Developing a telemonitoring system for stroke rehabilitation 
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Most people who have had a stroke require ongoing rehabilitation after they are discharged from hospital.  The result is a high demand on limited therapy resources.  Twelve months post-stroke, 85% of patients do not receive any therapy.  A tele-monitoring system for stroke rehabilitation could reduce the need for hospitalisation and extend the period of supervised therapy, by enabling people to rehabilitate in their own homes.  The relationships between the human and technology components of such a system are very important.  The usability of the software interfaces is critical to the success of the system, perhaps as important as the system’s clinical effectiveness.  This paper summarises the development of a tele-monitoring system for upper limb stroke rehabilitation, the associated interface usability issues and potential areas of future development. 
Introduction

Stroke is the third most common cause of death in the UK and the single most common cause of severe disability.  Each year, over 100000 (mostly elderly) people have a stroke (The Stroke Association, 2006).  Stroke has a greater disability impact than any other medical condition.  In the UK more than 250000 people are living with long-term disability as a result of stroke; in the United States, there are more than 1 million.  Many people who have had a stroke are not capable of independent living or economic self-sufficiency (Merians et al, 2002).  A year after stroke, 35% of surviving stroke patients are significantly disabled and many need considerable help with daily tasks (such as bathing, dressing and feeding) or visits from a district nurse (DoH, 2001).  
The aim of stroke rehabilitation is to maximise the functional and cognitive abilities of the patient and help settle them back into the community.  Intensive, repetitive task-specific exercises—such as sit-to-stand, step with affected lower limb, reach with affected upper limb and hand-to-mouth movements—may be necessary for months or years to recover movement function (Miltner et al, 1999, Rossini et al, 2003).  The National Services Framework for Older People recommends that rehabilitation should continue until maximum recovery has been achieved (DoH, 2001), yet in the UK the length of inpatient rehabilitation for stroke is decreasing, and opportunities for outpatient rehabilitation are limited.  
In this context, there is good rationale for seeking alternative ways to deliver or support intensive movement rehabilitation.  The use of computerised assistive technology could help increase the availability and duration of therapy both in clinical settings and in people’s homes.  Telemedicine systems have already been successfully introduced for conditions such as dermatitis and diabetes (Bangert and Doktor, 2005) and pilot programs have shown that telerehabilitation can be effective in providing services to underserved regions (Clark et al, 2002; Sellers et al, 1998).
The aim of the current EPSRC-funded SMART Rehabilitation project is to examine the appropriateness and effectiveness of technology to support stroke rehabilitation.  One of the outputs of the project is a prototype telemonitoring system, intended for use in patients’ homes.  This paper outlines the development of the system.  It also summarises recent work to enhance the usability of the software interface and considers areas of future development.  
System Development

The prevailing priorities of rehabilitation are standing and transferring; in addition, more time is generally spent on lower-limb activities (Merians et al, 2002).  For these reasons, the focus of the development was a system that would support home-based rehabilitation of the upper limb.  
Early Focus Groups
Prior to selecting or developing specific technologies, focus groups were conducted with patients and carers to help understand their perceptions of the feasibility of technology in rehabilitation.  The views of participants helped direct the development process and a list of design requirements emerged: any technological device for stroke rehabilitation should be compact, simple to operate (and maintain), usable by stroke patients (preferably without the help of the carer), available alongside the work of health professionals (i.e. not replace them) and able to give encouraging feedback to patients (Mountain et al, 2006).  Participants liked the proposition of receiving quantifiable, objective data about their performance from a system, rather than praise from a physiotherapist. 

Sensor Technology
There is a range of sensors that can measure motion and associated changes in limb/body position, including pedometers, goniometers, electromechanical switches or pressure sensors, magnetometers, optical motion tracking systems and inertial sensors.  A review of sensor technology was undertaken, and on the basis of cost, size and performance, MTX sensors (Xsens Dynamics Technologies, Netherlands), which integrate accelerometers, gyroscopes and magnetometers and use an algorithm to provide orientation values, were considered the most appropriate for the purposes of the project (Zheng et al, 2005).  It was decided to use two sensors, one on the arm and another on the wrist, to gather information about the orientation of the patient’s arm during rehabilitation exercises.  
Sensor Attachments and Patient Feedback
A range of sensor attachments were developed and evaluated in a series of focus groups with expert users.  Ease of handling, comfort in use, accuracy of positioning and aesthetics were among the criteria used to evaluate the attachments.  The option preferred was a simple arm-band and a wrist-band, both of which could be donned and adjusted with one hand.  
The focus groups were also used to demonstrate early prototypes of the feedback screens, which displayed a 3-dimensional (3D) rendered image of the patient’s moving arm adjacent to an image of a target movement.  The groups also provided an opportunity for participants to indicate the type of functionality required of the software.  There was, for example, an interest in being able to make their own notes to explain differences in performance to the therapist.  Participants also wanted the ability to access their exercise history and notes made at earlier stages of their rehabilitation.  
System Architecture

In addition to the motion tracking sensors and attachments, the system developed includes a base station unit (media PC) and a web-server unit.  The information collected by the sensors is sent wirelessly to the base station via a digital data box, called an “XBus”, which is positioned at the patient’s waist.  An information and communication technologies (ICT) platform, consisting of five modules (database, interface, decision-support, communication and feedback) displays the movement in a 3D environment at the base station, analyses and stores the data, and uploads the data to central server (Zheng et al, 2006).  Healthcare professionals assess and monitor movements remotely via the internet by accessing the central server and provide comments over the web-based system.  The ICT platform provides the comments as feedback to the patients and their carers alongside other more detailed analysis.
Software Interface

The usefulness of the system depends not only on its functionality, but also on its usability: a system that has good utility but poor usability will not be useful to patients, therapists or the health service.  Carlos and Pangelinan (1999) stated that the ease of use of telemedicine systems is a primary consideration, equal to clinical effectiveness.  The complex physical and cognitive impairments (e.g. problems with perception, attention, information processing, language and memory) associated with stroke reinforce the need for a user interface that is as accessible as possible.  A working software prototype was developed and available for usability testing in mid-2006.
Method

The prototype underwent a rapid first-pass ergonomics assessment.  A hierarchical task analysis (HTA), which described the patient’s tasks, was developed.  Then, with an understanding of the range of physical and cognitive impairments of the users, a cognitive walkthrough was conducted (using the detailed HTA) to identify potential usability issues.  HCI design heuristics were also consulted (Dix et al, 2004) and expert opinion sought from key project stakeholders.  A list of usability issues and suggested solutions was generated and used by the software engineers to develop a version suitable for user testing with stroke patients.

The main tasks described in the hierarchical task analysis were assembled in a list of representative tasks.  These described the steps users need to take to complete the tasks successfully, the setting in which the task takes place, the system response to each user action and the instructions for testers.  Twenty-one usability tests were conducted with adults recruited from four Stroke Groups and a stroke rehabilitation ward (age: mean years ± SD: 69.2 (12.7), mean time since stroke ± SD: 8.1 (9.8)).  The process was iterative: the results of the usability tests led to the development of a range of low- and high-fidelity prototypes, which were, in turn, tested by the users.  Subjects were encouraged to think aloud during the tests and were asked for their opinions after completing (or failing to complete) each representative task.  All tests were videotaped and later scrutinised.  

Results

Ten subjects had no experience of computers and had difficulties using a mouse and keyboard.  The modal dialogue boxes which appeared when users tried to record a new exercise caused navigation difficulties and were replaced by full-screen step-by-step wizard screens.  The tree-style navigation (used to locate exercises recorded previously) was replaced by a calendar, after consideration of suitable metaphors for the target audience.  The difficulties that users had controlling standard input devices were overcome by a touchscreen in combination with an interface designed for use with touchscreens: buttons were made larger and colour-coded for function; labels, explanations and images also helped provide clues for navigation.  An on-screen keyboard was implemented to enable users to write diary notes and communicate.  Several different options for the presentations of kinematic feedback were also tested, and at the end of this development phase, graphs showing summary data for each movement variable (e.g. shoulder flexion-extension; forearm supination-pronation) were implemented.  
Discussion

There is good rationale for providing extrinsic feedback to stroke patients about their movement performance.  Patients’ intrinsic feedback systems are often compromised by stoke, leading to a diminished knowledge of their own performance.  However, the extent to which the types of feedback presented by the current system will be useful to patients (and therapists) is not yet known, nor is the best means of presenting it.  The system currently provides several types of feedback: the 3D rendered image provides the users with knowledge of their performance (KP) and knowledge of their results (KR).  The therapist could also provide KP through on-line communication.  The existing literature (Van Vliet and Wulf, 2006) indicates that the presentation of graphs of summary kinematic data could be useful to stroke patients.  One of the aims of usability tests that are currently underway in clinical and home environments is to assess the usefulness of this type of feedback.  With further development, the system could automatically detect the worst aspect of the patient’s movements and provide remedial strategies.  Such developments would also have some support from the feedback literature. 
The use of sensor technology and ICT to deliver rehabilitation services over large distances has the potential to complement traditional neurorehabilitation therapies and increase patient access to supervised neurorehabilitation.  But just as usability plays a critical role in the acceptance and efficacy of telemedicine applications (Beith, 1999), the extent to which the components (products, systems, processes and procedures) of a telerehabilitation system are, or are not usable, will influence the acceptance of telerehabilitation and its effectiveness as a model for rehabilitation therapy provision.  
An understanding of the capabilities, limitations, needs and preferences of the users has been critical to the development of the SMART system.  Indeed, the needs of the target audience have driven the system’s development; users have been involved throughout the process, from the early focus groups, which helped establish system requirements to the usability tests of the graphical user interface, which helped improve its accessibility.  
However, there are limitations to usability testing: participants may not get to use all the system’s features during the test, and usability testing considers first-time usage only (Schneiderman and Plaisant, 2005).  The current phase of testing will give users the opportunity to use all the system’s features over the course of a week.  The results will be used to direct future development of the system.
Conclusions 
The existing SMART system demonstrates the feasibility of a tele-monitoring system for stroke rehabilitation.  Future development could produce a fully functional and viable prototype, which could, ultimately, be used to augment traditional approaches to neurorehabilitation. 
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