
w.sciencedirect.com

b i om e d i c a l j o u r n a l 4 1 ( 2 0 1 8 ) 2 4 9e2 5 3
Available online at ww
ScienceDirect

Biomedical Journal
journal homepage: www.elsevier .com/locate/b j
Short review
Wearable sensors for the monitoring of movement
disorders
Nahed Jalloul*

Department of Mechanical Engineering, American Uniersity of Beirut, Beirut, Lebanon
a r t i c l e i n f o

Article history:

Received 22 December 2017

Accepted 14 June 2018

Available online 11 September 2018

Keywords:

Wearable sensors

Movement disorders

Activity monitoring
* Corresponding author. Department of Mech
2020, Lebanon.

E-mail address: nahedjalloul5@gmail.com

Peer review under responsibility of Chan
https://doi.org/10.1016/j.bj.2018.06.003
2319-4170/© 2018 Chang Gung University. P
license (http://creativecommons.org/license
a b s t r a c t

This paper offers a review of the implementation of current wearable sensing technologies

in monitoring the movement and activity of patients suffering from movement disorders.

Recent literature has focused on incorporating simple and reliable wearable technologies

for the continuous and objective monitoring of patient movement during normal daily

activities. However, the use of such wearable sensing technologies has yet to find its way to

clinical practice. In the following, the basic elements of such monitoring systems and their

applications are introduced, and a discussion regarding current clinical applications is

presented.
Wearable sensing technology is a category of technology de- without the need for hospitalization not only provides the
vices worn by subjects that allow continuous physiological

monitoringwith reducedmanual intervention and at low cost.

Wearable sensors concerned with quantification of move-

ment have been the focus of research efforts to further

enhance clinical assessment ofmotor dysfunction. The aim of

these efforts is to shift clinical assessment of motor

dysfunction from the current subjective methods applied in

some rating scales to quantifiable and accurate measures and

to provide long-term quantified measures that monitor the

patient's condition and overall motor progression [1e4]. In the

past couple of decades, there have been significant advances

in the miniaturization, proliferation, accessibility and so-

phistication of sensor technology. These advances have

fueled the exploration and implementation of wearable sen-

sors and feedback devices for the mass population with the

main objective of improving healthcare. Monitoring a patient's
health status remotely and continuously for a long duration
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opportunity for better management of the patient's condition,
but also reduces the consequent healthcare costs [5e7].

Wearable sensors in healthcare applications can be cate-

gorized based on the measured entity into the following sub-

types: biopotential sensors, optical sensors, stretch and

pressure sensors, chemical sensors, and inertial measure-

ment units [Fig. 1].

Commercially available devices of the different sensor

types have been gradually increasing. For example, existing

biopotential sensors, include a wearable EEG system that is

designed for brain monitoring and cognitive assessment and

has been used in different studies for brain computer inter-

face development, emotion recognition and assessment of

auditory events [8,9]. Other examples include a chest strap

[10], which acts as a portable ECG device designed for heart

rate monitoring commonly used in fitness domains. Stretch
ican Uniersity of Beirut, P.O. Box 11-0236, Riad El-Solh, Beirut 1107

vier B.V. This is an open access article under the CC BY-NC-ND

mailto:nahedjalloul5@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bj.2018.06.003&domain=pdf
www.sciencedirect.com/science/journal/23194170
https://doi.org/10.1016/j.bj.2018.06.003
https://doi.org/10.1016/j.bj.2018.06.003
https://doi.org/10.1016/j.bj.2018.06.003
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1 Diagram showing the different categories of wearable sensors, common body fixed positions based on sensor type, and a

general summary of health related applications [16].
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sensors have been used for human body motion sensing [11]

and monitoring of chronic diseases [12].

The incorporation of wearable sensors in rehabilitation

and disease management applications has also seen its fair

share of growth over the past few decades [13e15]. In the

most part, wearable sensors have been used to facilitate the

implementation of home-based rehabilitation and thera-

peutic programs. The importance of such systems in moni-

toring patients suffering from movement disorders lies in

their ability to provide objective and continuous quantifica-

tion of patients' movements. This has been a main concern

for physicians, seeing as common evaluation of movement

disorders is normally conducted through clinical visits that

include subjective methods and are spread out over long

periods of time: an issue which hinders the physician's
ability to properly evaluate the patient's progression. The

following sections include the basic elements of wearable

sensor-based monitoring systems used for the evaluation of

movement disorders, a review of some of the applications of
Fig. 2 General scheme of development of a monitor
such systems, and finally a discussion of their clinical

application.
Wearable monitoring systems for the
quantification of movement

The quantification of human movement is based on key tech-

nologies that can be summed up into three parts: the sensors

and data collection hardware, the communication hardware

and software to transfer the collected data, and finally the

processing and analysis methods used to extract meaningful

information from the collected data. The current methods for

physical activity monitoring and motion analysis are mostly

based on inertial parameters such as acceleration, angular ve-

locity, and in some cases by measuring the magnetic field

surrounding the subject. These inertial parameters are well

established as suitable measures for quantifying and analyzing

states of rigid body kinematics [17]. Because of the segmental
ing system for the quantification of movement.
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decomposition of the human body defined in biomechanics,

these parameters have shown great relevance in quantifying

movement, detecting pathological aspects and movement

dysfunction, and assessing performance. As the understanding

of the complexity of simple human movements and gestures

grew alongwith the advances in electronics technology, micro-

electromechanical systems (MEMS) emerged, allowing for the

combination of multiple sensors into miniaturized devices

along with processors and data storage capabilities [18]. As a

result, major leaps in the field of inertial sensing followed,

leading to the development of IMUs [19], which are devices that

house a number of sensor components and aim to better

quantify different aspects of complex movements [20e22].

Generally, quantification of patient movement for the

evaluation and detection of disorders follows the scheme in

Fig. 2.While several advances have beenmade in this domain,

certain design issues have been addressed in recent years.

Some of these issues include choice of sensors, optimal sensor

positions, data collection protocols, as well as attribute se-

lection [23]. However, the large scope of sensors, methods and

applications considered, has made it very difficult to properly

identify optimal conditions for quantification of movement

disorders for implementation in clinical assessment.
Clinical applications of wearable sensors

One of the most common clinical applications of wearable

sensors is in the field of movement disorders, where patient

movement is monitored in an objective and continuous

manner during day-to-day activities or through clinical as-

sessments during patient visits. Table 1 introduces some of

the recent literature dedicated to this subject, showing the

quantified movement disorder, sensor choice and placement,

and the protocol of activities for data acquisition.

Specific movement disorders such as essential tremor and

Parkinson's disease (PD) motor symptoms, including tremor,

bradykinesia, and dyskinesia, are some of themost explored for

objective evaluation through wearable sensors. For example,

the authors were able to successfully quantify tremor severity

and distinguish between resting and postural tremors [24]. The

ability to replace standard gait and TUG tests with an objective

systemwas also validated [25]. The authors, on the other hand,

introduced a dynamic method for tracking presence and in-

tensity of tremor and dyskinesia in PD patients with an error

rate below 10% [26]. Another method for the detection of

dyskinesia in PD patients is introduced in where activity clas-

sification in done prior to the detection of dyskinesia in order to

enhance the accuracy of the system [29, 30]. While accelerom-

eter data was used to estimate clinical scores of bradykinesia

and showed good correlation with limb-specific scores [34].

Wearable sensors have also been used to facilitate the

implementation of home-based rehabilitation therapeutic

programs post trauma or surgeries. Evaluation of rehabilita-

tion programs for patients with Knee Osteoarthritis was done

[33], where accelerometers were used to determine post-

intervention response for patients following a six week reha-

bilitation program. Another area which has been extensively

researched includes monitoring activities of the elderly and

individuals with disease and/or movement dysfunction, who

https://doi.org/10.1016/j.bj.2018.06.003
https://doi.org/10.1016/j.bj.2018.06.003
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are prone to falls and show a high risk of injury [31], where the

use of wearable sensors helped to identify gait changes in the

elderly and distinguish between fallers and non-fallers. While

the authors were able to distinguish between real-world falls

and normal activity using lumbar-positioned sensors with an

accuracy of 88% [32].

It is worth noting that identifying the context in which the

movement disorder/disability is occurring offers significant

insight into the patient's condition. For example, in the case of

fall risk assessment for elderly patients or patients who are

prone to falls, the rate of occurrence can determine the pa-

tient's overall condition and progress. While in the case of

patients suffering from movement disorders brought on by

neurological diseases such as PD, then features relative to the

quality of movement and overall physical activity offers in-

formation about the patient's disease progression and

response to therapeutic plans.
Conflicts of interest

There are no conflicts of interest to disclose.
Discussion and conclusion

The ability to capture movement data and employ it to opti-

mize treatment strategies relies on the understanding of be-

haviors that occur over long periods of time. In the absence of

continuous visual observation, providing context to the

measured quantities is essential in identifying the incidents

occurring. Many of the already published literature has been

reviewed [35e38] and it has been shown clear that the results

displayed in these studies are highly dependent on the vari-

able sensing modules, protocols and processing techniques.

The transition from subjective towards objective and auto-

mated assessment methods of movement disorders is a pro-

cess that requires the integration of the several aspects of

movement analysis. Furthermore, monitoring activities and

providing descriptive measures of certain parameters, such as

gait or posture analysis, gives physicians and nurses the ability

to better assess a patient's condition. A better understanding of

the progression and/or deterioration of physical activities could

play a major role in early diagnosis, allowing for more efficient

treatment and consequently lower healthcare costs.

While it seems that the interest in applying wear-able

sensors for the evaluation of patients suffering from move-

ment disorders is only increasing, a general consensus on

standards, such as sensor placement and evaluation tech-

niques, is imperative for their eventual implementation in

clinical practice.
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