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Abstract
Background: Parkinson’s disease is a common neurodegen-

erative pathology that significantly influences quality of life

(QoL) of people affected. The increasing interest and develop-

ment in telemedicine services and internet of things technolo-

gies aim to implement automated smart systems for remote

assistance of patients. The wide variability of Parkinson’s

disease in the clinical expression, as well as in the symptom

progression, seems to address the patients’ care toward a

personalized therapy.

Objectives: This review addresses automated systems based

on wearable/portable devices for the remote treatment and

management of Parkinson’s disease. The idea is to obtain an

overview of the telehealth and automated systems currently

developed to address the impairments due to the pathology to

allow clinicians to improve the quality of care for Parkinson’s

disease with benefits for patients in QoL.

Data Sources: The research was conducted within three

databases: IEEE Xplore�, Web of Science�, and PubMed

Central�, between January 2008 and September 2017.

Study Eligibility Criteria: Accurate exclusion criteria and

selection strategy were applied to screen the 173 articles found.

Results: Ultimately, 55 articles were fully evaluated and in-

cluded in this review. Divided into three categories, they were

automated systems actually tested at home, implemented

mobile applications for Parkinson’s disease assessment, or

described a telehealth system architecture.

Conclusion: This review would provide an exhaustive over-

view of wearable systems for the remote management and

automated assessment of Parkinson’s disease, taking into

account the reliability and acceptability of the implemented

technologies.

Keywords: eHealth, IoT, m-Health, Parkinson’s Disease,

telemedicine, telemonitoring, wearable sensors

Introduction
AU2

T
he increasing aging of population is resulting in

a wide prevalence of chronic diseases such as neu-

rodegenerative disorders, which require long-term

high-cost treatments.1 A plan to develop strategies

able to reduce healthcare costs for age-related pathologies

is an important challenge for the future.2,3 In this scenario,

Parkinson’s disease (PD) is a neurodegenerative illness that

affects millions of people worldwide, and its incidence is

growing.4 PD is caused by a critical loss of dopamine in

the forebrain, which results in typical cardinal motor symp-

toms such as tremor, postural instability, muscular rigidity, and

bradykinesia/hypokinesia.5 In addition, common nonmotor

symptoms such as autonomic dysfunctions, sleep disturbances,

and olfactory symptoms are critical factors that degrade the

quality of life (QoL) of PD patients6 and make the pathology

severely disabling, both physically and socially.7,8

The long-term development of the disease, expression of

symptomatic complications (e.g., motor fluctuations) during

specific times of day, long waiting lists, and traveling costs

(particularly for people who live in rural areas) are just a few

reasons that support the need to move Parkinson’s care into

the home and to develop new care models.9

The wide variability in clinical expression, as well as in

progression of somatic symptoms,10 makes the pathology

difficult to adequately identify and treat.11 Particularly, as the

pathology onset appears unilaterally, with specific impair-

ments, and it develops differently among patients,12 it makes

sense that a personalized and adapted therapy should be ad-

ministered based on the individual needs of PD patients.

This approach would enable optimal care and would treat

the predominant symptoms.13 The approach would also meet

the principles of the novel precision medicine concept for

healthcare systems,14 which aim to provide the best available

care for each subject. In particular, precision medicine is

expected to integrate the best evidence-based knowledge in

different fields, including molecular imaging, deep brain
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stimulation, and wearable sensors, to identify the optimal

solution for the treatment and management of PD patients.15

Personalized strategies are also important to support pa-

tients’ engagement in their care path, making them active in

their own health.16

Recently, advances in wearable sensors, information, and

communication technologies, as well as data mining, are

promoting the design and the implementation of e-Health

systems that allow to provide novel therapeutic and moni-

toring solutions for PD patients.17 These systems aim to

maximize the efficiency of healthcare, enhancing its quality

without increasing costs. This is accomplished through aug-

mented contacts between patients and clinicians and sharing

information between the different stakeholders. These systems

also promote the empowerment of patients to actively manage

their health and to adopt healthy behaviors.18 In the same

vein, internet of things (IoT) systems for healthcare are

emerging.19 They can allow the collection of huge amounts of

patients’ data through wearable sensors that are connected to

a medical database through mobile devices. These data are

analyzed by intelligent algorithms to obtain useful informa-

tion for discriminating relevant health conditions, adjusting

therapy, monitoring disease progression, and supporting both

clinicians and patients in decision-making.

This review article aims to provide a wide overview of the

telehealth and automated systems currently developed to

address the impairments caused by PD to allow the clinicians

to improve the quality of care for the pathology and provide

relative benefits for patients in QoL. In particular, this article

provides a review of the typologies of smart systems that were

investigated and implemented for PD management in the last

decade and focuses both on the kind of technology used and

the system performance. Such systems are organized into

three different categories on the basis of their level of devel-

opment. Indeed, some works presented technologies able to

provide automatic assessment of one or more specific im-

pairments in PD, and they were tested in the actual home

environment. Alternatively, other studies focused on the de-

velopment of mobile health applications for remote auto-

mated PD management. Finally, several articles described the

architecture of a telemedicine system for the provision of a

remote healthcare service for PD patients. For each category,

the existing systems that emerged from the review process

were investigated, analyzed, and discussed.

Materials and Methods
DATA SOURCES

An electronic database search was performed on September

15, 2017 using IEEE Xplore�, Web of Science�, and PubMed

Central� to identify articles concerning the use of wearable

sensors for automated and remote management of Parkin-

son’s disease. According to the PRISMA statement,20 an

additional manual search was performed (e.g., through ci-

tations of articles included in this review), but no further

articles were relevant for inclusion in this review article.

SEARCH TERMS
Specifically, the terms and keywords used for the literature

research were (‘‘Parkinson’’) AND (‘‘wearable’’ OR ‘‘inertial’’

OR ‘‘accelerometer’’ OR ‘‘acceleration’’ OR ‘‘gyroscope’’ OR

‘‘EMG’’ OR ‘‘EEG’’ OR ‘‘ECG’’ OR ‘‘GSR’’ OR ‘‘clothes’’) AND

(‘‘Telemedicine’’ OR ‘‘Telehealth’’ OR ‘‘Telecare’’ OR ‘‘Tele-

monitoring’’ OR ‘‘mhealth’’ OR ‘‘ehealth’’ OR ‘‘M-Health’’ Or

‘‘E-Health’’ OR ‘‘Mobile Health’’ OR ‘‘Home Monitoring’’ OR

‘‘IoT’’ OR ‘‘Internet of Things’’) located within title and/or

abstract and/or keywords.

STUDY SELECTION PROCESS
Only original full-text articles published in English, be-

tween January 2008 and September 2017, which discussed the

use of wearable/portable sensors for automated remote PD

assessment and management, were included in this review.

First, duplicated references were manually identified and

excluded. Then, during the screening procedure, items were

excluded if: (1) they were an abstract, a letter, a review article,

or a chapter from a book or (2) they were not written in the

English language. Each author independently screened the

articles that were excluded with reason if: (1) they did not use

any type of wearable/portable sensors; (2) they did not man-

age Parkinson’s Disease; (3) they did not appear appropriate

for this review after the reading of title and abstract; or (4)

they were not full access. In addition, (5) if multiple articles

written by the same author had similar content, articles

published in journals were selected instead of articles pre-

sented at conferences. Furthermore, (6) if multiple articles

written by the same author with similar content were pre-

sented at conferences, the most recent article was selected.

Disagreements about the inclusion/exclusion and classifica-

tion of the articles were solved through meetings and dis-

cussions among the authors.

Finally, the selected articles, fully evaluated and included in

this review, were classified into three groups based on whether

(1) they implemented devices for automatic assessment of PD

symptoms or impairments (e.g., freezing of gait [FOG], tremor)

and they were tested in the actual home environment; (2) they

developed m-health applications on smartphone/tablet for

PD; or (3) they designed a telemedicine service, describing its

architecture.

ROVINI ET AL.
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DATA ABSTRACTION
Data were abstracted from each selected article, as reported in

T1� T3Tables 1–3. For the first 2 categories evidenced the technological

solutions used, the experimental aspects, and the performed

analysis. In particular, for the technology, the typology of the

sensors, their placement over the body, and the sampling fre-

quency were reported. About the experimental sessions, the de-

signed protocol adopted and the subjects involved according

to their pathology and their health status were described. Fur-

thermore, the last three columns of the Tables 1–3 synthetized

the extracted features, the applied statistical methods, the

implemented classifiers, and the main findings for each work.

Differently, for the third category, the focus was on the tech-

nology used, the symptom addressed, the architecture and per-

formance of the telehealth system, and the preventative measures

adopted in terms of privacy and secure transmission of data.

Results
APPLICATION OVERVIEW

Obtained in the research were 173 articles: 62 references

were retrieved from IEEE Xplore, 43 references were obtained

from Web of Science, and 68 references were taken from

PubMed Central. After removing the duplicated items, 106

references were fully assessed within the evaluation proce-

dure. Finally, according to the eligibility criteria, 55 articles

resulted, which were adequate for the present work and were

included in the final review (F1 Fig. 1).

ANALYSIS METHODS
The selected articles for this review were divided into three

categories based on their level of development. The first cat-

egory included works that implemented technological solu-

tions for the automatic assessment of one or more specific

symptoms of PD. The designed protocol for these studies de-

manded that experimental sessions be performed in the home

environment. The automated evaluation of PD impairments

represents the first step toward a telemedicine system and al-

lows the patients to automatically monitor their health status;

this application is particularly valuable for the most disabling

symptoms. The second category of articles encompassed studies

in which a mobile application was developed for PD manage-

ment. This category is a further step toward the fully automated

assessment of the pathology at home, allowing the patients to

use a highly common technological device (i.e., the smart-

phone) that could acquire data directly, process the data, and

eventually provide timely feedback to the users. Finally, the

third category featured researches in which telehealth services

were designed and/or implemented. This class can include

works from other categories, such as wearable solutions tested

in the home environment or mobile apps for PD. In addition, the

class can provide the complete system architecture, which in-

tegrates wearable sensors, mobile/web-based applications,

servers for the storage and elaboration of acquired data, and

smart interfaces for communication between patients, care-

givers, and medical staff ( F2Fig. 2).

REPORTED RESULTS
More than half (52.7%) of the 55 fully evaluated articles

were published during the past 3 years and 74.5% over the

past 5-year period ( F3Fig. 3a). This result confirmed the in-

creasing interest for wearable systems in PD remote applica-

tions, as well as the need to improve telecare services for

chronic patients. Thirty-one articles (56.4%) were published in

journals, while the others were presented in international

conferences. Regarding the application, 30 studies (54.4%)

were tested in the home environment, 21 works (38.2%) im-

plemented mobile applications, and 24 articles (43.6%) pre-

sented telehealth systems for PD. Nevertheless, only 4 articles

(7.2%) concerned all three topics (Fig. 3b).

AUTOMATED SYSTEMS TESTED AT HOME
The possibility to have an automated evaluation of specific

symptoms or disturbances can represent the first step toward

a remote management of the disease. In particular, some im-

pairments such as FOG,21–23 risk of falls,24 motor fluctuations,

and dyskinesias25–31 can mainly occur during specific times

over the day. For this reason, it is not easy for the neurologist

to evaluate the symptoms during a clinical examination at

the hospital. The opportunity to measure and analyze motor

performances at home can allow the patients to record their

impairments precisely when they first appear, allowing the

clinician to keep track of them over time. Accelerometers

(ACC) and gyroscopes (GYR) are the most used sensors for these

measurements (Table 1) because they represent a valid trade-off

between unobtrusiveness and accuracy for motion mea-

sures.30,32–34 Furthermore, they can eventually be included in a

smartphone,22,35 a wristband,29 or a smartwatch,36,37 which are

common technological tools, to increase the acceptability and

usability of these systems.35 These works aimed to address one

or more symptoms, and their feasibility was typically measured

by evaluating the ability of the system to discriminate PD pa-

tients from healthy subjects of controls (HC)26,38–45 or to cor-

relate well with UPDRS clinical scores.26,30,40,41,46 Machine

learning approaches (e.g., Support Vector Machine, Decision

Tree, Random Forest, and Neural Networks) were generally

implemented to evaluate the accuracy of the system in asses-

sing the investigated symptoms.21–23,25,27,28,30,36,38,47 However,

sometimes long-term studies involved a limited number of

WEARABLE SENSORS FOR PARKINSON’S DISEASE AT HOME
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subjects, so classification ap-

proaches were unreliable, and

the statistical analysis was limited

to significance and correlation of

the features,29,39–42,45,46 or it was

conducted only visually43,48,49

or qualitatively.24,32–35,37,50 In

Table 1 are reported all the arti-

cles that performed tests at home

(or simulated home28,29), includ-

ing systems implementing also

mobile apps,45,50 a Web-based tel-

emedicine system,48 and the com-

bination of all these topics.22,23,35,37

MOBILE APPS FOR PD
In agreement with the large use

of smartphones in the population,

mobile applications (m-apps) are

commonly used in many fields

(e.g., gaming and fitness). Health-

care, in particular, is one of the

most typical fields for number

of applications developed and

downloaded.51 The idea to design

mobile apps for monitoring and

assessing one or more symptoms

in PD reflects the patients’ needs

to have an objective support for

health monitoring during their

daily activities without impact on

them, both physically and so-

cially. In Table 2 are reported

only the works in which a mobile

app was developed; m-apps tes-

ted at home are already reported

in Table 1,22,23,35,37,45,50 and ar-

ticles that included m-apps in a

complete telemedicine system are

reported in Table 3. The mobile

apps can be used directly on the

patient’s own smartphone or

smartwatch, without additional

devices, minimizing their obtru-

siveness,22,37,52–54 or they can

be integrated with other sen-

sors to improve the measurementFig. 1. Selection flowchart according to PRISMA statement.

Fig. 2. The architecture of a general telehealth system.
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capability.23,35,55–57 They can allow the recording of specific

exercises (e.g., tremor analysis and TUG test),52–54 as well

as monitoring and recording of patients over several

hours.23,35,50,55 The apps can offer corrective feedback as

well, encouraging the patients, for instance, to improve their

physical activity or medical adherence.35

TELEHEALTH SYSTEMS
The implementation of e-Health or IoT systems is currently the

final goal to have a valid solution for PD remote management

(Table 3). Such systems included automated systems for the as-

sessment and/or monitoring of specific symptoms,22,23,35,37,48

and they developed also mobile58–66 or Web-based48,67–69 ap-

plications that allow both the patients and the clinicians to easily

access the system through appropriate user interfaces. These

systems would practically provide a modern telemedicine service

using cloud platforms and server applications in which smart

algorithms are implemented to analyze the acquired data (Fig. 2).

Such systems allow a large amount of data to be transferred and

managed, providing both the clinicians and the patients with

useful information about disease progression and health condi-

tions. Long-term monitoring at home,67 eventually during ac-

tivities of daily living (ADL),59 can be useful for the management

of both early-mild patients by permitting the evaluation of

the response to drug delivery68,70 and for mid-advanced patients

in which severe impairments such as ON-OFF motor fluctua-

tion,58,65 levodopa induced dyskinesias,23 and FOG22,71 often

appear. The motor analysis of standardized MDS-UPDRS III tasks

(e.g., forearm pronosupination, heel tapping, gait, and trem-

or)35,48,60–64,66,69,72–74 is another fundamental application that

enables clinicians to have objective results about patients’ motor

performance over time, supporting remote differential diagno-

sis. Motor performance could also be assessed during ADL59 or

by executing virtual games.75 Alternative systems involved

speech analysis37 and facial recognition64 as well, which can

add useful information about disease onset and progression,

as described in MDS-UPDRS tasks 3.1, 3.2. Since sensitive data

are acquired, processed, and stored in the cloud, secure data

transmission and privacy rep-

resent important issues to ad-

dress by adopting preventative

measures for data protec-

tion.23,35,37,60,61,63,65,67,68,71–74

Discussion
The increasing rate in age-

related pathologies such as

Parkinson’s disease is causing

an increase of chronic pa-

tients, with worsening in their QoL. These people need long-

term treatments, therapy adjustments, and monitoring, but

often, clinical examinations in hospitals are not sufficient for

optimal management of the pathology due to long waiting

lists, high traveling distance, working hours lost, etc. The

possibility to monitor the patients at home enables the eval-

uation of many aspects that are not always evident or are

infeasible to assess during neurological examinations in

clinic, including motor fluctuations and dyskinesias,25–31

freezing events,21,71 response to therapy adjustments before

and after medical intakes,29,43,47 and eventually correlated

pathologies (e.g., cardiac activities).56 Furthermore, the use of

a monitoring system in the home environment could elimi-

nate the ‘‘white coat effect,’’ which is responsible for better

performance in the hospital rather than during daily living

activities.44,56

Acceptability,32,34,68 usability,35,50,62 and wearability33 are

all considerations that require particular attention to have an

efficacious system that will actually be used by patients,

without affecting their daily activities, both physically,

avoiding impairments due to obtrusive heavy devices, and

socially, avoiding devices that could be embarrassing and

invasive for the users when they are in the community. For

these reasons, the use of smartphones52,56 or jewelry-like

wearable sensors,76,77 which are common technological tools,

seems to be the best solution to have a portable inexpensive

instrument, which is socially accepted and easy to use. Par-

ticularly, using internal sensors and algorithms of a smart-

phone prevents the need for additional hardware, almost for

some kind of assessment.

Usability and acceptability from users’ perspective are im-

portant issues for an operative and effective telemedicine

system, as mentioned in several articles included in this re-

view. Nevertheless, just few works reported quantitative re-

sults about them. In particular, Ferrari et al.35 administered to

the users a questionnaire based on a five-point Likert scale for

the CUPID system usability and feasibility evaluation. They

reported a satisfactory result, with a mean value of 4.5 out of

Fig. 3.AU7 Publication trend per year (a); paper distribution per application (b).

WEARABLE SENSORS FOR PARKINSON’S DISEASE AT HOME
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5. Similarly, Ginis et al.45 also investigated usability for the

CUPID system, obtaining very positive responses, as scores on

user-friendliness were on average above 4 on a 5-point scale.

Ferreira et al.,50 also proposed to assess the usability of an-

other system, the SENSE-PARK system, that achieved mean

score of 2.67 out of 5 on the PSSUQ.

Another matter of debate is the optimal number of sen-

sors to use, because preliminary results suggested that

reducing them may lead to loss of potentially relevant in-

formation, especially for PD patients, who show a large

variability in movements.49 However, in accordance with

literature, generally less than four sensor devices were

used.58 Anyway, energy harvesting approaches should be

investigated because devices with long battery life are

mandatory for long-term monitoring in unconstrained en-

vironments.72,73

The use of a tele-system for automated assessment of PD

symptoms could support the neurologist in remote differential

diagnosis, as well as through decision-making support sys-

tems.58,65 While the test results are automatically uploaded

into patient medical records, the system could provide in-

stantaneous feedback to the users,35,52,66 allowing the patients

to obtain immediate results about their current condition

without the direct involvement of any clinics.63

Since telehealth systems acquire and manage a wide

amount of data, machine learning techniques are needed for

their processing, analysis, and aggregation; thus, the results

could be appropriately showed to patients and/or clinical

staff, through smart user interfaces.22,23 Technically, the

management of a large amount of data requires attention to

data loss and correct transmission of data.25,67,73 Ethically,

since sensitive data are acquired and processed, adequate

measurements for data protection should be applied, includ-

ing restricted and authenticated access to data,22,60,63 secure

encrypted data transmission (e.g., SSL, SSH, VPN, and TLS

protocols),65,67–69,72 and anonymized personal data.59

As limitation, most of the articles included in this review

involve a limited number of subjects in the experimental

sessions and have a lack of randomization, potential recall

bias, and likely selection bias. Thus, the clinical validation of

the proposed systems cannot be addressed,73 and further in-

vestigations are required. In addition, sociocultural factors are

usually not investigated in these works; therefore, there is a

lack of information concerning the influence of relatives on

telemedicine services and how gender, education, and work-

ing condition could affect their design and provision.

Finally, the development of telehealth systems is a step

beyond the simple use of wearable sensors at home, because

it means actively including patients and caregivers in the

healthcare path,25 promoting their empowerment in the

management of their health status and disease progression

through a conscious involvement.58 The concept, indeed, is to

transform the patients from end users to the main actors of the

healthcare process, favoring the participation and cooperation

of patients, caregivers, and clinical staff25 to provide the best

care available for each patient according to the precision

medicine approach. Appropriate training sessions would be

organized to enable people to correctly use the system. The

possibility to have a more personalized therapy31 seems also

to increase the feeling of assurance of the patients regarding

the appropriate healthcare path to follow.65

Generally, the adoption of telemedicine should be accom-

panied with the transformation of healthcare sector and

overcome specific barriers. In terms of organization of the

healthcare sector, reimbursement profiles should be defined

considering which patients may benefit most and under-

standing the optimal frequency of telemedicine visits as

replacement for in-person encounters.78 Furthermore, a

uniform regulation is missing in the domain of medical li-

ability, at national and international level, thus hampering

the development of telemedicine market in health ser-

vices.79 Telemedicine requires ubiquitous, adequate af-

fordable broadband to support health information exchange

to increase access to quality care for all individuals at the

right place and the right time when it is needed.78

Conclusions
This review article provides an exhaustive overview of

automated systems based on wearable and portable technol-

ogies for remote assessment and management of Parkinson’s

disease. The articles were divided into three categories ac-

cording to the level of development of the implemented sys-

tem, considering the automatic evaluation at home of PD

symptoms and impairments, the development of mobile ap-

plications for PD assessment, and the design of e-Health

systems for a complete remote healthcare service. Although

they raised limitations, the use of such systems has the po-

tentiality to enhance the PD management and treatment,

supporting clinicians in remote monitoring and promoting the

active engagement of the patients and their caregivers in the

healthcare path. This aims to improve both patients’ QoL and

clinicians’ quality of care toward an optimal personalized

therapy.
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