
the most suitable for a specific patient/symptom

+/− Reduce the length and number of clinic appointments and related
stress if any

No large, randomized studies having evaluated or showed a higher
benefit in treatment adjustment based on wearable sensors outputs if
compared to standard of care (only data on one blinded not randomized
trial on PKG suggested its additional value as add-on tool for treatment
management)

+/− A support to remember pills intake Not known how long any benefit of the devices lasted once they were not
used any more

+/− A support to face the increment of PD prevalence against the lack of
neurologists and the low rate of neurological visit/year

Is the accuracy the best outcome to evaluate a wearable sensor
performance or rather its impact on PD symptoms/management and
QoL?

+/− If a benefit on motor symptoms management will be strongly
demonstrate (still not reached) this could impact on motor symptoms
complications (reductions of falls, hip fractures and hospitalisation rate)

Not clear impact on QoL

Not clear cost effectiveness profile

+/− indicates possible benefit, still not proven. HY Hoehn and Yahr.
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show that both healthcare professionnals and patients are
ready to use the technology133,134. At the same time formats,
data and lengths of the above described BWS reports are quite
different, some reporting each single day, others offering the
possibility to have an average of the whole recorded period.
Once again, there no study comparing the usability of those
different reports between them and this should be investi-
gated.

6. Are BWS cost-effective? It has not been systematically
investigated across different european countries. A cost-
effectinevess study has been conducted in UK with incon-
sistent results. Inded a cost-saving effect of £17,362 has been
found for PKG135 but the NICE committee recently commen-
ted that it was probably “overestimated” and the proposed
calculation not reproductible11.

As final remarks we could consider a few additional points. First,
the potential value of BWS for rehabilitation strategies, intended
as add-on for patients’ management should not be under-
estimated. For instance, Feet ME has elaborated “Feet Me rehab”,
a solution for individualized homecare rehabilitation, under
supervision of a physical activity professor aiming to improve
gait and balance impairment.
Secondly, if we widen our look outside Europe, it should be

certaintly noted that in 2022 an Apple Watch-based tracking of PD
motor features (tremor, dyskinesia) and self-reported information,
has received clearance from the FDA, opening the path for the
diffusion of ease of use monitoring systems for parkinsonian
manifestations136. Concomitantly, in the Netherland, a wrist- and a
hip-worn commercial activity trackers (AT) has been recently
compared to a research-grade Dynaport Movemonitor (DAM)
among 28 PD patients and 30 healthy controls, obtaining a very
high correlation (R2= 0.90) for the number of steps/day, but a
worse performance for motor fluctuations detections (overesti-
mated with AT if compared to DAM), with no ability of these BWS
to differentiate PD from controls regarding daily fluctuations137.
Nevertheless, AT based measures will be likely more and more
offered as “monitoring tools”, claiming the need to better evaluate
their role for PD management.
Overall, trust in the physician is built step by step over

successive discussion, especially about how to analyze the
reported observations and complaints of the patient, to convert
them into therapeutic optimization. This aspect is a key point in
favour of the therapeutic alliance138. Neurologists and other
health-professionals should carefully consider patients’ reactions
and preferences for eliciting collaboration and treatment adher-
ence, favoring a tailored patient-centred standard of care, and we
believe this model should be kept when using complementary
information from BWS. Despite the current uncertainties, we
should move toward progress and develop collaborative efforts to
clarify the optimal scope and methods of BWS use in routine care
of PD patients.
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REFERENCES
1. Moisan F, K. S., Moutengou E., Boussac-Zerebska M., Carcaillon-Bentata L., &

Elbaz A. Fréquence de la Maladie de Parkinson en France. Données Nationales
et Régionales 2010-2015. (2019).

2. Wanneveich, M., Moisan, F., Jacqmin-Gadda, H., Elbaz, A. & Joly, P. Projections of
prevalence, lifetime risk, and life expectancy of Parkinson’s disease (2010-2030)
in France. Mov. Disord. 33, 1449–1455 (2018).

3. Carriere, N. et al. Descriptive study of the parkinsonian population in the north
of France: epidemiological analysis and healthcare consumption. Rev. Neurol.
173, 396–405 (2017).

4. Reichmann, H., Klingelhoefer, L. & Bendig, J. The use of wearables for the
diagnosis and treatment of Parkinson’s disease. J. Neural. Transm. https://
doi.org/10.1007/s00702-022-02575-5 (2023).

5. Warren Olanow, C. et al. Factors predictive of the development of Levodopa-
induced dyskinesia and wearing-off in Parkinson’s disease. Mov. Disord. 28,
1064–1071 (2013).

6. Nutt, J. G. Motor fluctuations and dyskinesia in Parkinson’s disease. Parkinsonism
Relat. Disord. 8, 101–108 (2001).

7. Espay, A. J. et al. Technology in Parkinson’s disease: challenges and opportu-
nities. Mov. Disord. 31, 1272–1282 (2016).

8. Warmerdam, E. et al. Long-term unsupervised mobility assessment in move-
ment disorders. Lancet Neurol. 19, 462–470 (2020).

9. Artusi, C. A. et al. Integration of technology-based outcome measures in clinical
trials of Parkinson and other neurodegenerative diseases. Parkinsonism Relat.
Disord. 46, S53–s56 (2018).

10. Espay, A. J. et al. A roadmap for implementation of patient-centered digital
outcome measures in Parkinson’s disease obtained using mobile health tech-
nologies. Mov. Disord. 34, 657–663 (2019).

11. NICE. NICE Recommends NHS Collects Real-World Evidence on Devices that
Monitor People with Parkinson’s Disease. https://www.nice.org.uk/guidance/
dg51 (2023).

12. Galna, B. et al. Accuracy of the microsoft kinect sensor for measuring movement
in people with Parkinson’s disease. Gait. Post. 39, 1062–1068 (2014).

13. Ben Mansour, K. et al. Analysis of mimic facial movements based on motion
capture. Comput. methods Biomech. Biomed. Eng. 17, 78–79 (2014).

14. Krystkowiak, P. et al. Chronic bilateral pallidal stimulation and levodopa do not
improve gait in the same way in Parkinson’s disease: a study using a video
motion analysis system. J. Neurol. 248, 944–949 (2001).

15. Pfister, A., West, A. M., Bronner, S. & Noah, J. A. Comparative abilities of Microsoft
Kinect and Vicon 3D motion capture for gait analysis. J. Med. Eng. Technol. 38,
274–280 (2014).

16. Lu, Z., Nazari, G., MacDermid, J. C., Modarresi, S. & Killip, S. Measurement
properties of a 2-dimensional movement analysis system: a systematic review
and meta-analysis. Arch. Phys. Med. Rehabil. 101, 1603–1627 (2020).

17. Merriaux, P., Dupuis, Y., Boutteau, R., Vasseur, P. & Savatier, X. A Study of Vicon
system positioning performance. Sensors https://doi.org/10.3390/s17071591 (2017).

18. Yang, P. F., Sanno, M., Brüggemann, G. P. & Rittweger, J. Evaluation of the
performance of a motion capture system for small displacement recording and
a discussion for its application potential in bone deformation in vivo mea-
surements. Proc. Inst. Mech. Eng. Part H. J. Eng. Med. 226, 838–847 (2012).

19. Diaz Novo, C. A., et al. V. The impact of technical parameters such as video
sensor technology, system configuration, marker size and speed on the accu-
racy of motion analysis systems. Ingeniería Mecánica, Tecnología y Desarrollo. 17,
7 (2014).

20. Luis-Martínez, R., Monje, M. H. G., Antonini, A., Sánchez-Ferro, Á. & Mestre, T. A.
Technology-enabled care: integrating multidisciplinary care in Parkinson’s dis-
ease through digital technology. Front. Neurol. 11, 575975 (2020).

21. Angelo Antonini, H. R., et al. Towards objective monitoring of Parkinson’s disease
motor symptoms using a wearable device: wearability and performance evaluation
of PDmonitor. Front. Neurol. https://doi.org/10.3389/fneur.2023.1080752 (2023).

22. Kostikis, N., Rigas, G., Konitsiotis, S. & Fotiadis, D. I. Configurable offline sensor
placement identification for a medical device monitoring Parkinson’s disease.
Sensors https://doi.org/10.3390/s21237801 (2021).

23. Bendig, J. et al. Feasibility of a multimodal telemedical intervention for patients
with Parkinson’s disease-a pilot study. J. Clin. Med. https://doi.org/10.3390/
jcm11041074 (2022).

24. Tsamis, K. I., Rigas, G., Nikolaos, K., Fotiadis, D. I. & Konitsiotis, S. Accurate
monitoring of Parkinson’s disease symptoms with a wearable device during
COVID-19 pandemic. Vivo (Athens, Greece) 35, 2327–2330 (2021).

25. Griffiths, R. I. et al. Automated assessment of bradykinesia and dyskinesia in
Parkinson’s disease. J. Parkinsons Dis. 2, 47–55 (2012).

26. Braybrook, M. et al. An ambulatory tremor score for Parkinson’s disease. J.
Parkinsons Dis. 6, 723–731 (2016).

27. Pahwa, R. et al. Role of the personal kinetigraph in the routine clinical assess-
ment of Parkinson’s disease: recommendations from an expert panel. Expert Rev.
Neurotherapeut. 18, 669–680 (2018).

28. Horne, M. K., McGregor, S. & Bergquist, F. An objective fluctuation score for
Parkinson’s disease. PloS One 10, e0124522 (2015).

29. Ossig, C. et al. Correlation of quantitative motor state assessment using a
kinetograph and patient diaries in advanced PD: data from an observational
study. PloS One 11, e0161559 (2016).

30. Santiago, A. et al. Qualitative evaluation of the personal kinetigraphTM move-
ment recording system in a Parkinson’s clinic. J. Parkinsons Dis. 9, 207–219
(2019).

C. Moreau et al.

13

Published in partnership with the Parkinson’s Foundation npj Parkinson’s Disease (2023)   153 

https://doi.org/10.1007/s00702-022-02575-5
https://doi.org/10.1007/s00702-022-02575-5
https://www.nice.org.uk/guidance/dg51
https://www.nice.org.uk/guidance/dg51
https://doi.org/10.3390/s17071591
https://doi.org/10.3389/fneur.2023.1080752
https://doi.org/10.3390/s21237801
https://doi.org/10.3390/jcm11041074
https://doi.org/10.3390/jcm11041074


31. Woodrow, H., Horne, M. K., Fernando, C. V. & Kotschet, K. E. A blinded, controlled
trial of objective measurement in Parkinson’s disease. npj Parkinsons Dis. 6, 35
(2020).

32. Joshi, R. et al. PKG movement recording system use shows promise in routine
clinical care of patients with Parkinson’s disease. Front. Neurol. 10, 1027 (2019).

33. Kotschet, K. et al. Daytime sleep in Parkinson’s disease measured by episodes of
immobility. Parkinsons Relat. Disord. 20, 578–583 (2014).

34. Odin, P. et al. Viewpoint and practical recommendations from a movement
disorder specialist panel on objective measurement in the clinical management
of Parkinson’s disease. npj Parkinsons Dis. 4, 14 (2018).

35. Dominey, T. et al. Introducing the Parkinson’s KinetiGraph into routine Parkin-
son’s disease care: a 3-year single centre experience. J. Parkinsons Dis. 10,
1827–1832 (2020).

36. Knudson, M., Thomsen, T. H. & Kjaer, T. W. Comparing objective and subjective
measures of Parkinson’s disease using the Parkinson’s KinetiGraph. Front. Neurol.
11, 570833 (2020).

37. Krause, E., Randhawa, J. & Mehanna, R. Comparing subjective and objective
response to medications in Parkinson’s disease patients using the Personal
KinetiGraph™. Parkinsons Relat. Disord. 87, 105–110 (2021).

38. Chen, L. et al. More sensitive identification for bradykinesia compared to tre-
mors in Parkinson’s disease based on Parkinson’s KinetiGraph (PKG). Front.
Aging Neurosci. 12, 594701 (2020).

39. Pahwa, R., Bergquist, F., Horne, M. & Minshall, M. E. Objective measurement in
Parkinson’s disease: a descriptive analysis of Parkinson’s symptom scores from a
large population of patients across the world using the personal KinetiGraph®. J.
Clin. Mov. Disord. 7, 5 (2020).

40. Klingelhoefer, L. et al. Night-time sleep in Parkinson’s disease - the potential use
of Parkinson’s KinetiGraph: a prospective comparative study. Eur. J. Neurol. 23,
1275–1288 (2016).

41. Guan, I. et al. Comparison of the Parkinson’s KinetiGraph to off/on levodopa
response testing: Single center experience. Clin. Neurol. Neurosurg. 209, 106890
(2021).

42. Sundgren, M., Andréasson, M., Svenningsson, P., Noori, R. M. & Johansson, A.
Does information from the Parkinson KinetiGraph™ (PKG) influence the neu-
rologist’s treatment decisions?-an observational study in routine clinical care of
people with Parkinson’s disease. J. Personal. Med. https://doi.org/10.3390/
jpm11060519 (2021).

43. Watts, J., Khojandi, A., Vasudevan, R., Nahab, F. B. & Ramdhani, R. A. Improving
medication regimen recommendation for Parkinson’s disease using sensor
technology. Sensors https://doi.org/10.3390/s21103553 (2021).

44. Shokouhi, N., Khodakarami, H., Fernando, C., Osborn, S. & Horne, M. Accuracy of
step count estimations in Parkinson’s disease can be predicted using ambula-
tory monitoring. Front. Aging Neurosci. 14, 904895 (2022).

45. Tan, E. E., Hogg, E. J. & Tagliati, M. The role of Personal KinetiGraph™ fluctuator
score in quantifying the progression of motor fluctuations in Parkinson’s dis-
ease. Funct. Neurol. 34, 21–28 (2019).

46. Isaacson, S. H., Pahwa, R., Pappert, E. J. & Torres-Russotto, D. Evaluation of
morning bradykinesia in Parkinson’s disease in a United States cohort using
continuous objective monitoring. Clin. Parkinsons Relat. Disord. 6, 100145 (2022).

47. Khodakarami, H. et al. Prediction of the levodopa challenge test in Parkinson’s
disease using data from a wrist-worn sensor. Sensors https://doi.org/10.3390/
s19235153 (2019).

48. Khodakarami, H., Shokouhi, N. & Horne, M. A method for measuring time spent
in bradykinesia and dyskinesia in people with Parkinson’s disease using an
ambulatory monitor. J. Neuroeng. Rehabil. 18, 116 (2021).

49. Evans, L., Mohamed, B. & Thomas, E. C. Using telemedicine and wearable
technology to establish a virtual clinic for people with Parkinson’s disease. BMJ
Open Quality https://doi.org/10.1136/bmjoq-2020-001000 (2020).

50. Khodakarami, H., Farzanehfar, P. & Horne, M. The use of data from the Parkin-
son’s KinetiGraph to identify potential candidates for device assisted therapies.
Sensors https://doi.org/10.3390/s19102241 (2019).

51. Kilinçalp, G. et al. Predictive value of ambulatory objective movement mea-
surement for outcomes of levodopa/carbidopa intestinal gel infusion. J. Perso-
nal. Med. https://doi.org/10.3390/jpm12010027 (2022).

52. Farzanehfar, P., Woodrow, H. & Horne, M. Sensor measurements can char-
acterize fluctuations and wearing off in Parkinson’s disease and guide therapy
to improve motor, non-motor and quality of life scores. Front. Aging Neurosci.
14, 852992 (2022).

53. McGregor, S. et al. The use of accelerometry as a tool to measure disturbed
nocturnal sleep in Parkinson’s disease. npj Parkinson’s Dis. 4, 1 (2018).

54. Farzanehfar, P. et al. Objective measurement in routine care of people with
Parkinson’s disease improves outcomes. npj Parkinson’s Dis. 4, 10 (2018).

55. Thomas, I. et al. Sensor-based algorithmic dosing suggestions for oral admin-
istration of levodopa/carbidopa microtablets for Parkinson’s disease: a first
experience. J. Neurol. 266, 651–658 (2019).

56. Rodríguez-Martín, D. et al. A new paradigm in Parkinson’s disease evaluation
with wearable medical devices: a review of STAT-ON(TM). Front. Neurol. 13,
912343 (2022).

57. Caballol, N., Bayés, À., Prats, A., Martín-Baranera, M. & Quispe, P. Feasibility of a
wearable inertial sensor to assess motor complications and treatment in Par-
kinson’s disease. PloS One 18, e0279910 (2023).

58. Bayés, À. et al. A “HOLTER” for Parkinson’s disease: validation of the ability to
detect on-off states using the REMPARK system. Gait Posture 59, 1–6 (2018).

59. Pérez-López, C. et al. Dopaminergic-induced dyskinesia assessment based on a
single belt-worn accelerometer. Artif. Intell. Med. 67, 47–56 (2016).

60. Rodríguez-Molinero, A. et al. Validation of a portable device for mapping motor
and gait disturbances in Parkinson’s disease. JMIR mHealth uHealth 3, e9 (2015).

61. Samà, A. et al. Estimating bradykinesia severity in Parkinson’s disease by ana-
lysing gait through a waist-worn sensor. Comput. Biol. Med. 84, 114–123 (2017).

62. Rodríguez-Molinero, A. et al. Analysis of correlation between an accelerometer-
based algorithm for detecting Parkinsonian gait and UPDRS subscales. Front.
Neurol. 8, 431 (2017).

63. Rodríguez-Molinero, A. et al. Estimating dyskinesia severity in Parkinson’s dis-
ease by using a waist-worn sensor: concurrent validity study. Sci. Rep. 9, 13434
(2019).

64. Sayeed, T., Samà, A., Català, A., Rodríguez-Molinero, A. & Cabestany, J. Adapted
step length estimators for patients with Parkinson’s disease using a lateral belt
worn accelerometer. Technol. Health Care. 23, 179–194 (2015).

65. Rodríguez-Martín, D. et al. Home detection of freezing of gait using support
vector machines through a single waist-worn triaxial accelerometer. PloS one 12,
e0171764 (2017).

66. Giladi, N. et al. Validation of the freezing of gait questionnaire in patients with
Parkinson’s disease. Mov. Disord. 24, 655–661 (2009).

67. Daniel Rodriguez-Martin, A. S., Perez-Lopez, C., Català, A., Cabestany, J., &
Rodriguez-Molinero, A. SVM-based posture identification with a single waist-
located triaxial accelerometer. Exp. Syst. Appl. https://doi.org/10.1016/
j.eswa.2013.07.028 (2013).

68. Giuffrida, J. P., Riley, D. E., Maddux, B. N. & Heldman, D. A. Clinically deployable
Kinesia technology for automated tremor assessment. Mov. Disord. 24, 723–730
(2009).

69. Heldman, D. A. et al. The modified bradykinesia rating scale for Parkinson’s
disease: reliability and comparison with kinematic measures. Mov. Disord. 26,
1859–1863 (2011).

70. Mera, T. O., Heldman, D. A., Espay, A. J., Payne, M. & Giuffrida, J. P. Feasibility of
home-based automated Parkinson’s disease motor assessment. J. Neurosci.
Methods 203, 152–156 (2012).

71. Hadley, A. J., Riley, D. E. & Heldman, D. A. Real-world evidence for a smartwatch-
based Parkinson’s motor assessment app for patients undergoing therapy
changes. Digi. Biomark. 5, 206–215 (2021).

72. Pulliam, C. L. et al. Continuous assessment of levodopa response in Parkinson’s
disease using wearable motion sensors. IEEE Trans. Bio. Med. Eng. 65, 159–164
(2018).

73. Isaacson, S. H. 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. Parkinsons Relat. Disord. 64, 132–137 (2019).

74. Hoffman, J. D. & McNames, J. Objective measure of upper extremity motor
impairment in Parkinson’s disease with inertial sensors. Annu. Int. Conf. IEEE Eng.
Med. Biol. Soc. IEEE Eng. Med. Biol. Soc. Annu. Int. Conf. 2011, 4378–4381 (2011).

75. Espay, A. J. et al. Differential response of speed, amplitude, and rhythm to
dopaminergic medications in Parkinson’s disease. Mov. Disord. 26, 2504–2508
(2011).

76. Mera, T., Vitek, J. L., Alberts, J. L. & Giuffrida, J. P. Kinematic optimization of deep
brain stimulation across multiple motor symptoms in Parkinson’s disease. J.
Neurosci. Methods 198, 280–286 (2011).

77. Heldman, D. A. et al. Automated motion sensor quantification of gait and lower
extremity bradykinesia. Conf. IEEE Eng. Med. Biol. Soc.x 2012, 1956–1959 (2012).

78. Mera, T. O. et al. Quantitative analysis of gait and balance response to deep
brain stimulation in Parkinson’s disease. Gait Posture 38, 109–114 (2013).

79. Mera, T. O., Burack, M. A. & Giuffrida, J. P. Objective motion sensor assessment
highly correlated with scores of global levodopa-induced dyskinesia in Parkin-
son’s disease. J. Parkinsons Dis. 3, 399–407 (2013).

80. Heldman, D. A., Espay, A. J., LeWitt, P. A. & Giuffrida, J. P. Clinician versus
machine: reliability and responsiveness of motor endpoints in Parkinson’s dis-
ease. Parkinsons Relat. Disord. 20, 590–595 (2014).

81. Pulliam, C. L., Burack, M. A., Heldman, D. A., Giuffrida, J. P. & Mera, T. O. Motion
sensor dyskinesia assessment during activities of daily living. J. Parkinsons Dis. 4,
609–615 (2014).

82. Pulliam, C. L. et al. Motion sensor strategies for automated optimization of deep
brain stimulation in Parkinson’s disease. Parkinsons Relat. Disord. 21, 378–382
(2015).

C. Moreau et al.

14

npj Parkinson’s Disease (2023)   153 Published in partnership with the Parkinson’s Foundation

https://doi.org/10.3390/jpm11060519
https://doi.org/10.3390/jpm11060519
https://doi.org/10.3390/s21103553
https://doi.org/10.3390/s19235153
https://doi.org/10.3390/s19235153
https://doi.org/10.1136/bmjoq-2020-001000
https://doi.org/10.3390/s19102241
https://doi.org/10.3390/jpm12010027
https://doi.org/10.1016/j.eswa.2013.07.028
https://doi.org/10.1016/j.eswa.2013.07.028


83. Heldman, D. A., Giuffrida, J. P. & Cubo, E. Wearable sensors for advanced therapy
referral in Parkinson’s disease. J. Parkinsons Dis. 6, 631–638 (2016).

84. Heldman, D. A. et al. App-based Bradykinesia tasks for clinic and home
assessment in Parkinson’s disease: reliability and responsiveness. J. Parkinsons
Dis. 7, 741–747 (2017).

85. Heldman, D. A. et al. Telehealth management of Parkinson’s disease using
wearable sensors: an exploratory study. Digi. Biomark. 1, 43–51 (2017).

86. Sturchio, A. et al. Kinematic but not clinical measures predict falls in Parkinson-
related orthostatic hypotension. J. Neurol. 268, 1006–1015 (2021).

87. Buchman, A. S. et al. Associations between quantitative mobility measures
derived from components of conventional mobility testing and Parkinsonian
gait in older adults. PloS One 9, e86262 (2014).

88. Weiss, A., Herman, T., Giladi, N. & Hausdorff, J. M. Objective assessment of fall
risk in Parkinson’s disease using a body-fixed sensor worn for 3 days. PloS One 9,
e96675 (2014).

89. Iluz, T. et al. Automated detection of missteps during community ambulation in
patients with Parkinson’s disease: a new approach for quantifying fall risk in the
community setting. J. Neuroeng. Rehabil. 11, 48 (2014).

90. Hill, E. J. et al. Quantitative mobility measures complement the MDS-UPDRS for
characterization of Parkinson’s disease heterogeneity. Parkinsons Relat. Disord.
84, 105–111 (2021).

91. Cerff, B. et al. Home-based physical behavior in late stage Parkinson disease
dementia: differences between cognitive subtypes. Neurodegener. Dis. 17,
135–144 (2017).

92. Keogh, A. et al. Acceptability of wearable devices for measuring mobility
remotely: observations from the mobilise-D technical validation study. Digi.
Health 9, 20552076221150745 (2023).

93. Jacobs, D. et al. Evaluation of the validity and reliability of connected insoles to
measure gait parameters in healthy adults. Sensors https://doi.org/10.3390/
s21196543 (2021).

94. Lunardini, F., Malavolti, M., Pedrocchi, A. L. G., Borghese, N. A. & Ferrante, S. A
mobile app to transparently distinguish single- from dual-task walking for the
ecological monitoring of age-related changes in daily-life gait. Gait Posture 86,
27–32 (2021).

95. Farid, L. et al. FeetMe® Monitor-connected insoles are a valid and reliable
alternative for the evaluation of gait speed after stroke. Top. Stroke Rehabil. 28,
127–134 (2021).

96. Domínguez, A. G. et al. Study for the validation of the FeetMe® integrated
sensor insole system compared to GAITRite® system to assess the characteristics
of the gait in patients with multiple sclerosis. PLoS One 94, 40–38 (2020).

97. Parati, M. et al. Validation of pressure-sensing insoles in patients with Parkin-
son’s disease during overground walking in single and cognitive dual-task
conditions. Sensors https://doi.org/10.3390/s22176392 (2022).

98. Renner, K. E., Williams, D. S. B. & Queen, R. M. The reliability and validity of the
Loadsol(®) under various walking and running conditions. Sensors https://
doi.org/10.3390/s19020265 (2019).

99. Price, C., Parker, D. & Nester, C. Validity and repeatability of three in-shoe
pressure measurement systems. Gait Posture 46, 69–74 (2016).

100. Loukovitis, A., Ziagkas, E., Zekakos, D. X., Petrelis, A. & Grouios, G. Test-retest
reliability of PODOSmart(®) gait analysis insoles. Sensors https://doi.org/10.3390/
s21227532 (2021).

101. Oerbekke, M. S. et al. Concurrent validity and reliability of wireless instrumented
insoles measuring postural balance and temporal gait parameters. Gait Posture
51, 116–124 (2017).

102. Subramaniam, S., Majumder, S., Faisal, A. I. & Deen, M. J. Insole-based systems
for health monitoring: current solutions and research challenges. Sensors
https://doi.org/10.3390/s22020438 (2022).

103. Filtjens, B., Ginis, P., Nieuwboer, A., Slaets, P. & Vanrumste, B. Automated
freezing of gait assessment with marker-based motion capture and multi-stage
spatial-temporal graph convolutional neural networks. J. Neuroeng. Rehabil. 19,
48 (2022).

104. Mancini, M. et al. ISway: a sensitive, valid and reliable measure of postural
control. J. Neuroeng. Rehabil. 9, 59 (2012).

105. Spain, R. I., Mancini, M., Horak, F. B. & Bourdette, D. Body-worn sensors capture
variability, but not decline, of gait and balance measures in multiple sclerosis
over 18 months. Gait Posture 39, 958–964 (2014).

106. King, L. A. et al. Instrumenting the balance error scoring system for use with
patients reporting persistent balance problems after mild traumatic brain injury.
Arch. Phys. Med. Rehabil. 95, 353–359 (2014).

107. Schmitz-Hübsch, T. et al. Accuracy and repeatability of two methods of gait
analysis—GaitRite™ und Mobility Lab™—in subjects with cerebellar ataxia. Gait
Posture 48, 194–201 (2016).

108. Zampieri, C. et al. The instrumented timed up and go test: potential outcome
measure for disease modifying therapies in Parkinson’s disease. J. Neurol. Neu-
rosurg. Psychiat. 81, 171–176 (2010).

109. Sterling, N. W. et al. Dopaminergic modulation of arm swing during gait among
Parkinson’s disease patients. J. Parkinsons Dis. 5, 141–150 (2015).

110. Mancini, M. et al. Mobility lab to assess balance and gait with synchronized
body-worn sensors. J. Bioeng. Biomed. Sci. https://doi.org/10.4172/2155-9538.S1-
007 (2011).

111. Dewey, D. C. et al. Automated gait and balance parameters diagnose and cor-
relate with severity in Parkinson disease. J. Neurol. Sci. 345, 131–138 (2014).

112. https://apdm.com/publications/.
113. Mancini, M. et al. Trunk accelerometry reveals postural instability in untreated

Parkinson’s disease. Parkinsons Relat. Disord. 17, 557–562 (2011).
114. Curtze, C., Nutt, J. G., Carlson-Kuhta, P., Mancini, M. & Horak, F. B. Levodopa is a

double-edged sword for balance and gait in people with Parkinson’s disease.
Mov. Disord. 30, 1361–1370 (2015).

115. Mancini, M. et al. Continuous monitoring of turning in Parkinson’s disease:
rehabilitation potential. NeuroRehabil. 37, 3–10 (2015).

116. Shah, V. V. et al. Effect of levodopa and environmental setting on gait and
turning digital markers related to falls in people with Parkinson’s disease. Mov.
Disord. Clin. Pract. 10, 223–230 (2023).

117. Mancini, M. et al. Measuring freezing of gait during daily-life: an open-source,
wearable sensors approach. J. Neuroeng. Rehabil. 18, 1 (2021).

118. Morris, R. et al. Validity of Mobility Lab (version 2) for gait assessment in young
adults, older adults and Parkinson’s disease. Physiol. Meas. 40, 095003 (2019).

119. Martinez-Martin, P., Rodriguez-Blazquez, C., Kurtis, M. M. & Chaudhuri, K. R. The
impact of non-motor symptoms on health-related quality of life of patients with
Parkinson’s disease. Mov. Disord. 26, 399–406 (2011).

120. van Wamelen, D. J. et al. Non-motor correlates of wrist-worn wearable sensor use
in Parkinson’s disease: an exploratory analysis. npj Parkinsons Dis. 5, 22 (2019).

121. Ko, Y. F. et al. Quantification analysis of sleep based on smartwatch sensors for
Parkinson’s disease. Biosensors https://doi.org/10.3390/bios12020074 (2022).

122. Evans, A. H. et al. A conditioned response as a measure of impulsive-compulsive
behaviours in Parkinson’s disease. PloS One 9, e89319 (2014).

123. Höglund, A. et al. Associations between fluctuations in daytime sleepiness and
motor and non-motor symptoms in Parkinson’s disease. Mov. Disord. Clin. Pract.
8, 44–50 (2021).

124. Malhi, G. S. et al. The promise of digital mood tracking technologies: are we
heading on the right track? Evid. Based Ment. Health 20, 102–107 (2017).

125. Moskowitz, D. S. & Young, S. N. Ecological momentary assessment: what it is and
why it is a method of the future in clinical psychopharmacology. J. Psychiat.
Neurosci. JPN 31, 13–20 (2006).

126. Bauer, M. et al. Self-reporting software for bipolar disorder: validation of
chronorecord by patients with mania. Psychiat. Res. 159, 359–366 (2008).

127. van Wamelen, D. J. et al. Digital health technology for non-motor symptoms in
people with Parkinson’s disease: futile or future? Parkinsons Relat. Disord. 89,
186–194 (2021).

128. Ahn, J. H., Song, J., Choi, I., Youn, J. & Cho, J. W. Validation of blood pressure
measurement using a smartwatch in patients with Parkinson’s disease. Front.
Neurol. 12, 650929 (2021).

129. Cancela, J. et al. Monitoring of motor and non-motor symptoms of Parkinson’s
disease through a mHealth platform. Conf. IEEE Eng. Med. Biol. Soc. 2016,
663–666 (2016).

130. Tsiouris, K. M. et al. PD_Manager: an mHealth platform for Parkinson’s disease
patient management. Healthc. Technol. Lett. 4, 102–108 (2017).

131. Gatsios, D. et al. Feasibility and utility of mHealth for the remote monitoring of
Parkinson disease: ancillary study of the PD_manager randomized controlled
trial. JMIR mHealth uHealth 8, e16414 (2020).

132. Virbel-Fleischman, C. et al. Symptoms assessment and decision to treat patients
with advanced Parkinson’s disease based on wearables data. npj Parkinsons Dis.
9, 45 (2023).

133. Virbel-Fleischman, C. et al. Body-worn sensors for Parkinson’s disease: a quali-
tative approach with patients and healthcare professionals. PloS One 17,
e0265438 (2022).

134. Silva de Lima, A. L. et al. Feasibility of large-scale deployment of multiple
wearable sensors in Parkinson’s disease. PloS One 12, e0189161 (2017).

135. Chaudhuri, K. R., Hand, A., Obam, F. & Belsey, J. Cost-effectiveness analysis of the
Parkinson’s KinetiGraph and clinical assessment in the management of Parkin-
son’s disease. J. Med. Econ. 25, 774–782 (2022).

136. Adams, J. L. et al. Using a smartwatch and smartphone to assess early Parkin-
son’s disease in the WATCH-PD study. npj Parkinsons Dis. 9, 64 (2023).

137. Ginis, P. et al. Validation of commercial activity trackers in everyday life of
people with Parkinson’s disease. Sensors https://doi.org/10.3390/s23084156
(2023).

138. Montanaro, E., Artusi, C. A., Zibetti, M. & Lopiano, L. Complex therapies for
advanced Parkinson’s disease: what is the role of doctor-patient communica-
tion? Neurol. Sci. Off. J. Ital. Neurol. Soc. Ital. Soc. Clin. Neurophysiol. 40,
2357–2364 (2019).

C. Moreau et al.

15

Published in partnership with the Parkinson’s Foundation npj Parkinson’s Disease (2023)   153 

https://doi.org/10.3390/s21196543
https://doi.org/10.3390/s21196543
https://doi.org/10.3390/s22176392
https://doi.org/10.3390/s19020265
https://doi.org/10.3390/s19020265
https://doi.org/10.3390/s21227532
https://doi.org/10.3390/s21227532
https://doi.org/10.3390/s22020438
https://doi.org/10.4172/2155-9538.S1-007
https://doi.org/10.4172/2155-9538.S1-007
https://apdm.com/publications/
https://doi.org/10.3390/bios12020074
https://doi.org/10.3390/s23084156


ACKNOWLEDGEMENTS
The authors thank the French NS-Park Network for the support. Full financial disclosure:
C.M.: advisory board for AbbVie; D.G.: grants from AP-HP (DRC-PHRC) and France
Parkinson, served on scientific advisory boards for AbbVie and Zambon; received
research funding from Air Liquide and Orkyn; received speech honorarium from
Medtronic, Abbvie, Merz, Orkyn, Aguettant and EverPharma; received travel funding
from Abbvie and Merz; I.B.: member of the ORKYN scientific board; L.L.M.: research
support grants from INSERM, JNLF, The L’Oreal Foundation, the French Parkinson
Association, Fondation of France, Paris Brain Institute BBT and Neurocatalyst calls; speech
honoraria from CSL, Sanofi-Genzyme, Lundbeck, Teva; consultant for Accure therapeu-
tics, Sanofi and received travel funding from the Movement Disorders Society, ANAINF,
Merck, Merz, Medtronic, Teva and AbbVie; E.R.: onorarium for speech from Orkyn,
Aguettant, Elivie and for participating in advisory boards from Merz-Pharma, Ipsen and
Teva. He received research support from Merz-Pharma, Orkyn, Aguettant, Elivie, Ipsen,
Everpharma, Enjoysharing, Fondation Desmarest, AMADYS, ADCY5.org, Fonds de
dotation Patrick Brou de Laurière, Agence Nationale de la Recherche, Dystonia Medical
Reasearch Foundation; D.D.: Grants : French Ministry of Health: PHRC grants French
Ministry of Research: ANR European Preclinical Research: Coen European Clinical
Research: Horizon 2020 Charities: France Parkinson, ARSLA Foundation Foundations:
University of Lille, CA; Equities: InBrain Pharma, InVenis Biotherapies; G.D.: Honoraria to
speak from LVL médical, Elivie, Homeperf; M.B.: grants from France Parkinson
Foundation, reimbursement of travel expenses to scientific meetings from Asten, Boston
Scientific, Elivie and Medtronic, honoraria from Abbvie, Aguettan, Allergan, Merz Pharma;
M.F.: Honoraria to speak from AbbVie, Orkyn and BIAL, consultantancies for LVL médicale.

AUTHOR CONTRIBUTIONS
C.M., M.F., T.R., D.G., I.B., and P.R., designed and conceptualized the study. C.M., M.F.,
T.R., D.G., I.B., P.R., A.-R.M., S.D., L.-L.M., E.R., D.D., G.D. and M.B., contributed to data
collection. A.-R.M., S.D., L.-L.M., E.R., D.D., G.D. and M.B., contributed tables and figure
realization, C.M., M.F., T.R., D.G., I.B., and P.R. contributed to the interpretation of data.
C.M., M.F., T.R., D.G., I.B., and P.R., contributed to writing manuscript. All authors
contributed to critical revision of the manuscript for intellectual content and final
approval of the completed version.

COMPETING INTERESTS
This research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors. The authors declare no competing interests,
with the exception of C.M., who is the chief medical officer for FeetME and Inbrain
Pharma.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Margherita
Fabbri.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

C. Moreau et al.

16

npj Parkinson’s Disease (2023)   153 Published in partnership with the Parkinson’s Foundation

http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Overview on wearable sensors for the management of Parkinson&#x02019;s disease
	Introduction
	Historical perspective: laboratory-based motion capture systems
	Validation studies
	Strengths and weaknesses

	Wearable sensors selection
	Wearables sensors: description, validation process and clinical applications
	PD monitor
	Validation studies
	Strengths and weaknesses
	Personal Kinetigraph
	Validation studies
	Strengths and weaknesses
	Stat-OnTM
	Validation studies
	Strengths and weaknesses
	KinesiaTM technology
	Validation studies
	Kinesia�UTM
	Kinesia 360TM

	Strengths and weaknesses
	DynaPort
	Validation studies
	Strengths and weaknesses
	Feet me monitor
	Validation studies
	Strengths and weaknesses
	Mobility�lab
	Validation studies
	Strengths and weaknesses

	Regulatory situations
	PDMonitor&#x000AE;
	PKG&#x000AE;
	Sense 4 care—STAT-ON&#x000AE;
	Kinesia&#x02122; technology
	McRoberts—DinaPort
	FeetMe&#x000AE; monitor insoles
	APDM&#x02122;

	Wearables sensors and non-motor Parkinsonian clinical features
	Perspectives and conclusions
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




