
A new system for the prevention of hypoglycemia in type 1 diabetic patients during moderate sport activity
Abstract

The system presented in this study can help IDDM patients in preventing the occurrence of hypoglycemic events during/after exercise, by  computing the amount of CHO each patient has to eat before the exercise in order to keep glycemia within a suitable range. An important feature is that the calculation is  perfomed taking into account the patient’s specifc therapy and for every possible time of the day, so that the use of such a system  allows him/her to freely choose the time of the exercise, without the need to make any changes in the usual therapy. 
The proposed algorithm can be implemented in several forms. Two forms are envisioned at present: a web based version, also accessible via SMS, and a portable, wrist-watch like,  instrument similar to the classical heart rate monitors used for training purposes.
1. Introduction

Diabetes mellitus is a chronic disease characterized by absolute or relative deficiency of insulin. Type 1 or insulin-dependent diabetes mellitus (IDDM) is an autoimmune disorder in which the insulin-producing islet cells of the pancreas are selectively destroyed, with insulin deficiency as a consequence. Onset of IDDM is usually during childhood, affecting as many as 1 out of 500 children younger than 18 years of age (Landry et al. 1992) and involving in the whole population as many as 1-2 subjects out of 1000. 

The discovery of insulin has lead to a great improvement in the therapy of IDDM, even if an adequate glycemic balance has become possible only in the recent years, when the relationships among the dose of insulin and the amount and distribution of carbohydrates (CHO) in the diet were elucidated. 

In spite of actual knowledge, IDDM patients must follow precise life rules which can be seen as a restriction of the personal freedom. Most patients, and especially the younger ones, find it difficult to participate in physical activities, due to the fact that during and/or after the exercise diabetes control can be compromised. This fact is due to the present day limited knowledge concerning the relationships among exercise, diet, dose, and type of insulin.

On the contrary, the positive effects of an adequate physical activity for diabetic insulin-dependent subjects are well recognized. Indeed exercise, associated to dietetic control and insulin therapy, can contribute to the attainment and mantainance of a better metabolic control (Landry et al. 1992, Horton et al. 1988), which is a prerequisite to avoid the most serious complications. However, it is necessary to point out that even the diabetologists have difficulties to suggest to the patient the most correct way to perform physical activities in a safe way. As a matter of fact, only vague protocols have been proposed in the literature which, based on only a few metabolic parameters (Maehlum et al. 1977; Krzentowski et al. 1981; Riddel et al. 2000), suggest possible empiric behavioural strategies to perform the exercise (Mac Donald 1987; Horton et al. 1988; Landry et al. 1992; ADA, 1997; Trevisani et al. 1997). In any case, in spite of the application of these strategies, the occurence of hypoglicemia during/after exercise (or even nocturnal) or, on the contrary, of hyperglicemia is still rather frequent in IDDM patients (Mac Donald 1987). 

Recently, the relationship between insulin concentration and amount of carbohydrates needed to prevent the occurrence of immediate hypoglycemia has been described in a group of 12 IDDM patients treated with regular insulin while they performed the same exercise at different time intervals after the morning insulin injection (Francescato et al. 2004).

Some preliminary clinical trials have suggested the possibility of developing a mathematical model which, starting from the above reported results and from the actual therapy of the patient, correlates the different parameters involved in the metabolic balance during exercise. The final objective is to calculate, in a simple way and on the basis of a few information (essentially glycemia, time interval from the last insulin injection, exercise intensity and duration), the amount of carbohydrates the IDDM patients have to assume before and during the exercise. 

2. Aim of the study

As alreaday mentioned, the main purpose of this study is to help IDDM patients in preventing the occurrence of hypoglycemia during/after exercise. Indeed, the proposed system calculates the amount of CHO the patient has to eat before the exercise in order to prevent the occurrence of an hypoglycemic event. An important feature is that the calculation is perfomed taking into account the patient’s specific therapy and for every possible time of the day, so that the use of such an instrument allows him/her to freely choose the time of the exercise, without the need to make any changes in the usual therapy. 

More investigations have still to be carried out in order to further improve the accuracy of the system. The experimental and clinical part of the project is being carried out by the Section of Physiology of the Department of Biomedical Sciences of the University of Udine (Italy), in collaboration with the Diabetologic Unit of the Hospital of Udine (Italy), while the implementation of the system for a practical, daily use is being followed by a group of engineers of the Department of Electronics and Computer Science of the University of Trieste. 

2.1 The “glucose-pulse”.

The relationships between exercise intensity and either heart frequency or fuels utilization have been studied thoroughly, even if a comprehensive picture of all these relationships has never been addressed. These physiological knowledges allowed us to estimate the amount of carbohydrates used as fuel during exercise, on the basis of the heart frequency during the same period (i.e. what we define as the “glucose-pulse”). 

2.2 The mathematical model to allow a complete “freedom” of exercise.

At first, the relationship between insulin concentration and amount of carbohydrates needed to prevent the occurrence of immediate hypoglycemia was studied under two particular conditions, i.e. 1) a standardized dose of regular insulin and 2) the exercises were performed only during the morning. However, in order to hit the target of a complete “freedom” in performing exercise, type 1 diabetic subjects should not be required to change their habitual insulin therapy and should be free to exercise at any time of day. Thus, the results of the experimentation have to be “corrected” to take into account the usual therapy of the patient and the different insulin sensitivity during the afternoon.

Indeed, the clinical experience of the diabetologists who collaborate with our research group have suggested a mathematical model to estimate the amount of carbohydrates needed by a patient to prevent the occurrence of hypoglycemic events due to the exercise on the basis of:

· the insulin therapy of the patient;

· the diet of the patient, particularly as referred to the amounts of carbohydrates;

· the published data (Francescato et al, 2004);

· the time of day the exercise is performed.

3. The implementation of the mathematical model
The proposed algorithm, which has been nicknamed ECRES, can be implemented in several forms. Two forms are being developed at present: a web based version, also accessible via SMS, and a portable, wrist watch-like,  instrument similar to the classical heart rate monitors used for training purposes. While the first solution is based on an estimate of the heart rate (according to the expected intensity of the sport activity), the second one is supposed to be more precise, as it is based on the actual heart rate, which is measured in real time by the device itself.
3.1 The web based version

As already mentioned, in this case the computation is based on an estimate of the heart rate according to the intensity of the sport activity.
The patient is first asked to log on the system via a web portal, and some data are input to the system, namely both personal ones (sex, age, weight…) and those related to the therapy (usual time and number of units of insuline…). This operation is done under the control of the a medical doctor.

Before each sport activity, the user sends an SMS providing data which are specific to that day (measured glycemia, expected time, duration, and intensity of the sport activity…), and the system replies with an estimate of the extra carbohydrates the patient is suggested to eat in order to prevent hypoglycemia. Optionally, at the end of the exercise, the patient may send another SMS providing the system with some data (glycemia measured at the end of the excercise, actual time, duration, and intensity of the sport activity…), which are logged and later analysed by the scientists in Udine to verify how accurate the estimate had been (in order to possibly further improve the accuracy of the system).
3.2 The modified heart monitor (CREID).

As already mentioned, in this case the computation is based on the actual heart rate. The device essentially consists in a heart rate monitor and in an electronic circuit which implements the ECRES algorithm.

Similarly to what is done for the web based version, before using the modified heart monitor it is necessary to perform a setup procedure, which has the aim of storing the specific data of the patient (e.g. therapy, diet, “glucose-pulse”).

Subsequently, the practical use for exercise consists in 2 phases, the first to be performed before, the second during the exercise. Before the activity, the patient inputs some data (measured glycemia, expected duration and intensity of the exercise…) and the instrument performs a first estimation of the caloric consumption, computes the sugar consumption, and provides an indication on the quantity of carbohydrates to be ingested prior to the activity. The instrument also verifies that there are no contraindications to the physical activity, otherwise it supplies a warning to the patient. This phases exactly matches what is done by the web based version.

Subsequently, to benefit from the second phase of the instrument, patients have to wear the heart rate belt. During the activity, the instrument periodically calculates the caloric consumption from the actual heart rate and therefrom computes the sugar consumption. If a condition of glucose deficiency is estimated, the instrument warns the patient about the need to ingest other carbohydrates or to stop exercising. This second phase is specific to the portable version of the system.
A first prototype has already been developed by the University of Trieste, using a commercial off-the-shelf microcontroller (Microchip PIC16F877). With this prototype the real time functionality of the system has been verified, with the only limitation of the lack of portability of the equipment. 
The next step consists in the development of a very compact and portable system. In principle, an ASIC (application specific integrated circuit - this is the solution adopted by most commercial heart rate monitors)  could be developed to do te job; however, it is well known that the costs of its development could be justified only by a huge volume production. However, there are some heart monitors (e.g. some of those produced by Suunto) which are based on a microntroller, i.e. a programmable device, so that the porting of the algorithm from our prototype onto these devices should be relatively simple. 
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