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Parkinson'skdiseaseX(PD)KisKakneurodegenerativeRdisorderRthatiaffectsimillions®
of people worldwide K ItsK slowl andX heterogeneous progression overX timeK
makesl timely® diagnosisk challenging X Wrist-wornR digitalX devices,X particularlyX
smartwatches,XarelcurrentlytheXmostipopularitoolskinktheXP DXresearchXfieldX
dueloheirXconveniencelorlong-termidailyife¥monitoring ®Whilelwrist-wornX
sensingdeviceskhaveXgarneredXsignificantinterest,XheirvaluelorailyMoracticeX
iskstillunclear.MInKthisKnarrativelreview Mwelsurveyldemographic KclinicalXandX
technologicallinformationXromk3OKarticleskacrossouriublickdatabases MW rist-
wornltechnology®mainly®¥monitorsimotorsymptomsiandXsleepldisorderskofX
patientslniailyMife KWelfindhatlaccelerometerskareihemostcommonlyusedX
sensorsiolMneasurelhelnovementtbtbeoplediving®vithBPD .M herelbreMewdtudiesX
onMmonitoringheliseaselprogressionomparedolbymptomilassification MVel
concludeithat®wrist-wornKsensingktechnologyXmightXbelusefulXtoXassistkinktheX
managementtb P DRhroughBnButomaticlhissessmentlasedbnbpatient-providedX
dailylivinginformation.X

Parkinson'’s disease, wrist-worn, sensor, daily life, monitoring, management

1.MntroductionX

Parkinson’siliseaseX PD)Msk-apidly¥srowingkheurologicaldisorderRhatihffectsieopleX
worldwide,Mspecially®hoselbverd5Kearskbld Hnkhelpasthreeflecades,®helsociallburdenX
oflPDihasioubledueMolhelhgeingfbfhellobalpopulation Mfkhisdrendtontinues,BheX
predicteddhumberdbfpatientsBvillxceedX 28nillion¥nXhebhextkB0Mrears,MvhichBvillthavelhX
significant@conomicdimpactnlurBocietyl{Rocca,l018) KheredsdnMirgenttheeddoldentifyX
newbffectivedndiffordablefinterventionsiolfeduceffhelmpactbfPDMbnlpatientsindBocietyX
(GRO16RParkinson’sfiseasebCollaborators,R018).K

Clinically,X®PDipatientsiypically¥presentdnotor®ymptomsKorkhelirstktlinic®isit,KuchX
asirestremorfbradykinesia,MandXigidity.MHealthcarefprofessionalskankbftendiagnoseXP DX
whenMpatients¥presenttheseMclassicalmotorXsymptomsXatiaMlateistage,XaccordingXtoKtheX
UKKBrainKBankKCriteriaX(CalneletiXal. X1 992) MEreezingMofXeait FoG) KpostureXinstability,X
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orXgaitidisturbancesKarelalsoXmotorXsymptomsKinXdailyXifeXbutX
aren’telongingMoMhelurrentlyMliagnosed®riterialccordingMobfhelX
UKBbrainbbank RlhefBraakMtagesdhowthatlbomelprodromalkhon-
motorymptoms¥NMS) Buchskonstipationkhnd¥leeplisorder,X
canfbccurtbeforel.ewylbodies{LB)MppearindhelubstantiabhigrabhfX
thebbraintemMRietdijkhethal K017) HarlyMletectiontbffprodromalX
parkinsonismKXisKcrucialXtoXtheleffectivenessibfXdisease-modifyingX
interventions.XMoreover,XemergencylmeasuresXareKinsufficientXtol
stopXtheXdiseaseMdeteriorationXinXtheMatelphase XI'herefore,KitXisX
essentialXtoMtrackMsmallXchangesKinKdiseaseMseverity®¥duringdailyX
lifeKandXtakeKeffectiveRactionXtoXslowXdownXtheXprogressionXofX
PD XAKpersonalized¥disease¥managementiplanXiskconsideredXtoX
bebhnkeftectivelpproachMordhddressing®thelhighlydheterogeneousi
preferencesndbpracticalfequirementsiindividualdpatients.X

WearableldevicesHarelimportant¥toolsXforXpersonalizedXPDX
management.XMnihefpastilecade,MvearableMlevicesthavelevelopedX
rapidly,BhanksMolheMdvancesn®ommunication®echnologybndX
thelnternet®XhingsKIoT).MRemoteXmonitoringbfthebbatient’sk
dailyMivesBrithMvearablelensing®echnology®ankhssistdhealthcareX
professionals®olaindnsightsXintolpatientsThealthionditionskndX
empower® DipatientsMolmprovedreatmentiffectivenesslindilowX
diseaseprogression(DorseylandXEric,82020).XMobiledcomputingX
devicese.g. Mmartwatches)Ehavelexpanded®heMiselbfX‘on-body”X
applicationsromi®linicaldettingsMoMailyifeMbasedbnMbodyRensorX
networks{BSN).X

Wrist-wornM digitalX devices,X especially® smartwatches,X areX
currentlyXthe¥mostX¥popular¥smartX¥consumer®wearable}toolsKforiX
healthcareMiagnosisdnd¥elf-managementXlueMolheironveniencelX
forlong-termXmonitoring®(Chakrabartiietial X2022) KInX2021,KaX
methodologicalkreviewXsurveyedXtheXelectronicXhealthX(eHealth)X
technologiesXforXPDNdetectionXinXdailyXlifeXfromXtheXpastXtwoX
decades,Mvhiledhelnanagement®fBymptomsKvasthotdnvestigatedX
(ZhangNetial ,[¥2021)KInK2022,Makfive-decadeMreviewKoutlinedX
thelprogressibfigitaltechnologyfhndXomputationallechniquesX
applied®olPDXnotorymptomXnonitoringl Chandrabhatlaletihl. X
2022) XNon-motor¥manifestationskbfXPD,MsuchkhskleepMdisordersX
andXdepression,McanKsignificantly¥decreaseMpatientXqualityXofiifeX
(QoL) MethrelbverlookeddnMhisteview MMecentlystematicieviewX

/

436 references searched
from 4 databases

Web of Science (n=71)

Abstract screening

PubMed (n=6)
IEEE Xplore (n=8)
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Deleting review articles and
duplications (n=191)

FIGURE 1
ReferencelelectionBnddnclusion/exclusiontprocedureMorihisiteview.X
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highlightsktheMdeployedisensorialXand¥hlgorithmickaspectsXoflP DX
diagnosisfhnd¥mnanagementX Giannakopoulouletial K022) XlheseX
reviewsMokhotitonsider®RheleffecttbMhelontrolled®nvironment,X
suchXasKaXclinicdKorXlaboratory®onKtheNclinical¥useXoflwearableX
devicesXinKPDNpatients.XSomeXactivitiesKof¥dailyMlivingX(ADLs)X
mainly¥ccurbatthomeMorkhome-likefsetting,KandXsleepXqualityXisX
difficultdoMneasureNongitudinally¥nMilinickbrab X tX¥sKhereforeX
essentialXoXexplorelthelclinicalhpplicationBofcommercialkwrist-
wornXdevicesXfor)in-homeXPDXmonitoring XWrist-basedXsensorsi
haveMdvantagesuchMsdonvenience ¥vearompliance,MndMelativeX
availabilityKinXtheMcommercialdmarket.XThereXiskaXackKofXreviewX
onRheMisefomartwatchesdorbhealthielemonitoring®rompublicX
databases,BwhileaMsurveyKshowsXthatXmostXPD-relatedXresearchX
concernsielf-managementdnMHaboratory®nvironment{KinghindX
Majid,®018) KAMecentMeviewdnvestigatesdvhetherdhelmartwatchX
canfdeplacelhelolelbPalParkinson’skliseaselloctordind®oncludesX
thatRtheXimmediateRimplicationsXforXpatients¥andXcliniciansKarel
limitedX(BloemXetXal ,[X2023) MRemoteMdigitalXmonitoringXofXPDX
canfbecomefhnMimportantXdevelopmentorkliseasemanagementX
andiare.X

Although®helelemonitoring®PDMisingXwvrist-wornensingX
hasXattracted®significant®interest¥inX thel researchX community,X
itsM valuel ini dailyX PDX managementX is¥ stillXl unclear X InX thisX
narrativeM review,X well investigatel thel potentialX role ofX wrist-
wornievicesdnkPDMnotorfndkhon-motordymptomMnonitoringX
inKaMnatural Xfree-livingXenvironment.XWeNevaluateMtheXcurrentX
technological®XprogresskaskvellhsidiscussktheXpotentialkchallengesX
anddmportantfuturelesearchMlirectionstMvrist-baseddechnologyX
inMnanaging®Dbetter.X

2 MaterialsthnddnethodsX

2.1 ReferenceldearchinglinethodX

Thiskharrativeleviewbhims®olummarizehelturrent®tate-of-
artMofusing®wrist-wornktechnologiesXforXmonitoringXmotorandX
non-motoriignskb P D,RheMlifferentdensorypesdiseddnibtudies,X

Full text screening

Include 39 articles for
extraction

(& I

Lab or hospital environment (n=198)

xclusion articles:

No diagnosis of Parkinson’s disease (n=3)
No sensor applied (n=1)

Cueing device (n=1)

\No wearable device (n=3)
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and®hebpotentialfortheselievicesdnMailydpracticeor®helemoteX
managementXofXPD XTolgather}sufficientlinformationXforXthisX
review,XvelearchMorbpeer-reviewed§ournallrticlesfrom®PubMed,X
IEEERK plore, N eblb S cience, ndiGooglelbcholarMisingAI-basedX

TABLE 1 Included articles and related information.

ReferencesX

Diseasellurationiin¥earsX

10.3389/fninf.2023.1135300%

softwareXASReviewL A BXinKOctoberX2022 XTheKsearch®includesX
keywords:}“Parkinson”MDRXPD”MDRX Parkinson’silisease”)XANDX
(“daily” MO RN dailyllife’ SO RRhome MO RRdailyiving” )MAN DY “wrist”X
ORRwrist-worn” MO RRsmartwatch” MORRwristband”).X

LEDDX

controlsX (meankt standardiieviation)X (mg/day)X
Binder®t41.,R 009X SabineMBinderX 10X 5.60E 4.4X 1X o
Naismithbtg1.,X010K Sharoni. BNaismithX 30/14K NAK NAK NAK
Stavitskybt51.,X0108 Stavitsky®K.X 228 NAK NAX NAK
Rolandbtbal.,X012K Kaitlyn® BRoland® 15/158 NAK NAK NAK
Bolithothal.,R013K Samuel.BolithoX 85/21K 5.9 5.28 2.0 0.7X 641.98 466.3X
LouterdtMl.,8014X MaartjelLouterX 45K 9.5Kt 6.4X 2.58 1089.4%k 582.9X
Gunnletil.,KR014X DavidbG MGunnX 95/48K 5.35.5)% 2.0040.7)X 594.5M489.4)X
PulliamPetXl1.,K014X Christopher®L.Bulliami 15K 3.5-170 NAK 75-1930K
Ossighthl. X016X ChristianalDssighl 24K NAKX NAKX NAKX
Klingelhoeferf&t}1.,X016K Klingelhoefer®..X 60X NAK NAK NAK
Wuleth].R018X Jadel BV uk 35K NAK NAK NAK
Pulliamb&t31.,8018X Christopher®L.Bulliami 13K NAK 2.6M0.6)K 1367K768)X
Rosqvistkt}l.,R018X Kristina®RosqvistX 30K NAK 4-5K 7994536-973)K
Portal®thdl., 018X Micaela®PortaX 18X 9.9% 6.0K 1.9 0.4X NAK
Silvaifiel.imal@tHl.,R 018X AnalLigialilvaiied.imalX 3048 NAK NAK NAK
Isaacsonb@thl., 019X Stuartf MsaacsonX 19/20K NAK NAK NAKX
LangP@thl. X019K Murield.angll 30K 110 5K 3.5K NAK
Pradhandind®alerie,2019X Sujata®Pradhani 30/30K 7.8%5.0)K 1.58 NAK
KimB2thal.,K019% Dong®W ookBKimKX 46K 7.646.8)K 2.2K0.6)X NAK
Hssayenikt}1.,2019X MurtadhalD BHssayeniX 19K 9.2 3.8% NAK 12825k 459.8X
vanfWamelenl2ti1.,8019X Daniel.®anfWamelenX 108X 7.5M5.5)K 2.941.0)K 950.4M673.8)K
Shahl%tbal.,2020X Vrutangkumar®/ hahX 29/27X NAK NAX NAK
Abramil@tial.,R020X AvnerB\bramil 258 NAK NAK NAK
Pfister?tk1.,X020X FranzBM Q. Pfisterld 30K NAK NAKX NAK
San-Segundobétial. X 020K RubéniBan-Segundol 10X NAK NAK NAK
Knudsonb&t1.,X0208 MeifKnudsonX 34K 5.0341.40)K 2.2440.43)X NAK
Elzingal@th]. X021X WillembD RElzingalX 12K NAK 1-3X NAK
Kyritsis,®021X KonstantinosfyritsisX 13/7K NAX NAK NAKX
Raykovbethl., 021K Yordan® fRaykovX 25/25K NAR NAR NAR
Tongkthl. R021X Lina®'ongX 5/5K NAKX NAK NAK
Habetsi@tal.,R02 1K JeroenbG.R/ BHabetsX 20K 8.143.5)K NAK 959314)X
Sigcha,R021¥ LuisBigchall 18K NAKX 2.040.78)K NAX
vanfWamelentD t041.,R021¥ | Danield.KranfWamelenX 12K NAK NAK NAK
Kobethl. X 022X Yi-FengK ol 27/30K NAX 2-4% NAK
Prusynski,x022K Racheld BPrusynskil 25/27X NAK NAK NAK
Raschellab@tial.,R0228 FlaviofRaschellal 26/18X 748 5.98 2.08t 0.4% 589.78t 275.68
Liube ], X022K SenBLiuX 208 NAKX NANX NAK
Brand,R022K Yonatanf BrandX 18/12K 5.560 4.05K 2.38E 0.8X NAK
Burq®thl.X022K MaximilienBBurgX 388K 2.941.4)K 2.0K0.5)K NAK
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FIGURE 2

Publishedihumbertdbfheltudyblising®helvrist-worn®vearableln®hedmonitoringbfiinotorforange)ndhon-motoriblue)¥ymptomstofParkinson’sX

disease X

2.2 MrticlelnclusionfndiexclusionX
criterialX

WebelectithebrticlestbasedbniheMollowingdnclusioniriteria:X
(1)BtudiesthatMocuskbnMheMiselbRvrist-basedensinglechnologyX
formonitoringXtheXmotorKorXnon-motorsignsXofPD,KandX(2)X
studiesithatMarelconductedXinXdailyMifeXorkhthome.KArticleskareX
excludedXifi1)Xpatientsiunder®studykhrelhotidiagnosedXiwithPDX
bybaheurologist,X(2)®helhrticlelskhotivrittendnXEnglish,X3)RhelX
experimentXsietiipKnithelhospitallbridaboratory,X4)&heleviceX
iskinwearablefbriifficultolailyXiselhtthome,MuchkasihelvristX
exoskeleton,Mbr5)%herelskholensorfin®heMnonitoringievice X

2.3 AnformationkextractionX

Wellextract¥fourNdcategories¥ofldatalfrom¥selectedXarticles:X
(1)MBasicKarticleKinformation,MincludingitheXauthorsKandXyear
oflpublication ¥WeNarrangeXtheXsourcesXinXchronological¥orderiX
toXanalyseXtheMrecentXtrendXofXpublishedX¥papersKonXwrist-basedX
technologyXinXPDXmonitoring.X(2)XTheXnumberKoflparticipantsX
underistudy,Xincluding®theXnumberXofXPDRpatients¥andXhealthyX
controls,¥vhichMrelincludeddolompareMheMredibilitybbflifferentX
research.X(3)XKDemographicKinformation®nXhelstudyidpopulation.X
ToNanalyseXthelmild,¥moderate XMandXlate-stage}subgroups,KweX
extractXtheldiseaseXdurationXofl PDX patients.X ToX presentX thelX
trendXchangelinlsymptomsXofXPD,XwelalsoXshowXtheXHoehnX
andXYahrX(H-Y)XstagelofXPD)patients®( GoetzMet¥al. X2004) KT o
investigateXtheMeffectXoftotalXdailyMmedicationXonXpatients™MdailyX
symptoms,XwelextractitheML-dopaXequivalentXdailyXdoseX LEDD)X
(JulienKetal.,X2021).X(4)XTechnicalkinformation:XtoKdifferentiateX
theltechnicallcharacteristicd€ofcommerciallwrist-wornXdevicesKinX
references,XweNextract¥theMoutcomelmeasures,XlocationMofXtheX

Frontiersdin®NeuroinformaticsX

04%

wornlwristXfeatures,MperformancesXoflwearableXdevices,XsensoriX
types,fandXlinicallpplicationsdn®helliagnosiskind¥managementX
of’D.X

3.ResultsX

3.1.Mrticlel$electionnddpublicationiearX

WeltindXt36khrticlesibyisearchingithelkeywords MThekarticlesX
comelfromXaivarietyMofXsources:X71¥articlesKfromXthelWebXofX
Science,BromEPubMed,BlromAEEEXK plore,dndB5 1MromMGoogleX
Scholar.XAfterXdeletinglreviewandXduplicated®articlesKthroughX
theMuseMofXENDNOTEX20Xsoftware,X39RarelselectedXforlreviewl
according®olburdnclusionfndixclusion®riterialhsianibelhownX
inFigure 1. MnKFigure 2,XheXpublication®yearXis¥presented XI'helX
numberXofXpublicationsXabout¥commercial¥wrist-wornXwearableX
devicestpplieddnXP Diévaluationbhas¥ncreased®ignificantlydnbitheX
pastdiears,H.e. MromX 018Xk 022;Xherefrel Mrticlestpublished,X
accountingMorXr 4% HheMotal¥tudies®onsidered.X

3.2.®DemographickndilinicalX
characteristicsX

Table 1 providesBinformationtbnihefpublicationdearuthors,X
numberdbffparticipants,ndemographicstbffhelincluded®tudies.X
TheselstudiesX useX different¥ research¥ protocols¥ withX differentX
numbersfbfpatientskhnd/orkhealthy®ontrols Ml herearell 4Xase-
controlltudieskhindi® 5k asefbtudies MMosthbfifhelbtudiesdncludelhX
smallthumberdfpatientsilessdhanX 00),KvithMhelxceptiontdMwol
papers¥vithi®04Mnd®88Mparticipants,Bespectively.Rhebparticipants¥
inKnostibfheseltudieskhredn®helnilddolnoderatelétagesidiPD,X
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TABLE 2 Articles about wrist-worn commercial devices for telemonitoring motor signs in PD and related information.

ReferencesiX SensoritypeX |FeaturesX erformancelX | ClinicallapplicationX MeasuredX MonitoredX |Wrist! |CommercialX
outcomei durationX namei
Binderbétil. R009X UniaxialX TremorMlurationndMmplitudeX SensitivityX Assessiremordccurrencelnd®everityX TremorKX 6XveeksX Non- Actiwatch¥
accelerometeri dominantX
RolanditAl., 012X GPSK Steplounts HightdphysicaldbctivityX NAK Examinebgross¥nobility,Mssess®PA Mategorizel | FrailtyBeverity,BPAX | 8HhX NAK GarminfForerunneri
time,MedentaryMimeX stageshbfirailtyX 405M5PSKvatchX
Pulliamt}1.,K2014X Triaxiallyroscopel | AccelerationndMngular®elocityX AverageltlinicianX | QuantifyMlyskinesialluringfinconstrainedX DyskinesiaX 10MiaysX bilateralX KinetiSenseX
andMriaxial® totalin AIMSBcores | activitiesX
accelerometer and¥nodellcoresk
Ossightthl. R016X TriaxialX MedianBKSEndEDKSX NAK CapturednotorMluctuationsfnbpatientsMvith | MotorMluctuationsX | SiilaysX DominantX | Parkinson’sX
accelerometeriX advanced®DX KinetiGraph™¥
(PKG)®
Pulliambet]. X018X Triaxiallgyroscope | Movement®¥elocity,MrequencyX SensitivitylndX QuantifyMheMlose-responselbfestremor,X MotorMluctuationsX | 2K NAK KinesiaMnotionX
andMriaxialX specificity® bradykinesia,AndMlyskinesialnEndividualsX sensorfinitsX
accelerometer® with® DX
Rosqvistetil.R018X TriaxialX MedianBKSEndBDKSK NAK ContinuousMssessmentifnotorfunction® Motorifluctuationsi | 10MlaysX NAK Parkinson’sX
accelerometerX KinetiGraph™¥
(PKG)X
Portalthdl. k018X TriaxialX Amount/intensitythfPA,X IntensityX PredictbpossiblelthangesinMhebgaitbpattern¥ | PAMindX 3HnonthsX Non- ActiGraphX
accelerometerX spatiotemporalndbkinematick andXerifyMhel@ffectivenessbbfMchabilitative | Gaitk dominantX
parametersbbfigaiti treatments@nd®AbprogramsX
SilvaileM.imalet}al.,R018X TriaxialX Gaitlépisode,MimelnddrequencyX AccuracyX QuantifyMvalkingijuantityd WalkingX 100X NAK NAK
accelerometeri
Isaacsonktl.,2019X Triaxiallyroscopel | TremorMcoreMingerapping®peedd | Efficacylind®afety® | ProvideMeedbackMobpatientsfninotori TremorBlownessX | 12KveeksX NAK Kinesial360X
andMriaxialX score,/DKSK symptomsMndBupplementtandardiareMoX | dyskinesia,ndX
accelerometeriX titratelhelbptimalifotigotineMlosage.d walking®
LangP@thl. R019X Triaxiallyroscopel | StandardMleviation,Fhorm,Mnaximum,X SensitivitydndX AutonomousBeveritylstimationtfPDRtatesX | TremorMyskinesia,X | 331.28 192.6Mnin¥ | dominantX | Schon¥KlinikX
andMriaxialX rootnean¥quare,Mkurtosis,AndX accuracy bradykinesiaX MunchenX
accelerometeriX skewnessX SchwabingX
Pradhantind®/alerie 019X | TriaxialX StepitountsBindFheartiatel UserléxperiencelX QuantifydheMjuantitylndBntensitydbHPA,K PAHevelX 14MaysbndX 4X NAK FitbitdChargeBIRN
accelerometerd provideMeedbackiegardinglctivitylevelsk nightsX (FBHR)X
KimP&tHal.,2019K TriaxialX Steps@)etﬁiay;EctivityEounts@)etﬁlay;@ NAK EstimatelheMnotorfctivityX PAX 1¥veeki non- ActiGraphX
accelerometerX percentfimeBpentledentary,tperden dominantX
timeBpentBnflightX
HssayenilétXl.,2019X Triaxiallyroscopel | Thelpeak-to-peak Mominant® Specificity,X AssessmentldfifesponseoMnedication® Motorifluctuationsd | 6MnonthsX DominantX | KinetiSenselX
andMriaxialX frequencyX sensitivitylndX
accelerometeriX accuracy®
ShahRtH1.,R020X TriaxialX ThelbrientationtindipositionX True/falsebpositivel | DigitallbiomarkerskilailyMifeMnobilityMn®PDX MobilityX 1®veekX Optional | Opalsiby¥APDMKX
accelerometer,X trajectorybbfiachMooti{turnbingleX | fractionX
triaxialgyroscopeX | swingMimerariability,Mtc.)X
andMriaxialX
magnetometerX
Abramiletil. X020X TriaxialX Movementi$yllablesX NAK EstimatelhangesinMhePDi¥tateX Bradykinesia,MremorX 36MlaysX Non- GeneActiveMleviceX
accelerometer and®IGDX dominant¥ | (Activinsights)X
(Continued)X
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TABLE 2 (Continued)

ClinicalpplicationX Measured Monitored
outcomeX durationX

Wrist! | CommercialX
nam
NAR NAR

Pfisterbetdl.R020K Triaxiallgyroscopel | StatisticaldleatureskbfifhelnotionMiatald | FeasibilityX DetectifhelnotorBtatel MotorMfluctuationi
andMriaxialX (oﬂilﬁmﬁyskmenc)l&
accelerometer
Knudsonkthl. X020X TriaxialX MedianBBKSMndEDKSK NAX Measurebnotorymptoms,HpredictMctivitiesild BradykinesialindX | 6MlaysX NAX Parkinson’s®
accelerometerX dailyliving®mpairmentX dyskinesiaX KinetiGraph ™%
(PKG)X
San-Segundobétil. 020X TriaxialX Thelnean,Bange,Mbriross-correlation;¥l AUCKnd¥PRX TremorMletection,fpredictipatientBelf-report | Tremor¥ 4Rveeks¥ BothX Axivity®AX3X
accelerometeri thellominantfrequency,®@nergy® measuresX
contentdnMbparticulardband,bridignalX
entropyX
RaykovEetil.,R021K TriaxialX TheBtepMime,BwingHime,BtanceX SensitivitylndX Detectigaitlndbpredict¥nedication-inducedX | Gaitl AtleastX PhiX BothX Physiloghi
accelerometer¥ time,MndloubledupportMimeX specificityX fluctuationsBn®P DipatientstbasedbnX
free-livingPgaitkl
Tongltl. 021X TriaxialX RootMnean¥quarelralue,Krariance,X Accuracy,Bensitivity,} Hand¥remorietectionX TremorX NAK GominantX | NAK
accelerometer,X absoluteMnean Mneantpowerl and®pecificityX
triaxialgyroscopeX | frequency,MpeakbpowerX
andMriaxialX
magnetometeri
Habetsit31.,8021X TriaxialX ExtremelaluesMariances,Jerkiness,X | User-friendlinessX ClassifyMhelnedication-inducedMluctuationsX | BradykinesiaX 16hX Unilaterald | PhysiloghiX
accelerometeri numbertbffpeaks,dndiootineanX andMeasibilityX infbradykinesiakl
squares;8pectrallpowerfinBpecifick
frequencyManges;MlominantX
frequenciesX
Sigcha,X021K TriaxialX Thelmplitudedind®onstancybbfX NAX ProvideMccuratendielevant¥informationX TremorX NAKX DominantX | LDSR/406MCERVI4K
accelerometerX restingdremori aboutMremorBnbpatients¥nMhebearlyBtagesthX
thebfliseaseX
vanfWamelenlD 41, 8021K | Triaxial¥ MedianBKSAndEDKSK NAK Capturelbradykinesia¥coresifbpatients®vithX | BradykinesiaX 6itlaysX NAX Parkinson’s¥
accelerometerl delovoP DEnbMhomelettingXd KinetiGraph ™"
(PKG)X
Liubetal.,x022K TriaxialX Dominantrequency,fpower AccuracyMensitivity,¥ Record®helong-termbMccelerationignalsthf | RestMremorBeverityX AtHeastiMhX BothX NAK
accelerometeri dispersion,MnaxBin,MnexBin,®Kurt¥ | precision,MndX PDipatientsXvithMifferentMremor®everitiesX
Skew,ampEnK specificity®
Brand,®022X TriaxialX Rhythm Bnagnitude,X AccuracyBprecision,¥| QuantifyMlailyMivinghgaitk gGaitll 100 aysX LeftX ActiGraphdGT3XK-X
accelerometer® regularity/consistencyX sensitivity,lndX
specificityd
BurqtXl.022X Triaxialgyroscoped | NAKX SensitivitydndX Real-lifedlistributionfMliseaseleverity® TremorX 3900 aysX Dominant¥ | Verilyl$tudy@VatchX
andMriaxialX reliabilityX bradykinesia,AndX
accelerometer,®PPG,X gaitl
and®kinX
conductancelensors¥

NA Fhotbhpplicable;®A Fphysicalfctivity;®D,RParkinson’sélisease;fGPS MGlobal®Positioning®ystem;MBKS Fbradykinesiabcore;OKS Mlyskinesialcore;PIGD,RPosturallinstabilitylndiaitiisorders;¥n AIMS, Bnodified®bnormaldnvoluntary®ovementi cale;RAUC Bareall

under®@urve PR Halsebpositiveltate; PG, Bphotoplethysmography.X
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TABLE 3 Articles about wrist-worn commercial devices for telemonitoring non-motor signs in PD and related information.

Referencesi SensorltypeX |Featuresi Performancel | Clinical&pplicationX MeasuredX Monitored® [Wrist! |CommercialX
outcomei durationX namei
Naismithft].,8010X UniaxialX Restlntervallbnsetndib Fset,Fest UtilityX Earlyldentification®fRSBDMndiguideltarlyd | SleepX 2RveeksX Non- Actiwatch¥
accelerometerX efficiency,M¥vakefboutsX interventionX dominantX
Stavitskybéthl. 010X UniaxialX Sleeplbnsetilatency,Bleepifliciency,X | UtilityX Measurel8leepMjuality® SleepX 7MayslindbhightsX | EachX Actiwatch¥
accelerometerX wakelfterBleepbbnset,Motal¥leepX
time,®leepMragmentationX
Bolithok 1., R013X UniaxialX Durationfind®orrelatestbffxcessivel | NAK ObjectivelneasurebbfiiaytimeldleepX SleepinessindX 2RveeksX Non- Actiwatch¥
accelerometerX daytimebhappingX cognitionX dominantX
Louterkt}1.,014X UniaxialX Total8leepMime,Bleepkfiiciency,BleepN Sensitivity,X AbfliagnosticiidorfRSBDEnRParkinson’sX SleepX 7hhightsX Non- Actiwatch¥
accelerometerX latency,MhoMvakelbouts,HengthMvakeX | specificityndX diseasel dominantX
boutsRctivity¥coreX positivebpredictivelX
valueX
Gunnthl K014X UniaxialX Sleepiefficiency,Bleeplbnset/offsetl NAK AssessmentddfidleepMlisturbanceX SleepMind®ognitionX | 2KveeksX Non- ActiwatchX
accelerometer (variability)X dominant
Klingelhoefer®éthl., 016X TriaxialX ParametersiforBleepijualitydndX NAK ObjectivelfemoteMnarker®fiflisturbedX SleepX olaysdndbhightsk | NAK Parkinson’sX
accelerometeriX quantity® nighttimelleepX KinetiGraph™¥
(PKG)®
Wubethl. X018X UniaxialX Total8leepMime,Bleepldnsetatency,¥ | UtilityX Rest-activitylhythmMskbiomarkerdorX CognitionX 7—10MaysX Non- Actiwatch¥
accelerometerX wakelfterBleeplbnset,MndXleepX circadianX dominantX
efficiencyX function¥n®PDX
vanlWamelenlethl RO019K | TriaxialX MeanBKSEndBEDKSK NAK Measurebfhebhon-motorymptomsitorrelate¥ | 9lomainskhX 6blaysi DominantX | Parkinson’sX
accelerometerX withBKSHnd@DKSK non-motorX KinetiGraph™¥
symptoms¥ (PKG)X
Elzingalthal. 2021X PPGX HRMndXleepBtatelstimatesX RepeatabilitylindX | Detectitlenbuterol-induced®hangesdndMrackX| SleepX 6hlaysi NAK NAK
MinimumX treatment®ffects)
DetectablePEffectl
Kyritsis,R021K Triaxiallyroscopel | BiteMnomentsindMipwards¥vristy SensitivitylndX ClassificationtbfMin-meali@atingbprofilesolhel | GastrointestinalX 7MaysX DominantX | NAKX
andMriaxialX micro-movementsX specificityd PDMrihebhealthybpopulationsX
accelerometer
Koethl.,R022K TriaxialX Sleeplefficiency,IREM,Mind®leepyclel| Accuracyd DetectMhelbnormall/RBDMphenomenonX SleepX 2earsk RightX ASUSR/ivoWatchX
accelerometer,/PPGK BPX
Prusynski,X022X TriaxialX NighttimeRleep,BvakeningsMfterileep IntensityX MeasurebheBleeplnddedentarybehaviorinX | SleepX 2XveeksX NAK FitbitlCharge®HRX
accelerometer® onset,fhumberddffvakenings,Fhaps,X mild®PDX
stepitount,And®PARNntensityX
RaschellalétPal. X 022K TriaxialX Individual¥novementMpisodes,fglobal¥ AccuracyBensitivity,¥ Automaticd®RBDMliagnosesdinthomelettings¥ | SleepX 2WveeksX NAK GENEActivTM®
accelerometerX nocturnalfctivityX and®pecificityX

NA Bhothpplicable; PG Mphotoplethysmography;BHR Mheartiate;]REM Hapidityelnovement,lRSBD,Mapidityeblnovementileepbehaviordlisorder;fRBD,IREMBbehaviorilisorder;BKS, Bradykinesia¥core;ilDKS Miyskinesia¥core X
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Motor sign monitoring

Non-motor sign monitoring

FIGURE 3
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andnlylbneltudyMnvestigated®¥hednotorMunctiondbPparticipantsX
inMhefateltageld P D.X

3.3.MMotorl8ymptomsdnonitoringX

Between®0098ndR017 BveldnlyMindourbpublicationsMocusingX
onMhebapplicationtbfvristdechnologydorlnonitoring¥notoriignsX
in®PD Kigure 2 showskbtronglincreaselnihelisefbMvrist-basedX
technologyMor¥nonitoring® DEnotordignsdnkailydife,MBtartingln
2018 B hefhumbertbfipublishedbpaperstbnihisdopiclincreaselbytd.5X
times¥nihelpastiiiears,Mromiiole2 X' helnajorityldheltudiesk
(67%)KocusesFbn¥motorlymptomskb P DXincludingirestiremorX
bradykinesia,ndigait.X

Table 2 presentsk26Mbstudies®thatlinvestigatelheluseXofMwrist-
basedXvearableensorflevicesMorMnonitoringiheMnotordeaturesihfX
PDpatientstbverMhebpastilecade M'heseMlevicesMreMypically¥vornX

Frontiersdin®NeuroinformaticsX

08K

fordMneantbb-7Mlays Kl oleducelheleffecttbMnotorbymptomsX
onlvearablesMensitivitybhnd¥pecificity,®heldensor¥s¥vornkbnihelX
non-dominant¥vristtbipatients Khelnotorommonly®tudiedXsX
tremor,¥vhichMccountsior’4.6%M9/26 )b DallMeviewedrrticles.X
VariousKresearch¥groupsiXhavelemployedXdifferentdtypesofX
sensors¥inKtheirlresearchprotocols. XTheMpieXchart¥(Figure 3)X
aboveldhowsXhatihelnostitommonlyMiseddensortypelorknotorX
signs¥nonitoring¥sihelnovement®ensor®{91%).Mnterestingly,#heX
triaxialccelerometerfsifhelnostiirequentlyMiseddnovementdensor¥
(60%) XT'heMgyroscopelisKanotherXtypeMofmotionXsensorKthatXisX
frequentlyMiseddoMneasurelbrientationfndingular®elocity.X
Figure 4 showsXthatMtheXtechnical®applications¥of¥wrist-
wornisensorsifor®nonitoringirestremor®inPDXncludeirackingX
tremor¥severityX(nX=M4)KandXdetectingXtremorKsignsX(#X=x3) XInX
2021,MradykinesialvasiirstdinobtrusivelyXmonitoredbyavrist-
wornkhccelerometer®whichKindicated®¥monitoring®radykinesiaXinX
non-invasive¥andXnon-intrusiveRwaysKtoMtrackXtheXseverityMandX
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progressionXofXtheXsymptomM(HabetsXetXal. X¥2021) MDyskinesiaX
wasMirstiuantifiedXnX20148vhen®heXKinetiSenselwverevornXoni
thelbilateral¥wristsMofXPDXpatientsdduringXincontrolledXactivitiesX
(PulliamBétdl. ®014) BustralianMesearchersilevelopedihePersonalX
KinetiGraph® (PKG*)X (Global¥KineticsX CorporationX Ltd.)X toX
producelfhelnediantbradykinesia¥coredBKS)MndMlyskinesiacorel
(DKS)Xordbbjectivelykestimating®helbradykinesia¥andXyskinesiaX
ofPD Mlable 2 shows®hatiheXUnited®KingdomMndXNetherlandsX
researchXgroupMusesXPK GRtoXearlyXdetectXbradykinesiakinXnewlyX
diagnoseddndbpreviouslyMintreated®Dipatients{vaniVameleni X
ethal K 021) BwedishBinddGermanKesearchBgroupsiiseltiokhssessk
theMnotorMfluctuationdMdvanced® DbpatientskndiimbMobguidedfheX
self-managementdbfi®Dbpatientsi Ossightthl K 016X osqvisthetal. X
2018) K

3.4MNon-motordymptomsimonitoringX

Table 3 showsKl3KarticlesKthatdhaveXinvestigatedXnon-motoriX
symptoms{NMS)o P DX niailyNifelvithMvrist-wornkechnology.X
TheX non-motor symptomX monitors¥ areX mainlyX commercialX
actigraphy,Mincluding®A ctiwatchX(#X=X6),KPK GX(nX=K2),XASUSK
VivoWatch®BPn%N ) FitbitkChargeBHRR/%EH ) AndGENEActiv ™M?
(n¥=H1) KT heMactigraphyXtypicallyKiskwvornXonXtheknon-dominantX
wrist ¥ ThelreasonXisKthatXtheXnon-dominantXwrist}hasXfewerX
movements@han®heldlominantfbne XlearerlataktanibefbbtainedX
whenRherelhredewer®novementihrtefacts Xl herefore, P DFpatientsX
canixpecthatihellataltanfeldcquiredXvithMewerbhoisesEyXvrist-
wornfnMhefhon-dominantM¥vrist X'helurationtbXnonitoring®ni
theseltudiesdsMypicallyXMolNveeks M owever,lbnelbtudyRletectsX
abnormal®leepbphenomena¥nXP DipatientsBvithBMightBvrist-wornX
device ASUSWivoWatchBBP)MorKrearsi [ okt tdl]. X022) X

MostINM SKstudiesH (8Xoutiofl13)Xfocus¥onXsleep¥quality.X
Interestingly,MbneMrticleilassifiesdgastrointestinaldymptoms¥nEP DX
usinglnertialMeasurement®nits{IMUs){Kyritsis,X021) Bigure 3
shows®hatlensortypesiised®olineasure@NMSNncludednovementX
sensors¥nX 2,86%)Mndphotoplethysmography¥n#R,8 4%) K'heX
uniaxialMccelerometer¥sdheMnostdrequently®mployed¥novementX
sensor}50%).X

4 WDiscussionkndonclusionX

ThisHreviewHisKtheXfirstXtoprovideXanKoverviewXofXtheXuseX
offwrist-wornKdevicesXforXremoteXmonitoringkhndXmanagingXPDKX
patientsXinKtheirXdailyMlivingXenvironment.XComparedXwithXtheX
classificationXMofMPDNsymptoms,Xwrist-wornKsensorskhaveXbeeni
less¥ commonlyX usedX toX dailyX trackX thell progressionX ofl PD.X
InXthellast¥decadeKresearcherskhaveRprimarilyMused¥movementX
sensorsXi.e.,Maccelerometers,XtoXdaily®¥monitor¥motor¥andXnon-
motor¥ymptomsb P D.X

4.1 ymptomsinonitoringX
In-homeX monitoringX usingX wrist-wornX technologyX hasX

primarilyXfocused®bnitlassifyingdndmanaging®notorymptomsX
andXsleepXdisorders¥ofldPDpatients,Nleaving®manyXnon-motoriX

Frontiersdin®NeuroinformaticsX
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symptomsXinaddressed X¥With&heldevelopmentXofidigitalkinobileX
technology,Mechnology-basedibjectivedneasurements,particularlyX
wrist-wornXmonitorskhavelbecomelpopularamongipatients¥andX
clinicians¥nbMaily¥nonitoring{Kinglandiviajid,X018) MResearchersX
haveNmainlyXusedXmobile}devicesXtoRhelpKPDNpatientskdetect,X
monitor,Mand¥managedmotor}symptomsKwhileXneglectingXnon-
motor¥symptoms¥whichKareXdifficultktod measurelX directlyX byX
wearablelensorsiéveryMlay Rl'hisHsheflected¥nbtheMfact™hathh79%Mb X
theltudieseviewedocuskbnlnotoriigns,EompareddolbnlykB3 %X
thatifocusKonXhon-motor¥signs MNon-motorsymptomskremainkal
neglectedirealdffesearch®n® DMnonitoring X
PreviousivorksibnXPDRnotornonitoringmainly®ocusedXoni
threelardinal¥igns:¥remor,Myskinesia,dnd®radykinesia. X heMvristX
jointKisXimostXfrequentlythffecteddbyXrigidity.XIable 2 showsKthatX
therelsthoMtudydbnMigidityMnonitoringdvithMhevrist-based¥ensoriX
infhXailylenvironment.XAX-ecent®bcopingireviewdbBvristiigidityX
evaluation®¥eporteddhatomeMorcednd¥nertialensorsthavelbeenX
usedMoljuantitativelyMdssesslheMigiditydMvristsMnEPDMA [vesk il X
2022) MoweverXt¥sKhallenging®oltandardize®heXneasurementX
ofrigidityMwithXaccessiblelwearables MWithRtheXfastldevelopmentX
oftechnologydindomputational®echniques,MtXsNikelydhatthewlX
analyticalXmodelsKordensorfpplicationMnXigidity®emergeXdnithelX
future.X
Compared®vith®6Mtudiesdocusingdbn¥notoribigns,lonlybhalfX
oflthemXhavelinvestigatedXthelnon-motorXsignsXinKdailyXife XInX
particular,XsleepKproblemsKhaveXbeenXtheXfocusKofPDXresearch.X
RapidXeyeXimovementXsleepbehavioridisorderisXthoughtXoXbeXhlX
prodromalXsymptomKofXPDXandXhasXbeenXtargetedXforXdisease-
modifyingXtreatment¥(NaismithMXetXal ,[X2010).KActiwatchXisXmostX
frequentlyMiseddoMjuantifybéleepMeatures,Buchbhsileeplefiiciency,X
andXsleepMonset/offset®(NaismithKetlal [K2010;XStavitskyXetial. X
2010;XBolitholetkhl. K01 3;K5unnket®hl. 014X outerketkhl. K014).X
Daniellethhl Mised®PKGRoMneasurelhelorrelationtbetweenkhon-
motorXsymptomsKandkbradykinesiakandXdyskinesiaXscoresKinXP DX
patients.XTheyXsuggested®¥that¥theXfutureXofXdigitalXtechnologiesX
mayknabledheleliableneasurementlbfbftenMinder-reportedndX
under-recognized®on-motorBignsi{vaniiVamelentetal. K0 19;¥ank
WamelenlD N fethal K 021) Xnkhddition®oMnotorkproblems,Fon-
motor¥ymptomsimpact®0 %P Dipatients.Bomelubjectivebhon-
motorymptoms,BuchMsMatiguelhnddlepression,anMignificantlyX
decreaselXtheXqualityXofXlifeXofXP DXpatientsKandXareMoutsideXtheX
focustbfParkinson’sitarefndiesearch R'hesebhon-motordproblemsX
arefhighlyiariablelind¥presenthroughoutihelisease’skprogress.X
Thelgapbbetween®heseMinmetieedsibfon-motor¥ndpointskndX
technologybplatformsHsurrentlyflarge BNewNensorMechnologyndX
computational¥nodels,BuchMsileeplearningdnddemi-supervisedX
learningMnayMeMppliedMo¥martXvrist-wornMevicesolmprovelheX
managementdhon-motor¥ymptoms¥n®D.X

4.2 WearablethealthcarelensorX

ComparedXtoMtraditional}scales,Xbody-wornXsensorsX(BWS)X
record¥heMatadpatientsBymptomsindlong-term Meal-time,MndX
objectivednanner KA dditionally,BW SknayMeducefheltosthbRimeX
andinoneyMordpatients¥eekinglprofessionalare MMargemountifX
databtollected®yFBW S¥naybbelaluableMorBnonitoringdymptoms.X
BWSkanbelvornkbnihelwrist,Mvaist,Mbrdankle,ndXprovideXPDX
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patientsdndbhealthcarebprofessionalsivithielevanti¥information®¥nX
daily-livingXconditions. XComparedXtolocationsXofithekbody,XtheX
wrist-wornBensorfsiasyMoXiewdnd¥impleMolbperatelniailydifel
bydblderdndividuals.X

Different¥kindsKoflsensorXtypes¥haveldifferent¥functionsiinX
clinicallhpplications¥bf¥PDEmonitoring XI'hebhccelerometerXskthelX
mostlrequentlydised®vrist-wornlensor¥n®nonitoring® DXnotorX
and¥hon-motor&ignsXinXtheMhatural¥living¥environment.XAmongX
motionensors,®heMriaxialfhccelerometerBmostMrequentlyMletectsX
motorXsigns¥ofXPD,XwhileXtheXuniaxiallaccelerometer}isXmostX
frequentlyXused®forMmonitoring®sleepXsigns XThelpossiblelreasonX
is¥that¥aXsingleMtriaxialkaccelerometerMcanMclassifyXtheMsignalsX
ofifbasic¥dailyXmovementsXinKaXP DXpatient's¥activity,MwhileXtheX
uniaxialdccelerometerfonlyitlassifies¥posturaldrientationsiuringX
restX¥InXadditionXto¥movementXsensors,XphotoplethysmographyX
(PPG)Bensorskhrelalsolrequentlydised®n®nonitoringfhon-motor
and¥motorXsigns¥(Elzingal¥et}al. ¥202 1;¥Burqietidal ,M2022;KKolX
ethal X2022) HPPGKisKaksimpleXandX ow-costiwearableldeviceMforX
monitoringkbloodMlowkandibloodMbxygenation MW ristlPPGiignalX
iskwidelyXusedXinKheartXrateMmonitors.XTheXroleXofXPPGXinXP DX
clinical¥practiceMstill¥has¥aKlotMofXpotential XHowever,XaXsingleX
sensoriiskprobablyXinsufficientoXdetectMallXrelevantibignsKofXtheX
bodyXinXPDXpatients.KAccelerometersXandXotherXsensors¥doXn ot
offeribufficientfhnd¥practicalataloritheireal-timekassessmentdbfX
motorXsignals.XGlobalXPositioning®SystemX(GPS)KsensorsXdoXnotX
penetrateisoliddwallskandXareMaftectedXbyMargeMstructures,KwhichX
meansMhatdpatientsannottliseXzPSEndoorsirEnMheMindergroundX
environmentXMn&heMfuture XesearcherslhouldMlesign¥nultimodalX
measurements¥ toX monitor differentX clinical manifestationsX ofX
PD.XIMUKhndXotherXmultimodal¥sensors¥cankhelpXeaptureXmorel
clinicallyMneaningfullbignsXin®aily®nonitoringkhndareXexpectedX
tobbettermonitor®@PDmanifestation®hankalbingle-modalksensor.X
Forlxample,MMaximilientetkal Mtudied¥notion®ensorsionnectedX
withXskinKconductancelsensorsXandXPPGXtoKcaptureXmultimodalX
datalbfPDRorktandard®irtualmotor®examsX Burqietal K022).K
MeanwhileMtls¥mportant®obbalancehelmountdbflnformationX
beingXcollectedXwithXtheXnumberKof&sensorsXwhenXdevelopingXaX
standard®echnologyXneasurement®latform.XAlso,Xt}¥s¥mportantX
thatMfheseMatadystemsBhavefhighMtandardsMorbpatientilata¥ecurityX
andbprivacy.X

4.3 R/alueln®XhelailydnanagementX

Wrist-worn¥ensorsinightthavelhebpotentialdobhelpiliniciansi
andXpatientsKtoRdetectlP DRsymptomsKatianKearlyXstagelthrough
increasingithebhwarenessibfiatientskhnddbfferingKliniciansileepX
insightdintoMpatients®dailyMifelsituations,MpredictitheXmotorXandX
non-motorXsignsandXsubsequentlyXtrackPDRsymptomKseverityX
inMdailyXnaturalisticdkenvironments KFromKXFigure 4,KwelfindXthatX
classificationfbfvrist-basedMechnologydsinainlylnKleep Mait,lindX
tremor® P D,ecauseMvrist-wornMccelerometersianiasilyilassifyX
activitybpatterns¥nMailydiving ®loreover,Bvrist-wornklevicesthaveX
beenlvidelybisedByXhebpublickvithdhelpopularityldfmartwatches.X
ThelcommonXusagelofitheXdevicesXcanXtimelyXoffer®healthcarelX
professionalsfbpportunitiesktoldetectlPDsymptomsXinkthekhigh-
riskipopulationfhtFhnkearlylstage KWrist¥vearablesdnainlydnalyseX
theMrendiesttremordndibradykinesia,butbhavefhotibeenMisedX
verybbftenlolracklNMS XI'helackibffbroperfbensingiechnologyX
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maydbelthelauselbXtheyaplvhichMvillkheedXtolbelhddressedXink
futureltudies Mnbhddition Bvrist-wornilevicesEnightthelhelpfuldnX
theMlailyMnanagement® P Dbpatients,utMfurtherMesearchMnustibeX
doneMsihelorrelationsBoMarMvithilinicalcalesdredhotXrerythigh X

InMinelvithBburMfindings,M}-ecentdn-depthMhnalysiskbasedXniX
overbb0MrticlesupportedhatNittledocuskhasibeeniplacedkbnitheX
managementlbfPDINM SN iakvearablelensors,@ompareddolnuchX
workMhatthasteenbattributeddoP DMnotorlymptomMnanagementi
(MughalXetial. X2022) KW rist-wornXdevicesXcanXbeMisedXtoXdetectX
prodromalfhon-motorkignskniailyNife,uchMaskleepiisorders,X
which®anKervelsdigitalbiomarkersiinhelprodromallphaseld P D.X
ActigraphyianfbebtiseddoMneasuredbnormalXleep-relateddeaturesX
inMlailyMifeldndiuidedportabledinterventionsMordprecisiontnedicineX
inMpatients®with¥specificXphenotypesKInk2022,XaKreviewKreportedX
that}lifestyleMinterventionXisktheMirstitestioXpreventXPDX Janssenk
Daalenietihl K022) MDigitalremoteMdevicesdankprovidelexerciseX
interventionsXtoXprodromalXpatientsXinXdailyKlife,XmonitoredXbyX
experts,Mvhich¥nayMlsobhelplarlyiletectiontbfMpecificdprodromalX
NMS,fbjectivelyneasureMheldutcomelbMiseaselprogression,BndX
guideMong-termMself-management XHowever,XtheXNM SKiskaXfieldX
which®sktilldobbelexplored RlhereNskollevicelertifieddinder®hel
UniteditatesiFooddndruglh dministration FDA )lbrEuropean
MedicinesXAgencyX(EMA ) KsolarticlesKfoundisoXfarKonlyXexplorel
thelpossibilityXtoXuseXthem,KandXNMSKdeviceXdevelopmentXandX
validationMreRtilltheededMolbellonelnMuture. X

Furthermore KifXtheKphenotypeXofXpatientskiskbetter®defined,X
diagnosing¥andX¥managingXtheX complex¥diseasel canXbeX moreX
accurate XMCurrently,Xlate-stage}patients¥areXoftenXignored,MandX
moreNMadvanced¥sensorMtechnologyXisXneededXtoXaddressKtheirX
specifickheeds. XEarlyKdiagnosisXofXPDbeforellinicvisitsdandXtheX
useMofsensoritechnologyXforiself-managementihthomeXareltwol
areas¥wherelthereliskpotentialforiXclinicalXapplications¥ofsensorX
technologyMor®D X

4.4 XCurrentdpitfallsinbising®vrist-wornX
deviceshinihebtlinical®?DM¥nanagementX

Consideringfhelonvenienceldfl8martwatchesdniailydpractice,X
wel proposel toX usel wrist-wornX monitoringX inX healthX self-
management.XHowever,RherefhrelhlsolsomeNimitationsdhatlnayX
hinderXtheXwrist-wornXmonitoringitechnologyXtoXbeltranslatedX
intoXPDXclinicalXimanagementXinXdailyMife X(1)XOneKofXtheXmostX
importantX pitfallsk isK theXlackX ofXl standardizationX of} differentX
wrist-basedXobjectiveNmeasurements.XForXexample,McommercialX
wrist-wornKdevices®haveldifferent®measurementMprotocols¥andX
differentMeaturefextractiondlgorithmsiehind®Dymptoms.KlheX
heterogeneityXankhinder®theMstandardizationXofXclinicalkpracticel
guidelinesXaboutRusingMwrist-wornKdevicesdfor®PDXmanagement.X
InXfuture XtheMobligationMofeertificationXbyMakrecognizedXagencyX
oflmedication,XsuchMasKtheX FDAXorXEMA X canXset¥standardX
technologyMassessmentiXriteriaforidifferentXcompetitors®devices.X
(2)XAnotheripitfallskhboutdnissing¥inedicalevicekertificatesdniX
most¥vrist-wornMlevices Rl heltertificationtbffhellevices¥ndicatesX
thelsafelandXreliableRusageMforKcustomersXtoXuseXitKtrackXtheX
diseaseMand®¥manageitheirlhealth. XBeforeMtheMclinical¥trialsXofX
wearableMevicesdreMompleted,MheMechnology®annotlelpprovedX
byXtheXprofessional¥authority,XwhichKbecomesXtheXmainXbarrierX
tolpushingorwardkat-homeXnonitoring XEffectivelollaborationsX
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betweenKprivateRcompanieskandihcademidXinitiatives¥canXfurtherX
advancelhisifield ¥3)X heflimitation®fMisingMvrist-wornMnovementX
sensorsforifheompletefiuman®odyMnovementdnalysisHs¥notherX
pitfallXfor¥clinicalkPDXmanagement XWristltechnologyKhasXthelX
limitationKofXmotionXdatakbeing¥detectedXonlyXfromXtheXarm,X
ratherlthanXthelwholebodyXinXthe}fieldXofhumanX¥movementX
science.XMeanwhile,XfalseXnegativeMandXpositivesXevents¥shouldX
beMconsideredXinXdetecting¥someXPDXsymptomsXfromXtheMwristX
location XForlexample,XtheXwristlwornXdevicesmissesXseveralX
movementsXinKtheMrestXofXtheXbodyXaXpart¥ofdmissingMtheMaxialX
symptoms.XnKaddition,XhekhighMdegreesKfireedomXinXthelarmX
addsXtoXtheMrandomness¥ofimovementsKinKthearms,KprovokesX
overestimationXofXseveralXmovementsKandXfalselpositivesXeventsX
(Gjoreskibettal R016:8hcherbinalét?al )017) A helurrentdpossibleX
solutionXforXaccurateXPDEmotorXsymptomKmonitoringXisXtoXuseX
multipleMsensorsXplaced¥atXdifferentXbodyXparts,XforKexample,X
combining¥¥martwatchXvithd¥martphone Mriisingdhon-wearableX
sensor®echnologiesduchMsMvall-mountedXevicesXhatiankhon-
invasivelyXcaptureXtheXbody¥movementXpatterns. XinKmanyXcases,X
theMaccuracyMoflitheXcalculatedXvariablesKisKstillXpoor,XandXthelX
measurementMccuracylbf¥nanyMvearablesdsiventhot®alidated¥oriX
peoplelvith®D. R o¥ncreaseMheMccuracylbfMvrist-wornMechniquesX
in®PD¥notordymptomMnonitoringMvelhould¥urtherMlevelopihelX
ambulatoryfhuman®novementXnalysisiield@hatdhimskolaptureX
thelvholefbodyMnovementMisingMheMninimalfhumber®fifnovementX
sensorsibndhebbody ¥AccordingoRhefurrentimbulatorythumani
movementXanalysisKtechniques,XweXwouldXrecommendXthatXPDKX
researchersthndhealthcarelprofessionalsMiseMvaist- orthest-worni
sensorMoletterlharacterizelxialnovements,MuchMs,BradykinesiaX
andMlyskinesiadnd®betterfnodelhelfaitbpatternsihumaniubjectsi
thanbbnlyMising®helvrist-wornBensor.;{4)®Researchersihould¥lso
considerhatlPPGlandilectrodermallhctivityMensorskareltronglyX
influenced¥byXtheXwearingoflwrist-wornXdevices®during®non-
motorymptomEnonitoring X'helooseMvearinglbfithellevicesiank
decreaselhelqualityXfbignalsksivenkthelechnicaldnechanismb X
thelsensors.XHowever,XwearingXtooXtight¥canKaffectXtheXusability®
oftheMdevicelhndXhenKincreaseMusersMdropoutiratelinXusingXthelX
devicesXforKtheirXPDEmanagement Xl tXisXessentialXforXhealthcareX
professionalsolfindédMbalancelbetweenMhelorrectdnd®omfortablel
usageldfiheMvrist-wornMevicendirovidelheirdpatientsivithomeX
practical’uidelines. XMoreover,®theltelevant¥hlgorithmsKolextractX
physiologicalXrariablesfirom®PGHnd®lectrodermaldctivityMreXtillX
necessaryMobbelalidatedMccordingfolthefctualitlailyNifelisagelbfX
thelvrist-wornMlevicesorbpeopleMvith®PD.X

4.5 imitationX

TherelarealcoupleXofXlimitationsXtoMthisknarrativelreviewlX
thatdshouldXbehoted XFirstly,®thiskharrativelreviewiXdoeskhotuseX
systematictatisticaldnethods®obhssessitheljualitylbfbtudies,ndX
mayXmnakeXitlessXreproducibleompared®oMaisystematickeview.X
Additionally,XthelreviewRmightXcontainiselectionXandXevaluationiX
biases.X Secondly,X thel reviewX doesX noti providel ald systematicX
discussionXaboutXtheXdataKanalysisKtechniquesXemployedXinKthelX
studies¥thatMareMsurveyed XTheXclearXdescriptionXofalgorithmsX
behindX@heMxtracteddeaturesi®nablesthealthcarelprofessionalskhndX
patientsioXmakeMecisions¥based®n®ransparentinformationorX
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PDiiseaseMnanagement.XHowever,Bvelhoticed®hatdnostilinicalX
articleskwelreviewed®did®notR¥describeXthelhlgorithmsXclearly KInX
addition,MhisHeviewMocusestbnMhebpotentialdralueldMnvestigatingX
wristlechnologyXnihelnanagementdniailyNife indheleatureX
extractionblgorithmMindXmonitoringierformancelarefoutkbthel
scopeloffthiskreview Xl herefore XweXdidXhotkincludeXinformationX
aboutNfeaturel extractionX algorithmsX andX relevantX monitoringX
performances¥n®hisKeview XWeltecommend®hat¥t¥si-aluabledoX
havelMechnique-oriented¥eviewMliscussingiatabinalysis¥nethodsX
behindXtheXusagelofXwrist-worn¥devicesXKinKPDXmanagementXtoX
contributeMoMheMccuracyldfPDRymptomMnonitoring¥niailyMife X

4.6 .MXConclusionX

Wrist-wornX monitoringX technologyX withX medicalX deviceX
certificationfhas®thepotentialoMimprovelearlyXinterventionXandX
personalizediareMnanagement P DipatientsaseddnMailythealth®
informationXexchange ¥Wrist-wornXPPGXsensor¥combinedXwithX
motionKensorsktould¥ssisttobestimatefnotorymptoms,FhnalyzeX
dailyMctivity Mindlvenbhddressomelinmetfheedsorkhon-motoriX
symptomstb P Dbpatients¥nilailylife However,lbnlytaMewdtudiesX
haveladdressedXtheXneed¥ofldnon-motorsymptomXmonitoringX
amongXPDHpatients.XMoreKemphasiskKshould¥beXplacedXonXnon-
motorymptomMnonitoringMising®vrist-wornMevicesfinMheMuture X
Inkaddition,Xlinicalkhealthcarelrofessionalskhnd¥patientsihouldX
paybattentionolhelshortcomings¥bfirommercialized®vrist-wornX
devices,MsuchXas,XtheXlackMofXreliability,Xsufficient¥quality,KandX
clinicalXvalidation. XMMorelwrist-wornXtechnologyXassessmentXandX
clinical®¥ralidationftudieskhrelecommendedXdnMutureioMdncreaseX
theMtechniqueMtrustworthinessMandXeffectiveness¥inXtheMclinicalX
management?b P DAnMailyHife.X
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