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A recent statement by the American Diabetes Association ��� has de�ned a
basic set of standards of medical care for diabetic patients� These standards have
a two�fold aim� a	 allowing health care professionals to set treatment goals and
assess the quality of treatment they provide
 and b	 allowing patients to evaluate
their current clinical state and the quality of care they receive� The reduction of
the blood glucose level to near�normal values is indicated as the primary ther�
apeutic goal
 and the use of intensive treatment programs is suggested for this
purpose ���� An intensive treatment program for insulin�dependent diabetes mel�
litus �iddm	 usually includes frequent self�monitoring of blood glucose
 regular
meal and exercise planning
 physiologically�based insulin regimens
 continuing
patient education
 and the periodic assessment of treatment goals�

The Medical Informatics Laboratory of the Department of Computer Sci�
ence of the University of Pavia
 in collaboration with the San Matteo University
Hospital of Pavia
 is currently working on the design and implementation of a
computer�based system to support the activities of both patients and physicians
in the �eld of iddm management
 according to the above cited guidelines� The
system we are designing will be able to to perform in an automated way a whole
range of routine medical tasks �such as data collection and interpretation
 alarm
generation
 etc�	 and to assist the physician in making timely and informed ther�
apeutic decisions when necessary� It will also increase the rate of information
exchange between the patient and the health care center
 thereby reducing the
need for frequent visits and the risk of unhandled dangerous events� The system
is being developed in the World�Wide Web �www	 environment
 in order to take
advantage of the pervasiveness and low�cost features of current Internet�based
technologies ���

The following sections will describe in more detail the medical context of iddm
management
 the architecture of the system and the most important implemen�
tation choices� Finally
 we will present some snapshots of the current prototype
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of the system�

� The medical context

Insulin�dependent diabetes mellitus is a widespread chronic illness that accounts
for a very large part of the health care budget in developed countries� The
common therapy of iddm uses exogenous insulin administrations to control the
blood glucose level
 trying to prevent oscillations that can lead to dangerous
events �e�g� hyperglycemic crises	 and to invalidating long�term complications�
The recent Diabetes Control and Complications Trial has conclusively demon�
strated a strong correlation between the quality of blood glucose control that
can be obtained through insulin therapy and the chance to develop long�term
complications ���� On the other hand
 diabetic patients are normally not hospi�
talized
 and are therefore required to play an active
 although controlled
 role in
the therapeutic and decisional process� More in detail
 the patient is required to
follow a prede�ned therapeutic protocol that speci�es the total insulin require�
ment
 the number of daily injections
 the insulin type and dose of each injection�
The patient is also allowed to modify the insulin doses in response to events such
as an out�of�bounds level of blood glucose or a change in life�style
 using simple
adjustment rules provided by the physician along with the protocol� Finally
 the
patient must monitor and record the values of several physiological parameters

such as blood glucose level and glycosuria� The physician regularly evaluates the
state of the patient by periodic visits during which the data gathered since the
previous visit are reviewed and the therapeutic protocol is modi�ed if needed�

� System design

As the �rst step in the design of the system
 we have performed a thorough
analysis of the therapeutic and decisional processes involved in the management
of iddm� The results of the analysis pointed out the most relevant characteristics
of the disease from the point of view of information �ows and task allocation�

Information management in the therapy of iddm is a critical task� The pa�
tient�s self�monitoring activity generates a very large amount of data� on the
average
 three measurements are collected on each day
 just for blood glucose�
On the other hand
 the quality of the data can be quite poor
 due to the pres�
ence of missing or unreliable data and
 in any case
 the data are not su�cient to
reconstruct the actual dynamics of the physiological variables being measured�
Moreover
 the complexity of glucose metabolism makes it extremely di�cult to
determine a reliable mathematical model on which to base simulations and pre�
dictions� Ad hoc techniques are therefore needed to handle the data and to cope
with its low information content�
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From the organizational point of view
 the management of iddm is a dis�

tributed activity� since the patients are usually not hospitalized
 the planning
and the implementation of the therapy take place in di�erent places and at dif�
ferent times� It is a collaborative activity
 since the decision tasks typical of iddm
management are performed in a cooperative fashion by the physician and the pa�
tient himself� It is an activity involving a large number of specialized tasks �data
collection and analysis
 protocol revision
 etc	
 that are carried out by several
di�erent agents
 who possess di�erent skills and amounts of knowledge�

The architecture of the system has therefore been modeled on the character�
istics that we have just outlined� In particular
 the system must be based on
telemedicine techniques in order to allow a frequent and reliable communication
between the patient and the care center� It must be extremely usable and it
must be integrated with the current practice of iddm management
 so that it can
be easily accepted both by health care professionals in a medical setting and by
unskilled patients at home�

The result is a distributed architecture centered around two main components�
a Patient unit and a Medical unit� The patient unit is located on a personal
computer at the patient�s home
 while the medical unit resides on a workstation
in the health care center� The patient unit is able to periodically establish a
communication with the medical unit during which the patient�s self monitoring
data are uploaded to the medical unit
 and a revised therapeutic protocol is
received
 if needed� The same link can also be used by the patient and the
physician to exchange messages and to signal alarms�

The following section will describe in more detail the services that are provided
by the two unit in the current prototype of the system�

��� The patient unit

Database The most important task of the patient unit is the short term stor�
age of the data collected by the patient� Blood glucose measurements are
usually obtained through a re�ectometer
 and can subsequently be down�
loaded to the patient unit� When this is not possible
 the data must be
manually input by the patient in the electronic equivalent of the patient�s
diary
 which is today the most widely used data recording system� Other
data to be collected include glycosuria measurements
 the insulin injection
doses and timings
 and qualitative information on the meals� All these data
are stored in a temporary database
 until they are uploaded to the medical
unit�

Data analysis Although the complete interpretation of the collected data is
the responsibility of the medical unit
 the patient unit must be able to
perform a preliminary data analysis in order to detect situations that require
an immediate intervention� Due to the limited computational capabilities





of the patient unit
 only simple analysis techniques based on local trend
detection can be employed at this stage ����

Reasoning The patient unit should assist the patient in the day�to�day imple�
mentation of the insulin therapy
 by suggesting adjustments to the doses
prescribed by the protocol in response to the current value of the blood
glucose� This is done by using a simple fuzzy controller whose parameters
are set by the medical unit�

��� The medical unit

Database The medical unit must collect and store the data coming from all
the patients undergoing insulin therapy� This is needed in order to be able
to perform long�term analysis of the clinical state of a patient
 as well as
population�wide statistical studies� Moreover
 the database is used to store
patients� anagraphic data
 prede�ned therapeutic protocols
 information on
insulin types
 messages
 etc�

Data analysis The medical unit employs a variety of data analysis techniques
to extract the largest possible amount of knowledge from the available data�
Tools that can be used range from simple statistical indicators �e�g� average
bgl over one day	 to temporal abstractions �detection of trends and other
signi�cant temporal patterns ���	
 to high�level probabilistic descriptors �e�g�
modal day ���	� The main purpose of the analysis is to detect and point
out possible problems associated with the patient�s clinical state�

Reasoning The medical unit includes a reasoning module that assists the physi�
cian in the periodic protocol revision task� Using a combination of heuristic
and rule�based techniques
 the system generates a set of suggestions on pos�
sible modi�cations to the protocol that the patient is following� The sug�
gestions aim at solving the problems detected during the data analysis task

and can regard the insulin doses
 the diet plan
 or the amount of physical
exercise to perform� For example
 given the presence of recurrent morning
hyperglycemia
 a possible suggestion could be to increase the dose of inter�
mediate insulin at dinner time� Applying all the suggestions to the current
protocol leads to a number of alternative protocols that are presented to the
physician� The physician can then accept one of the suggested protocols

or revise the current one� At the end of the process
 the new therapeutic
protocol is stored and will be transmitted to the patient unit during the
next connection ����
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��� Communication

Communication issues are a fundamental aspect of a distributed architecture�
The system components must be able to establish reliable
 bidirectional com�
munication links
 and to exchange information using a common protocol� In a
more abstract sense
 communication requires the presence of a shared ontology

that de�nes the concepts all the system components refer to ���� For example
 the
meaning of �high bgl level� is de�ned in the ontology as a qualitative abstraction
that maps a speci�ed range of numerical values to a symbolic one� The ontology is
also used to generate the structure of the database tables
 so that the information
circulating in the system can be stored permanently without modi�cations�

� Implementation choices

The design of the system has been guided by a set of constraints that we regard
as essential for the e�ectiveness of the project� First
 the system architecture
must support the easy integration of additional components� as new services are
developed
 possibly in response to feedback from the users
 they must be made
available without disrupting the functionalities of the rest of the system� We have
therefore selected a distributed architecture based on the concept of intelligent
agent ��� as the most suitable one for our project� The various services are
represented as software agents able to o�er a well�de�ned set of functionalities to
other agents
 and to exploit the other functionalities available in the distributed
environment to accomplish their task� For example
 the data analysis service
relies on a Temporal abstractions server
 that in turn resorts to the Ontology

server to obtain the de�nition of the abstractions to perform� It is important to
note that the whole process is completely transparent to the user
 who only sees
the overall result of the distributed reasoning process�

Another important requirement was the ability to obtain a working and re�
liable prototype in a relatively short time� The number and variety of services
needed made it impossible to develop all of them from scratch� therefore
 we have
tried to rely on widely available and standard solutions where possible� For ex�
ample
 long�term data storage can be provided by any relational data base
 the
only necessary feature being the ability to receive sql queries over the network�
More important
 this requirement has led to the choice to base the user interface
of the whole system on the www paradigm� We have developed a specialized
Web server �written in the Common Lisp language	 that is able to access all the
services available in the distributed environment and to generate html pages
displaying the results ���� �html
 HyperText Markup Language
 is the language
used to write pages in the www environment	� The user connects to the server
using a standard Web browser
 and all the interaction takes places under the form
of html pages and forms� We have also used the Java and JavaScript languages
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to enhance the capabilities of html when used as a tool to build graphical user
interfaces� Our experience in this �eld has shown that the combination of modern
network�based technologies and AI�based tools constitutes the basis for a very
powerful and �exible development environment
 that o�ers great advantages in
terms of usability and availability ����� The system can be accessed from any
location on the network and from any platform
 without the need for special�
ized interfaces or expensive hardware resources� Moreover
 a single system can
handle a large number of users
 and can become the basis of a regional care net�
work based on the Internet
 supporting the exchange of clinical information and
medical knowledge across di�erent health care centers�

� Examples

To conclude
 we present a few snapshots of the medical unit interface
 as it
would appear to a user connecting to it with a normal web browser �in this case

Netscape Navigator	� Figure � shows the page that gives access to the data
contained in the patients� daily diary� After selecting the desired patient
 the
user can choose the variable to display among the ones stored in the database�
the visualization can also be restricted to the data collected between speci�ed
start and end dates
 and to a particular time of the day �e�g� Breakfast	� Figure
� shows the graph of the blood glucose measurements� the data were retrieved
from the database according to the conditions speci�ed in the previous page
 and
were then plotted by a Java applet� Finally
 Figure  shows the form used to
assign a prede�ned insulin administration regimen to the patient� The interface
displays the insulin dose percentages for each insulin type and each time period
during the day� The user can also modify the patient�s total insulin requirement
and the actual insulin types to be used�

� Conclusions

We have described the design and implementation of a distributed
 computer�
based system for diabetes management� The system is the result of the integration
of a large number of components
 ranging from databases to data analysis tools
to automated reasoning modules� The intelligent agents approach enabled us to
develop the system in a �exible and reliable way� Interoperability between the
various agents is ensured by a common communication protocol and by a shared
medical ontology�

The systems is designed to assist physicians and patients in the routine tasks
typical of iddm management
 integrating itself in a seamless way in the normal
decision and information management processes� In order to satisfy the usability
and acceptability requirements that are critical for the success of medical infor�
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matics applications
 the system runs in the World�Wide Web environment� all
the services can be accessed using a standard web browser and share the same

html�based graphical user interface�

The system is being developed in close collaboration with the medical sta�
of the University Hospital of Pavia
 in order to ensure from the beginning its
adequacy from the medical point of view
 and will soon be tested on a set of
voluntary patients�
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Figure captions

�� The html page through which the user can select the data to retrieve from
the database and how to display them �the name of the patient has been
changed to ensure privacy	�

�� A plot of the blood glucose values at breakfast
 obtained through the form
in Figure �� The plot is generated by a Java applet
 using the data retrieved
from the database�

� The html page that allows the user to view and modify an insulin plan�
Percentages of the total insulin dose can be speci�ed for each time�slice and
for each insulin type�
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