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Abstract

Parkinson’s disease(PD) is a common neurodegenerative disorder with a prevalence that is expected to
increase in the next decades. The implementation of digital health technology (wearable devices and
smartphones) in PD is promising. Wearable devices can capture subtle motor symptoms (voice ,facial
expression, fine finger movements) and non-motor symptoms (REM sleep behavior disorder, gastric
motility)thus improving early diagnosis, identifying prodromal PD and enabling population screening for
PD. Furthermore sensors are useful for accurately and objectively evaluate and monitor in real life the
motor (bradykinesia, tremor, gait parameters, freezing of gait, balance) and the non-motor symptoms
of the disease as well as the treatment response and the fluctuations. Touch technology with keystrokes
dynamics during typing a computer offers another opportunity for studying motor symptoms in PD.
However there are limitations, barriers and risks on the use of digital technology. Further studies involving
patients and caregivers will help implement technology in PD.
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OOPHTEX 2YZKEYEXZ KAI EEYTINA THAEOQNA ZTHN
AIATNQZH THZ NOZOY MNAPKINZON

XeBaoth Mnootavi{onouiou ,Zwn Katoapou ,lwdvvns AaykAns
I Neuporoyikn KAivikn ,Apiototéfieio lNaveniothuio ©sooarovikns

MNepiAinyn

H vooos tou Parkinson (NP) eivar pia ouxvi veupogk@uiioukh diatapaxh tns onoias N ouxvotnta avapéveral
va auénBei us endueves Gekaeties. H epappoyn s yneiakhs texvonoyias (popntoi aioBnthpes/cucKeUESs
kal écunva tAépwva ) otnv NP gival noAnd unooxéuevn. O1 popntoi aloBnthpes/cUoKeUEs Kal ta EEunva
mnAépwva unopolv va avixveuoouv eNa@pd KIVNTUKE cupntopata (PetaBonn tns gwvAs, Tns éKppacns Tou
NpPOowWNou, twv AENT®V KIVACEWY twv 6axtuAwy) Kal pn KIVNTUKA cupntdpata (diatapaxn oupnepipopds
otov Unvo REM,petafonn tns yaotpikns kivnukétntas). Mas divouv €tol tnv duvatdtnta va BeAUmOoUpE
v npwign didyvwon s vooou, va npoacdiopicoupe v npddpopun gdon kal va eAéyEoupe tov ninBuoud
yla tnv napouoia tns vooou. EminAéov BonBouv otnv akpifh kar avukeipevikn agloAdynon kal napako-
AouBnon otnv kaBnpepivh (wh twv Kivnukwyv (Bpadukivnaia tpdpos, napduetpol Badions, ndywpa otny
B&dion, 100p-ponia) Kal PN KIVNUKMY CUPNTWPATwY, tns andvinons otnv Bepaneia kal twv SIakuPAavoewy
ns Bepaneias. Enions n texvonoyia enagns pe thv kataypagn twv SuvapiK®V twv NANKIpwY KaBws ypdoel
0 aoBevhs oto unonoyioth anoteel pia aAAN eukalpia PEAENS TWV KIVNTKDY oupntwpdtwy. Yndpxouv Bé-
Bala neplopiopoi kar npoPAnuauopoi oty xphon tns texvonoyias. Mepioodtepes PENETES PE TNV CUPPETOXN
acBevav kal ppovuotwv Ba BonBhoouv otn eupeia epapuoyn s texvooyias otnv vooo.

Né€eis kAe161a: popntés ouokeués, é€unva Kivntd ,éEunva tnAépuwva, véoos Mapkivoov, Yneiakn texvoloyia

Introduction

Parkinson’s disease (PD) is a common neurode-
generative disorder affecting 6.2 million people
worldwide and this number is expected to reach
12 million by 20400, PD is a multisystem disorder
and although motor symptoms are the hallmarks
of the disease, PD is associated with a variety of
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non-motor symptoms 231.PD is very heterogeneous
regarding the age of onset, the motor symptoms,
the non-motor symptoms, the rate of progression
and the genetic background®4. Furthermore, the
natural history of PD has a prediagnostic phase (pre-
clinical and prodromal) and a manifested phase (early
stage and late stage)B-*!. The prodromal phase is
characterized by a range of non-motor symptoms
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(constipation, REM sleep behavior disorder, smell
loss e.t.c.) and a subtle motor signs (voice changes,
decreased facial expression e.t.c.)3!. This complexity
of the disease make the implementation of precision
medicine quite difficult.

Technology/wearables and Parkinson’s
disease

New technologies such as artificial intelligence,
wearable sensors, smartphones, virtual reality ,ma-
chine learning e.t.c. that have been developed intend
to generate accurate measurement of motor func-
tion!®19. The most widely used are inertial measure-
ment units. These units have a triaxal accelerometer
that measure inertia acceleration of a body, a triaxal
gyroscope that measure angular accelerations , a
global positioning technology and a magnetom-
eter®. These inertial units have been embedded
in wearable devices that can be attached to almost
any part of the body (wrist, finger, trunk, foot). So,
wearable sensors can record orientation, amplitude,
frequency and speed of movements!'l, These sensors
can also evaluate gait and give specific gait param-
eters. The wearable sensors are worn by the patient
in the clinic and for remote monitoring in home
setting, thus giving the opportunity for a continu-
ous home monitoring during the activities of daily
living!'2"3!. The implementation of sensor based and
wearable technologies is useful for the objectively
evaluation and monitor patients with manifested
PD, for the improvement of disease management
and also for early disease diagnosis.

Evaluation of patients with manifested PD

The assessment of a patient with PD is challeng-
ing. Although clinical examination and MDS-UPDRS
are the standards for PD evaluation there are some
drawbacks. MDS-UPDRS and other scales are prone
to subjectivity and they reflect the patient status
at the in-person/clinic visit, that is in a precise mo-
ment. It is very important to be informed about the
patient’s symptoms (tremor, bradykinesia, gait dis-
turbance, falls) and on/off states all day long during
his daily routine. Therefore, wearable devices give the
opportunity to continuously evaluate the patients’
motor function in real time and thus objectively bet-
ter manage PD symptoms and improve patients’
quality of life.

Various digital technologies have been developed
for the assessment of various aspects of motor func-
tion in PD, such as tremor, bradykinesia, gait distur-
bance, freezing of gait, falls and dyskinesias ©®'°.In
2023 the UK National Institute for Health and Care
Excellence (NICE) published their recommendations
for the use of devices for remote monitoring of Par-
kinson'’s disease!'®. According to the Committee five
wearable devices are conditionally recommended

as options for remote monitoring of PD to inform
treatment if further evidence is generated and cost
impact is managed.These devices are: 1)Kinesia360:
the device has two sensors worn on the patient’s
wrist and ankle, a tablet and a charge pad. It meas-
ures tremor, bradykinesia, dyskinesia, body position
and steps all day long (16 hours battery life) during
daily activities, 2)KinesiaU: has a smartwatch and a
smartphone for continuous recording or for record-
ing specific active tasks. The device rates tremor,
bradykinesia and dyskinesias (good, mild, moderate,
severe),3)PDMonitor: the device comprises 5 sen-
sors worn on both wrists, both ankles and waist,
a SmartBox and a PDMonitor mobile application.
PDMonitor measures arm/leg/body tremor, arm/leg/
body bradykinesia, dyskinesia, off time, gait impair-
ment as well as number of steps and gait analysis,
freezing of gait and postural instability,4)Personal
KinetiGraph (PKG):it consists of a PKG watch and a
PKG report. The watch is worn on the wrist of the
most affected side for continuous monitoring for
6-10 days. It measures tremor, bradykinesia, dyski-
nesias and motor fluctuations, and final 5)STAT-ON:
the wearable device worn on the patient’s waist ana-
lyzes inertial signals with advanced machine learn-
ing algorithms and contains a communication unit
that transfer the motor assessment to an external
mobile device. STAT-ON measures gait parameters,
freezing of gait, falls, posture, motor fluctuations,
and dyskinesias but it does not measure tremor.
Many other wearable devices/systems have
reached a Technology Readiness Level (TRL) of 8-9
and have the FDA approval such as: Mobility Lab
-APMD,DynaPort7-McRoberts and FeetMe Monitor
Insolest” %, Recently a new smartwatch based moni-
toring system- the Rune Labs Kinematics System- has
been granted with FDA clearance "7, This device
uses an Apple smartwatch and special algorithms
for detecting tremor and dyskinesias.

Non-motor symptoms in PD are common, they can
precede the onset of motor symptoms and affect
the patients’ quality of life. Relatively few studies
with digital health technology focus on non-motor
symptoms of PD. Van Wamelen et al ['¥l identified
eight studies using triaxial wrist-worn devices to
monitor sleep quality and quantity in PD. The results
of the devices correlated with the PD Sleep Scale,
the patient’s sleep diaries and the polysomnography
measures.

Technology for Parkinson’s disease diagnosis

The diagnosis of Parkinson’s disease is challenging
and according to Adler et al " there is only 26%
accuracy for clinical diagnosis of PD in untreated
patients and 53% accuracy in early PD patients
responded to medication. So, multiple studies in-
vestigated the implementation of algorithms and
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digital technology for the early diagnosis of PD. Most
studies focus on the discrimination between patients
with PD and healthy controls. However a lot of ef-
fort has been put for the implementation of digital
technologies for diagnosis of prodromal PD. Both
Prince and de Vos"??! using algorithms for alternate
finger tapping test data collected on smartphones
and Mehrang et al ?" analysing 20-step walking by
built in sensors of smartphones reported feasibility to
discriminate PD from non PD subjects. Lipsmeier et al
(221 evaluated phonation, rest tremor, finger tapping,
balance and gait with a smartphone during active
tasks and passive monitoring at home for 6 months.
They found that the wearable devices can accurately
discriminate patients with PD and healthy controls.
In the study of Di Lazzaro et al ?3 PD patients and
healthy controls performed the MDS-UPDRS part Il
wearing inertial sensors. They distinguished patients
from controls with an accuracy of 97%. Adams et al
241'in the WATCH-PD study evaluated patients and
controls wearing smartwatch and smartphone in the
clinic performing standard assessment and at home
wearing the smartwatch for seven days after each
clinic visit. Also at home patients completed motor,
speech and cognitive tasks on the smartphone every
other week. Parameters that differ between early PD
patients and healthy subjects were arm swing, the
proportion of time with tremor and finger tapping.
Del Din et al **studied 14 gait characteristics with a
wearable sensor placed on the lower back in healthy
controls longitudinally four times at 2-year intervals.
They found that gait variability and asymmetry of
all gait characteristics were the best predictors for
prodromal PD approximately 4 years before clinical
diagnosis.

Touch technology with keystrokes dynamics dur-
ing typing a computer offers another opportunity
for studying motor symptoms in PD. Subjects type
their computer at home and data collection from
key strokes events as the participants press and re-
lease the keys (hold time, release latency, interkey
latencies, flight time, alternating finger tapping)were
stored in a platform and analyzed by a computational
algorithm. All studies found that computer keyboard
interaction discriminate patients with early PD from
controls26-29,

Subtle motor signs in the prodromal phase of
PD are reduced facial expression (hypomimia) and
voice changes (hypophonia).Different speech tasks
have been tried for detection of speech abnormali-
ties such as vowel phonation(«aaa»),syllable and
sentence repetition and reading®®®. Smartphones
used for capturing speech abnormalities (frequency
variability, duration of pause intervals and rate of
speech timing) succeeded to separate early PD pa-
tients from controls B%3". Singh and Xu after analys-
ing 1000 voice samples (the subject said «aaah» for
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10-s audio using a smartphone) propose a method
that reaches 99% accuracy for predicting PDE2.
Furthermore Arora et al®3 found that voice was
a discriminator factor for separating participants
with idiopathic REM sleep behavior disorder from
PD participants. For evaluation of facial expression
computer vision and machine learning were used to
measure the variance of facial movements (key eye
and mouth related features) when the participants
perform six basic emotions or when reading0:343%,
Especially Pegolo et al** implemented a face track-
ing algorithm based on the Facial Action Coding
System (56 landmarks describing the eyes ,the nose,
the mouth, the cheeks).The studies concluded that
guantitative evaluation of facial expression can as-
sist in quantifying the degree of impairment in PD,
identifying early PD patients from normal controls
and classified emotions.

The iPROGNOSIS project supported by a Euro-
pean Horizon 2020 grant (coordinated by Aristotle
University of Thessaloniki-Department of Electrical
and Computer Engineering with the collaboration of
the 3 University Department of Neurology and the
participation of different countries-U.K., Germany,
Portugal, Sweden and Belgium) aimed to recognize
patterns of motor and non-motor symptoms of PD
for the early PD detection. Participants interact with
their smartphones during all day activities. The pa-
rameters that recorded were: speech, movements
by analysing the typing patterns on smartphone
keyboards, facial expression in selfies and emotional
content in text messages. Furthermore a smartwatch
analysed sleep pattern and a smart belt was used
for the assessment of real life eating difficulties. la-
kovakis et al B evaluating PD patients and controls
(interacting with touchscreen smartphones during
natural typing) explored the combined discriminative
potential of enriched keystroke variables ( both tim-
ing and pressure) and achieved an AUC =0.92 and
0.82/0.81 sensitivity/specificity. Moreover, lakovakis
et al 3in an analysis of validation dataset of 36.000
typing sessions (PD patients and controls) achieved
AUC 0.89 with sensitivity/specificity:0.90/0.83. The
estimations correlated significantly with the items
22/23/24 of the UPDRS. Further validation analysis
on de novo PD patients resulted in AUC of 0.97
0.93/0.90 sensitivity/specificity. Papadopoulos et
al B8 used a deep learning framework that analy-
ses data captured during natural user-smart phone
interaction to predict tremor and fine motor move-
ments and achieved 0.86/0.93 sensitivity/specificity.
In order to evaluate speech voice features from run-
ning speech signals were extracted from passively-
captured recordings over voice calls 5. Laganas et
al B% reported an AUC 0.68 for the classification
of PD patients versus controls. Using a smartwatch
triaxial accelerometry computed sleep metrics ( sleep
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efficiency index, total time sleep, sleep fragmenta-
tion index, sleep onset latency) used to discriminate

lenges in the diagnosis of Parkinson’s disease.
Lancet Neurol 2021;20:385-397

between PD patients and controls %, The univariate [4] Heinzel S, Berg D, Gasser T, Chen H, Yao C,
analysis achieved up to 0.77 AUC in early PD patients Postuma R et al. Update of the MDS research
versus controls and a statistically significant associa- criteria for prodromal Parkinson’s disease. Mov
tion with the PD SleepScale 2 counterpart items. The Disord 2019;34(10):1464-1470
iPROGNOSIS hypomimia (selfies) analysis module [5] Berg D, Borghammer P, Fereshtehnejad S-M,
attempts to detect and quantify the decrease of Heinzel S, Horsager J, Schaeffer E et al. Pro-
variability of facial expressions in early PD patients!. dromal Parkinson disease subtypes-key un-
Promising results (early PD patients versus controls) derstanding heterogeneity. Nat Rev Neurol
emerged from the study of Grammaticopoulou et 2021;17(6) : 349-361
al (sensitivity/specificity 0.79/0.82 for Hypomimia Se- [6] Oung QW, Muthusamy H, Lee HL, Basah SN,
verity Index)i“!.For the assessment of real life eating Yaacob S ,Sarillee M et al. Technologies for as-
difficulties Kyritsis et al “? introduced the Plate -to- sessment of motor disorders in Parkinson’s dis-
Mouth, an indicator that relates with the time spent ease: a review. Sensors 2015;15:21710-21745
by the hand operating the utensil to transfer food [7] Luis-Martinez R, Monje M, Antonini A, San-
from the plate into the mouth. Wearable inertial chez-Ferro A, Mestre T. Technology-enabled
measurement unit sensor data were collected in the care: integrating multidisciplinary care in Par-
clinics and in free living. The results reveal an AUC kinson's disease through digital technology.
of 0.748 for the clinical dataset and 0.775/1.000 for Front Neurol 2020;11:575995
the in-the-wild datasets towards the classification [8] Adams J, Lizarraga K ,Waddell E, Myers T,
of in-meal eating behavior profiles to the PD and Jensen-Roberts S, Modica J et al. Digital tech-
healthy control groupsi?.The non-invasive evaluation nology in movement disorders, applications
of gastric motility —electrogastrography - in patients and challenges. Curr Neurol Neurosci Rep
and controls was recorded by a special device(a smart 2021;21(4):16
belt).Analysis of electrogastrography signals captured ~ [9] Chandrabhatla A, Pomeraniec J, Ksendzovsky
after a 30-minute long electroga-strography (after 6 A. Co-evolution of machine learning and digital
hours fasting) found differences between patients technologies to improve monitoring of Parki-
and controls primary for the post-prandial period3!. non’s disease motor symptoms. NPG Digital
Medicine 2022;5:32
Conclusions [10] Moreau C, Rouaud T, Grabli D Benatru |, Remy
) _ n P, Marques AR et al. Overview on wearable
VThe |mp|.em'entat|or_w of dlgrtal health technology sensors for the management of Parkinson’s
will revolutionize PD diagnosis and treatment .Wear- disease. NPJ Parkinson Dis 2023:9:153
a_ble_devrces will improve early diagnosis and _|der_wt|— [11] Monje M, Foffani G, Obeso J, Sanchez-Ferro
fication of prodromal PD. Furthermore monrtorrng A. New sensor and wearable technologies to
motor and non-motor symptoms in real I|f§ as We_” aid in the diagnosis and treatment monitoring
as response to treatmen_tvand mo’_to_r fluctuations will of Parkinson’s disease. Annu Rev Biomed Eng
drive us to a better precision medicine. Although the 2019:21:111-143
results of the studies are promising, there are several [12] Sica M ,Tedesco S, Crowe C, Kenny L, Moore
limitations on the use of wearable sensors such as K, Timmons S et al. Continuous home moni-
small sample sizes of subjects in most studies, differ- toring of Parkinson’s disease using iner-
ent number of sensors used, lack of consensus on the tial sensors: a systematic review. PLoS ONE
type and scope measures and the more appropriate 2021:16:0246528
approach for data captures, technical issued should [13] Li P ,van Wezel R, He F, Zhao Y, Wang Y. The
be tackled and users should become familiar with role of wrist-worn technology in the manage-
technology #l. Future studies will help to adopt ment of Parkinson’s disease in daily life: a re-
a widespread use of digital health technology. view. Front Neuroinform 2023:17:1135300
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Main points:
The implementation of wearable devices and
smartphones in Parkinson’s disease is promising for:
a) early Parkinson’s disease detection, even in
the prodromal phase
b) objectively monitoring motor and non-motor
symptoms and response to treatment

Useable points:

The implementation of wearable devices and
smartphones in Parkinson'’s disease will improve:

a) medication adjustments

b) precision in treatment

¢) clinical trial data
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