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Abstract

Previous research aimed at developing procedures for preventing the formation of dangerous foot
ulcersin diabetic patients has not been very effective, probably because they do not allow contacting
patients often enough to persuade them to adapt their behavior before the damage has been done.
The current research aims to develop a body area network (BAN) in an on-line monitoring applica-
tion that does allow for timely feedback. To be able to interpret the real-time information about a
patient’s behavior, the signals from the BAN must be integrated with person-dependent (semi-)static
information about the key risk factors.
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1. Problem Statement and Research Question

The incidence of diabetes in Western countries is alreadyhigh and it is rapidly increasing. One
possible complication of diabetes is ulceration (pressore) under the foot sole. Between 2% and
8% of the diabetes patients develop foot ulcers during ttieitime. If not treated effectively, ulcer-
ation can lead to amputation of the lower limbs. Severabiacknown to be related to an increased
risk of ulceration are described in the literature. Thedeximplicated most often are neuropathy
(insensitive feet), vascular disease (restrict bloodutation), foot deformity, excessive callus, and
increased plantar pressure [6]. Today, it is not possibéetoirately predict whether a specific patient
will develop foot ulcers, even if most or all of the risk fart@re present. Most probably, this is due
to the fact that the impact of the physiological risk factdepends to a large extent on the behavior
of individual patients.

In the AwareShoe project we develop and test a computingsyshat is able to monitor the be-
havior of chronic patients continuously, but unobtrusivalhe eventual goal is to persuade patients
to adopt health-enhancing behavior and to warn them imrtedglié the do engage in potentially
harmful behavior after all. For that goal patients will baigxgped with a body area network (BAN)
of wireless sensors, which can be used to monitor the patiegitaviors over extended time intervals.
The output of the sensors will be used to estimate behawamid the resulting information will be
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combined with static information about personal charasties of the patient and with day-to-day
physiological information that is known to increase th& 0§ developing ulcers. This should result
in a decrease of the number of ulceration cases and prerasitibe related decline in quality of life.

The monitoring and feedback system should be maximally intnsive and easy to use for the
patient. Ease of use and unobtrusiveness are necessaieneguts for creating an effective appli-
cation which makes it possible and convenient to monitoept for long periods of time. Wireless
sensors in the monitoring application make consideratielzed to energy consumption extremely
important as well.

Until now little is known about which behaviors increase tis& of developing foot ulcers in diabetes
patients. This is due to the lack of procedures and mong®systems that allow measuring behavior
accurately and for a prolonged period of time. The system ngedaveloping will make it possible
to monitor patients over extended periods of time and tostigate the impact of behavior on the
development of ulcers. Eventually, knowledge about thiesri specific behaviors should help to
persuade patients to adapt their behaviors.

2. Approach and Methodology

We are implementing the architecture shown in Figure 1 fentbe in the prevention of ulcers. The
first layer (leftmost in the figure, called: measurementpoist its input from the monitored patient.
The input consists of three groups of measurements; the BANe of these three groups. The set of
measurements must be chosen in such way that the behavioe patient can be monitored on-line
and for a long period of time. One group of the measuremeritdwiobtained on a monthly basis
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Figure 1. Body Area Network (BAN) architecture for preventing ulceration in diabetes patients. The architecture
consists of five layers. The layers from left to right are cakkd: measurement, interpretation, integration, decision,
and messages. The architecture elements enclosed by thépsiis are critical in terms of energy consumption.



(physical status, static), one on daily basis (plantar eraipre, semi-static) and one continuously
(acceleration of body segments, dynamic).

The temperature parameter is included in the measuremecdsie research has shown that the skin
temperature difference between spots on the feet indieateslammation. Therefore this parameter
is identified as a good predictor of short-term developméntars [4].

In the fifth layer (rightmost in the figure, called: messagespsages are generated and sent to the
patient. In between there are three more layers calledrpirg&tion, integration and decision. The
measurement layer is the input interface between the patnehthe system.

In the interpretation layer the raw data is converted tormgtion which can be interpreted more
easily by the following layers. The data about the physitatksare translated to a profile containing
an indication of the level of risk a patient suffers, if a e@mtbehavior is carried out by the patient.
The temperature measurements are translated to an immdehNal of risk for the patient. The
accelerometer measurements are classified into five bastierpse and behaviors which are related to
foot ulceration.

The third layer implements the integration of the three geoof measurements described in the
measurement section. A Bayesian network combines prior lettge of the physical state profile,
plantar pressure profile, current and past behavior of thergand immediate risk.

The decision layer of the architecture synthesizes a aecisased on the input of the current state
of risk. This layer decides whether to intervene and in whay the patient should be stimulated to
adapt his/her behavior. The decision must reflect the optimade-off between too many and too few
messages. In a companion project we will investigate wayadapting the contents and the form of
the messages to the personal characteristics and predsrehthe patients.

The classification of movements and postures relies ontemg-on-line monitoring of accelerations
of the patients’ body parts. The BAN is formed by the accetfesters worn by the patients and a
data logging PDA. Accelerometer-based BANs used in exjstiassifiers of movements and pos-
tures have some limitations that make long-term monitodiffgcult.

First, most of the time wired sensors are used, which patiexperience as obtrusive. Therefore, we
intend use wireless sensors in the BAN. With the exceptidh@BAN, all components of the archi-
tecture could be implemented on server, desktop or laptoppaters, for which energy efficiency is
not a big issue. In our architecture most of the computatidihbe done on a PDA, but this will be
integrated in a Wide Area Network (for example to allow (paredics to intervene when necessary).
For the BAN to be effective, it must be able to operate for edésl periods of time on a single battery
charge. It is well known that communication between nodes Wwireless network consumes much
more energy than computation in the nodes. Therefore, we taawinimize communications within
the BAN and between the BAN and the WAN.

Secondly, existing classifiers for patient behavior relyacourately conditioned and controlled sig-
nals. The accelerometers must be tightened firmly to the bottycorrect placing and orientation.
Consequently, current BANs used for classification of mowasiand postures need a lot of inter-
action of a specialist and are therefore patient unfriendg aim to make a BAN that is easy and
comfortable to use for patients. For that goal, we implenaeciaissifier that is robust against distur-
bances of poorly (or wrongly) attached sensors. These messull results in simplified attachment
and detachment, which can be executed by the patient hisefficFinally, movement classification
tends to rely on the combined inputs of multiple acceleremssattached to different body parts. We
intend to develop classifiers that will allow for sufficigndccurate detection of relevant behaviors on
the basis of no more than two sensors. This too will help tg8fynthe daily (dis)mounting of the
network and the energy consumption.



The architecture will be implemented step-by-step, stgrivith the implementation of the measure-
ment layer. As a part of the measurement layer we will devaloponitoring system with wireless
sensors that operates for at least one day before rechgrohihe batteries is necessary. Moreover,
it is required that this monitoring system is easy to opebgt¢he subjects themselves. We are de-
veloping the measurement layer with healthy participaaus, we will verify the performance with
experiments conducted with patients from the target grolipis approach has the advantage that
we can minimize the burden for the patients in the targetgrdthe interpretation, integration and
decision modules will be realised by a Bayesian network mpd¢las the classification of activities.
The experiment data recorded from target-group patiemtsused for training and validating these
models.

3. Related Work

There are three topics of related research most relevatdocurrent research: telemetric classifi-
cation of behavior, pervasive systems and patient educatideresting papers on these topics are
discussed below. The first discussed paper is about telencssification, the second and third

paper about pervasive systems and the fourth paper on tieatpaducation subject.

Foerster and Fahrenberg (200) have published a usefutiwemi using accelerometry for the classi-
fication of activity behavior [3]. The choice of algorithmridetection of posture and motion patterns
is still a crucial aspect of accelerometry. Several suggesthave been made how to differentiate
between activities. Classifier systems such as statistigatithms, (fuzzy) logic or artificial neural
networks have been suggested, but we are not aware of exgesin which such systems have been
tested under real-world conditions. Based on results oetbem investigation, Foester and Fahren-
berg recommend sensor configurations with a minimum of teegsors. They suggest a minimum
of a two sensor configuration in the case of basic classifioalf sitting, standing, laying and moving
will probably suffice.

In a recent research of Blanson Henkemans et al. (2008) ¢gdlaa adaptive artificial assistant for
supporting older diabetics’ self-care [2]. The assistapp®rts limited and acute treatment scenarios
and adapts its feedback according to the situation. Thepedance of the adaptive assistant was
compared with a non-adaptive assistant. The authors cdedlthat an adaptive artificial assistant
was more effective and time efficient in dealing with normiadl dealth-critical situations. More-
over, working with the interface and receiving feedbackrfahe assistant enhanced the participants’
knowledge of diabetes. A relationship was found betweerp#récipant’s personal characteristics
and how oft the artificial assistent was used and the kind edldack patients prefered. We will
incorporate these findings in the design of our own systemeximmze its use and effectiveness.

Anliker et al.(2004) described an advanced care and aletalpe telemedical monitor (AMON),

a wearable medical monitoring and alert system targetigh-hisk cardiac/respiratory patients [1].
The system includes continuous collection and evaluatfamudtiple vital signs, intelligent multi-
parameter medical emergency detection, and a wirelesgctan to a medical center. By integrating
the whole system in an unobtrusive, wrist-worn enclosuckapplying aggressive low-power design
techniques, continuous long-term monitoring can be peréal without interfering with the patients’
everyday activities and without restricting their moliliThese suggestion of non-obtrusiveness are
again necessary for effectiveness of the monitoring system

Valk et al. (2002) conducted a systematic review on patidatation [5]. The findings of this review
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suggests that patient education may have positive, but-bed effects on foot care knowledge and
behavior of patients. Still, it may reduce foot ulceratiordamputations, especially in high-risk
patients. These findings suggest that patient educatiobeaffective, but only if feedback to the
patient is sent with minimal delays to maximize the impacbehavior.

4. Preliminary Results

We have conducted an experiment to develop a reliable beheassifier that is able to distinguish
three different postures (sitting, standing, lying) andrfdifferent movements (walking at different
speeds, bicycling at different speeds, walking up/dowmsjtaln addition, we investigated to what
extent reliable classification can be obtained from acoeteters that are attached to the users’ cloth,
instead of to the body.

Five healthy subjects were equipped with six tri-axial é&wemeters (Minimod, McRoberts). Three
sensors were tightly fixed to three body segments (both upgerand the torso). The other sensors
were attached to the clothing of the subject on correspgrsiies (a sensor was put in both pockets
of the subjects’ trouser and one was attached to the bel®.slibjects performed a set of controlled
movements and postures, viz. sitting, laying, standindkiwg at four different speeds, walking up
and down the stairs, and bicycling on a home trainer at foifieréint speeds. In addition, a set of
semi-natural activities were recorded, viz. sitting at akdand working on a computer, reading in a
chair without a table, playing a game of pictionary (whilargting), bicycling outside, walking up
stairs to fetch some item and a housekeeping task.

Matlab was used to process the signals and extract featumesthe signals. A first version of a
(static) Bayesian network was created to classify the thostupes of the body. A part of the data
was used to train subject-dependent models and a part ofithends used to test the models. Both
sensor sets (attached to body and cloth) were trained atedl teslependently.

The results of the validation of the static Bayesian modebfith body and cloth attached sensor set
were better than 90% for each subject. Moreover, the diffeze between the sensor sets were not
significant. These results suggest that accelerationlsi§noan sensor attached to the subjects’ cloths
will have enough stability to make a reliable classificatbbpostures.

5. Conclusions and Future Steps

The research described in this paper intends to developemédtic monitoring application which
aims to prevent the occurrence of ulcers in diabetic patanggve feedback on the activity behavior.
The system has to be easy to use for a wide range of patient&néwn risk factors are included
as input parameters in the system. The interpretation afnggsurements in terms of behaviors and
the risk incurred by these behaviors in combination withspeal information about the patients will
be implemented in a Bayesian network model. The first expettisn@ith behavior classifiers show
that that acceleration signals from sensor attached toubgeds cloths will have enough stability
to make a reliable classification. In future research we ewuélluate an activity classifier on healthy
subjects which is based on signals form a monitoring systélmminimal obtrusiveness for the mon-
itored subject. In later experiments we will use this manitg tool to conduct large scale long-term
measurements aimed at the evaluation of typical behaviterpa of target-group patients. Based on
gained knowledge from these experiments we will developsknastimator and feedback system in-



tended to influence the behavior of patients. The resultstesn will be evaluated with experiments
on target group patients.

| would like to discuss the architecture for continuous nhanimg of diabetes patients proposed above.
In addition, suggestions for the implementation of the @eclure, especially of the measurement
layer, would be most welcome. Also, | would appreciate comen all issues related to patient
friendliness. Suggestions for what | can do to stimulatéep# to use the monitoring system every
day and routinely are most welcome. The same holds for stiggedor how to make the messages
that the system is going to send to the patients most eféectiv general, | would appreciate sug-
gestions for things | can do and things | should avoid in wagkwith (elderly) diabetes patient to
make sure that they are able to use the system and controDiaepplication that is going to be the
backbone of the monitoring system.
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