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Abstract 
Background: The incidence and severity of the complications that accompany 

diabetes can be considerably reduced if diabetic patients receive effective treatment 

leading to good glycaemic control. Education of patients and health-care providers 

is therefore considered to be a fundamental part of diabetes care. For this purpose 

computer simulation programs can be used. 

Objective: The goal of this project is to develop a diabetes simulator by developing a 

glucose-insulin model and implementing it in the simulator. 

Results: We designed and developed a multidisciplinary and user-friendly diabetes 

simulator, which consists of two parts: a mathematical glucose-insulin model and a 

user-friendly user interface. The glucose-insulin model is able to predict glucose 

concentrations in healthy persons. Our predicted glucose profiles are within the 

±ISD of measured glucose concentrations. 

Discussion: We showed that our glucose-insulin model achieved to predict glucose 

concentrations in healthy persons, within acceptable accuracy for education 

purposes. However, the predictions in type- I diabetic patients did not result in 

realistic prediction of glucose concentrations. This may be caused by using model 

parameters for healthy subjects. 

Conclusions: The preliminary results of this study are encouraging to further 

develop the diabetes simulator. By adapting the glucose-insulin model to type-I and 

type-2 diabetes, we will be able to provide patient-specific trainings to diabetes 

patients. These trainings may help these patients to manage their disease and have 

a safe life with minor diabetes complications. 
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1 Not closing the loop yet 

1.1 Diabetes, a serious life-threatening disease 
The prevalence of diabetes is increasing globally. The number of people with 

diabetes world-wide is estimated to be I20 million. This number is predicted to 

increase, in both developed and developing countries to around 300 million by 

2025. Diabetes is a serious and life-threatening condition, which is extremely 

costly[ I]. The incidence and severity of the complications that accompany it can be 

considerably reduced if diabetic patients receive effective treatment leading to good 

glycaemic control, by maintaining a balance between diet, physical activity and 

medication. 

There are different categories of diabetes mellitus (DM), of which the dominant 

primary one exists in two different forms, type-2 and type- I diabetes. Type- I DM, 

also known as insulin-dependent diabetes mellitus (IDDM), is usually present in 

people under the age of 30 years. It is caused by an auto-immune disease and is 

characterized by a complete insulin deficiency due to the destruction of the 

pancreas beta cells producing the hormone insulin. Type-2 DM is much more 

common than type-I DM, constituting about 90% of all cases of DM [2). In Type-2 

diabetes, enough insulin may be available but, blood glucose regulation is 

perturbed, due to insulin resistance of the target organs. A second mechanism, 

manifested by progressively diminishing insulin release, can also be responsible for 

the increase in plasma glucose concentration. This type occurs mainly in people 

over the age of 40 years. More information about diabetes, its treatment and its 

complications is given in appendix A 

In healthy people, the blood glucose is controlled by different well-regulated and 

complex metabolic processes. These are explained in appendix A Briefly: after 

digesting a meal, glucose concentrations in the blood rise with a speed and height 

that depends on the nature of the meal. When the blood glucose rise above the set 

point of around 5 mmol/l, the pancreas secretes insulin, which triggers body cells 

and the liver to take up glucose. Once the blood glucose concentration dips below 5 

mmol/l, the pancreas is stimulated to release glucagon which acts on the liver to 

release glucose [3). Insulin suppresses hepatic (liver) glucose production and 

stimulates glucose uptake by peripheral tissues (mainly muscles). Glucose is stored 
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in adipose cells as a long-term energy reserve of the body and is excreted by the 

kidneys when the venous plasma glucose concentration is above 10 mmol/L. 

In diabetes patients, the blood glucose regulation is disturbed by the lack of or 

reduction in the sensitivity to insulin. The patients should therefore control their 

blood glucose by themselves, thus replacing the complex regulation mechanisms 

usually done by the human body. One can imagine that obtaining a good glycaemic 

control is a difficult task for many patients. Diabetes is one of the most difficult 

chronic diseases to treat. 

Ideally, diabetes patients should have a device that automatically controls their 

blood glucose without their intervention. Such a system is called a closed-loop 

system. Its development and implementation is the dream of many researchers in 

the world. The closed-loop system is a device that combines continuous blood 

glucose sensing and insulin delivery. Imitating the function of the human pancreas, 

the closed-loop system would monitor glucose levels (continuous glucose 

monitoring system) and, in response, deliver an appropriate amount of insulin 

(insulin pump) by a control system (algorithm). which directs the timing and 

amount of insulin secretion by the pump. It will thus perform like an artificial 

pancreas. Researchers openly admit that they were, a few years ago, very ambitious 

in predicting the arrival of a functioning closed-loop system soon. The development 

of this artificial pancreas is more difficult than they thought it would be. This 

emphasizes how complex the human blood glucose control system is. 

As we are still far away from the implementation of the closed-loop system, diabetes 

patients still have to close the loop "cerebrally" by themselves. This means that they 

have to find a balance between diet, medication and movement, to achieve a good 

glycaemic control. Patients therefore should have a good knowledge of the disease 

and how to live with it safely. The education of the patients is therefore a 

fundamental part of diabetes care. Diabetes education provides patients with the 

knowledge and skills that are needed for adequate treatment. Diabetes requires 

lifelong active daily efforts from the patients. This effort eventually can determine 

their well-being and health to a great extent .. One of the goals of diabetes education 

is therefore to support the patients to understand the nature of their illness and its 
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treatment and to identify emerging health problems like severe hyperglycemia 1 or 

hypoglycemia2 in early stages. 

1.2 Diabetes education at the MMC 
At the Maxima Medical Center (MMC) diabetes clinic, diabetes education is 

coordinated by the diabetes nurses. Currently, the diabetes nurses of the Maxima 

Medical Center use conventional methods such as posters, booklets and PowerPoint 

presentations to give background information about diabetes and how to manage it. 

Next to that, the diabetes nurse examines patient data, such as blood glucose 

values accompanied by injected insulin levels and carbohydrate intake. These data 

are being collected by the patient to identify clinically important information that 

might define or change the therapeutic regimen in order to improve the patient's 

glycaemic control. 

1.3 Simulators in diabetes education 
Simulators can be used in diabetes education. A simulator is, in this case, an 

educational computer program that incorporates a mathematical model predicting 

the influence of different factors (like insulin dose and carbohydrate intake) on the 

blood glucose regulation in diabetes patients. By using a simulator, the patient will 

have a safe tool for the education of various aspects of life as a diabetes patient. 

Simulators in the education of diabetes patients are new. They can play an 

important role in the education, because the patients can acquire knowledge in a 

risk-free environment. This allows the patients to fail and then provides them 

chances to go back and modify their strategy until they have achieved successful 

results. 

Currently one diabetes simulator is available (AIDA) [4]. The use of AIDA in type-I 

diabetes patients showed a positive effect (decrease in HbAic and number of 

hypoglycemic events) on the blood glucose regulation. Unfortunately, this simulator 

is not user-friendly and can only be used for type-I diabetes patients. Next to that, 

this simulator uses insulin preparations that are no longer used in the Dutch 

1 Hyperglycaemia is a condition in which an excessive amount of glucose circulates in the 
blood. 

2 Hypoglycaemia is a pathologic state caused by a lower than normal level of glucose in the 
blood. 
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diabetes clinics. Since the majority of the diabetes patients suffer from type-2 

diabetes, the development of a new user-friendly type-2 diabetes simulator will 

certainly be appreciated by health-care providers and diabetes patients. 

1.4 Simulation at the MMC 
In the last two years, there is more interest in the use of simulators for education at 

the MMC. This hospital will be the first non-university hospital in the Netherlands 

to build a simulation center (MedSim) for multidisciplinary team training in health 

care. The goal for MedSim is to improve patient safety in high-risk situations. Next 

to using simulators in education, the MMC also focuses on the development of 

simulators by providing unique opportunities for research on this topic. In this, the 

MMC has a close cooperation with the Eindhoven University of Technology (TU/e) 

and with the University Maastricht. In April 2006, a multidisciplinary group of 

researchers and physicians from the MMC and students from the TU/e initiated the 

MMC simulation meeting. The goal of these meetings is to discuss topics that the 

researchers of this group are working on in the field of simulation in healthcare 

such as neonatology, gynecology and diabetes. 

1.5 Diabetes research at other groups 
BIOMIM 

Research in type-2 diabetes is one of the most important research topics of the 

Biomedical Imaging and Modeling (BIOMIM) group of the department of Biomedical 

Engineering (TU/e). By developing computer models, different aspects, from 

fundamental research on signal transduction and metabolic pathways that may be 

the cause of a decrease in insulin sensitivity in type-2 diabetes patients to clinical 

research into the quantification of insulin resistance and the development of new 

therapies for type-2 diabetes patients, of type-2 diabetes are studied. One of the 

projects of the BIOMIM group is the development of a glucose-insulin model for the 

quantification of insulin resistance. This model is based on the classical minimal 

model of Bergman. 

The M3-research unit 

The Muscle Metabolism Maastricht (M3)-research unit operates within the 

Department of Human Movement Sciences of the Faculty of Health, Medicine and 

Life Sciences (FHML) at Maastricht University (UM) . This unit is specialized in vivo 
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human metabolic research, and the main fields of interest include skeletal muscle 

metabolism, exercise metabolism, sports and/or clinical nutrition, type-2 diabetes 

and aging. One of there projects is about the analysis of continuously measured 

glucose data in diabetes patients. 

1.6 The clinical project 
The development of a user-friendly type-2 diabetes simulator initiated the clinical 

project, this report is about. This project is part of the 2-years Qualified Medical 

Engineer (QME) program of the School of Medical Physics and Engineering 

Eindhoven (SMPE/e) and was carried out at the department of Internal Medicine of 

the MMC. The objective of this project is to develop an educational computer 

program that incorporates a mathematical model predicting the influence of 

different factors like insulin dose, carbohydrate intake, exercise and emotions on 

the blood glucose regulation in diabetes patients. Due to the limited time of this 

project, we will focus on the influence of carbohydrate intake and insulin dose on 

the blood glucose regulation in type-2 diabetes patients. This report describes the 

design and development of the diabetes simulator. First, in chapter 2 the project's 

goal, deliverables, delimiters and the specifications of the simulator will be defmed. 

Second, in chapter 3 the realization of the simulator is given. Third, the model 

performance is shown in chapter 4. Finally, in chapter 5, the results of this project 

are discussed and conclusions and recommendations are given in chapter 6. 
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2 Towards a diabetes simulator 

2.1 Goal 
The goal of this project is the development of a type-2 diabetes simulator by 

developing a glucose-insulin model and implementing it in the simulator. The model 

will be developed in Simulink®. In order to validate the mathematical model, its 

output will be compared against measured data like continuous glucose data. Next 

to that, the first prototype of the new diabetes simulator will be evaluated by 

training two diabetes patients of the MMC diabetes clinic. 

2.2 Deliverables 
The main result of this project will be the prototype of the new diabetes simulator 

and a glucose-insulin model predicting the influence of insulin and carbohydrate 

intake on the blood glucose regulation. Specifically, this will consist of a document 

describing the specifications of the simulator, a Simulink® glucose-insulin model 

and its implementation in a basic user interface. However, during this project, the 

focus will be on the development of the mathematical model and not on the 

development of the user interface. 

2.3 Delimiters 
The project delimiters were defined as follows: 

The project will focus on type-2 diabetes patients that use insulin 

The mathematical model will only predict the influence of carbohydrate 

intake and insulin on the blood glucose. 

The user interface will not be sophisticated but basic 

Clinical data will not be measured specially for this project but data that are 

measured for diagnostic purpose will be used 

The diabetes simulator will not be implemented in the clinic and its use will 

be validated in a small patient group (2 patients) only 

2.4 Specifications of the simulator 
In order to determine the specifications of the simulator, we used the MASTER 

method [5]. This method is developed by the European Defense Force and is based 

on the specification of the simulator by defining training needs. For this purpose, 
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the tasks of the training should be analyzed before defining the specifications of the 

simulator. The MASTER method consists of three steps: Training Needs Analysis 

(TNA), Training Program Design (TPD) and Training Media Specification (TMS). 

During the TNA, the mission of the simulator is defined and the trainee and 

training are analyzed. The training program requirements are defined during the 

TPD and the simulation requirements such as software are defined during the TMS. 

2.4.1 Training Needs Analysis 
a. Mission analysis 

The mission of the simulator is to obtain good knowledge of the influence of food 

intake, insulin, exercise and emotions on the blood glucose regulation in diabetic 

patients. 

b. Task, training and trainee analysis 

The training group consists of health-care providers like general and diabetes 

nurses, general practitioners, medical specialists and residents, and diabetes 

patients. The reason for including health-care providers is that they are the 

educators of the diabetes patients. Therefore, they should have a good knowledge of 

the disease and know how to treat it. Usually, health-care providers are trained by 

conventional methods like books and PowerPoint presentations but we believe that 

a simulator will give them a better insight in diabetes and its treatment. As shown 

in table 1 above, there are different tasks that should be carried out during the 

training. First, the trainee should get background information about the 

pathophysiology of diabetes. Then, he has to learn how to predict the influence of 

carbohydrate intake, insulin, exercise and emotions on the blood glucose 

regulation. Some of the trainees also have to know which type of insulin is used to 

regulate the blood glucose. Finally, the trainee should know how to interpret the 

blood glucose signal and how to react on emergency cases. The tasks performed 

during the training differ per trainee (table 1). The patients, for example, do not 

have to know which type of insulin is required to regulate the blood glucose 

because this is the task of the healthcare provider (usually nurse or general 

practitioner). 
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Table 1: The analysis of the tasks, training and trainee 

Tasks Health-care provider Patient 

"d [) ...., ...., 
Type 1 and type 2 ~ §ca ~ ca v ~ ca-~ ...., ~ 0 ~ (/) Q.) .Sl ca diabetes patient Q.) Q.) :;:l Q.) ~ "d 

~ ~ ~ :;:l ~ ;j ...... "d ...... 
(/) Q.) C) 

...... ~ Q.) C) Q.) z 
~ :s & Cl ;j C) cd C) 

z 6:: (/) 

Background information Yes Yes Yes Yes Yes 

The prediction of the influence of 
food, insulin, exercise and emotions Yes No No Yes Yes 
on the blood glucose regulation 

Choosing the insulin regulation 
Yes No Yes Yes No method 

Interpretation of the blood glucose 
Yes No No Yes Yes signal 

Reaction on emergency cases Yes Yes Yes Yes Yes 

2.4.2 Training Program Design 
When the trainee starts the simulation training, he provides personal information 

like sex, age, height and weight to the simulator. This is required to categorize the 

patient in a certain group in order to personalize the training for diabetes patients 

and to train a specific scenario for healthcare-providers. As the knowledge between 

the trainees is different, the simulator will be built in such a way that the trainee 

will have the possibility to choose between three levels, where in level 1 to 3, the 

influence of food and insulin, exercise and emotions on the blood glucose regulation 

is trained, respectively. Figure 1 shows a schematic presentation of the different 

steps taken during the training. 

When the trainee for example chooses level 1, he enters the amount of 

carbohydrates he consumed and how much insulin he injected. This information 

will then be sent to the mathematical model that predicts the blood glucose signal. 

After that, the predicted signal is evaluated in the simulator. When the blood 

glucose levels are within the permitted range, the trainee gets a positive feedback 

and is then allowed to go to the next level. When the blood glucose value is too high 

or to low, the trainee gets educational advises to improve the blood glucose value 

and may start the level again. In this case, it is not possible to go the next level. 
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Figure 1: A schematic presentation of the different steps taken during the training 

2.4.3 Training Media Specifications 
User-group 

A screen-based simulator will be developed to simulate the blood glucose profiles. 

One of the important aspects of the simula tor is the user interface. Attention should 

be paid to the user-group (their age, their eventual handicap and computer level), 

especially because the simulator will be used by different users. 

The user interface should be convenient for the diabetes patients and the 

healthcare providers as well. There should be different options for the different 

users. The age of diabetes patients varies from 5 years (children) to around 90 

years. The user-group of the diabetes simulator will be adults from the age of 16 to 

80. The mean age of healthcare providers is around 40 years. 
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The level of computer and diabetes knowledge and some diabetes complications like 

retinopathy are also important factors which should be taken care of during the 

design of the user interface. The younger population is more familiar with computer 

use than the older population. Next to that, the level of diabetes knowledge differs 

from one patient or healthcare provider to the other. Furthermore, one of the 

complications of diabetes is retinopathy3. In the early stages, retinopathy may affect 

the patient's sight. 

Input values 

Input values that are required for the categorization of the trainee are: age, sex, 

height, weight, basal glucose value, renal function, recent HbAlc4 value, and 

insulin resistance. For the prediction of the glucose profiles, input values are: 

amount of carbohydrates intake, dose of insulin injected, duration and intensity of 

the training and emotional status. These input values should be easily entered by 

the trainee at the start of the training. 

Mathematical model 

For the prediction of the blood glucose profiles, a physiological glucose-insulin 

mathematical should be developed. This model will use input parameters like 

carbohydrate intake, insulin dose, duration, exercise intensity and emotional status 

to predict a blood glucose trace during the training. 

Connecting the mathematical model 

The new diabetes simulator uses a mathematical glucose-insulin model to predict 

blood glucose profiles. This mathematical model is built in Simulink®. The user

interface should be connected to the Simulink® model and has to exchange 

information (input and output) with this model. Next to that, the output of the 

Simulink® model has to be plotted on the screen. 

Output screens 

The major difference between the two interfaces (patients and healthcare providers) 

lies in the plots that are shown during the training. Patients will only see a graph of 

plasma glucose and plasma insulin as these plots are the most important outputs 

3 Retinopathy is a form of non-inflanunat01y damage to the retina of the eye which 
eventually causes blindness. 
4 HbAlc (Glycosylated hemoglobin) is a form of hemoglobin used to identify the average 
plasma glucose concentration over 6 weeks. 
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of the model. The healthcare providers, on the other hand, would like to see more 

graphs such as: 

Insulin delivered by the pancreas 

Glucose in the gut 

Glucose excretion by the kidneys 

Insulin absorption (subcutaneously injected) 

When the trainee trains a certain level twice, the simulator should be able to plot 

both graphs (current and previous simulation) , hence presenting the difference 

between the first and second simulation. 

Feedback 

After the training, the simulator should be able to give feedback to the trainee. This 

can be done by showing him the upper and lower blood glucose limits in the 

graphs, by commenting on the results of the training and by giving advice to the 

trainee to improve his blood glucose level (in case of bad results). Positive feedback 

is also important because it motivates the trainee to continue the training. 

Distribution of the software 

The new diabetes simulator should be distributable within the MMC. Therefore, the 

users should be able to run the simulator from the MMC network server or access 

the simulator from a CD. 

Maintenance 

Since the glucose-insulin model will be adapted (due to development), 

implementation of the simulator in new versions of the Simulink® model should be 

easy to carry out. Documentation with a user manual is therefore required. 

2.5 Project's Focus 
In order to make this project feasible within the available time frame, we will not 

develop all the (designed) specifications. We will focus on level 1 where the influence 

of insulin and carbohydrate intake on the blood glucose regulation is trained. So, 

the glucose-insulin model will only be able to predict blood glucose profiles after a 

change in carbohydrate intake and insulin dose. 
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3 Realization of the simulator 

3.1 The glucose-insulin model 
The purpose of the glucose-insulin model, in level 1, is to simulate plasma glucose 

and insulin responses to a given insulin therapy and/ or dietary regimen. The 

structure of this physiological model is given in figure 2. 

~ . 
M 
c=:) 

eal Q Degradation by 
kidneys 

I I 

Central nervous 
~ 

system and red Gut .. .... 

blood cells 

~ Plasma I 
IL 

I"• Muscle and 
Liver ~ ... ~ 

adipose .... 
~ ~ • + tissue 

I -
I I 

I I 

I I ------------ ----------~----------I 
I 
I 
I 
I 

ll I 

', I 

Pancreas ~ - • 

~ 
~ 

Plasma lnterstitium 

~ 
Subcutaneously 
injected insulin 

~ 
Degradation 

I by kidneys + and liver 

Figure 2: Structure of the glucose-insulin model 

I 

• 
Glucose flow: ..... , Glucose influence: ----+, Glucose degradation: --+ 
Insulinflow - ..... , Insulin influence - - -'1t Insulin degradation: - + 

Degradation in 
muscle and 
adipose tissue 
kidneys 

This model contains a single glucose pool representing plasma glucose into which 

glucose enters via intestinal absorption and hepatic (liver) glucose production. 

Glucose is removed from this space by insulin-independent glucose utilization in 

red blood cells and the central nervous system and insulin-dependent glucose 

utilization in the liver and the periphery (muscles and adipose tissues). Glucose 
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excretion from the model occurs above the renal threshold of glucose as a function 

of creatinine clearance. The model contains two insulin compartments, a plasma 

insulin compartment and a remote insulin compartment, referred to as the 

interstitium. The latter is responsible for glucose control. Endogenous insulin is 

secreted by the pancreas whereas exogenous insulin is injected subcutaneously. 

The developed glucose-insulin model combines several mathematical models from 

the literature: the classical minimal model of Bergman [6), the 13-cell secretion 

model of Steil [7), the model of subcutaneous insulin injection of Berger & Rodbard 

[8), the gut model of Natalucci [9] and a renal excretion model of Lehmann [4]. A 

detailed description of the mathematical model and its validation is described in 

appendix B. The parameters of the model were estimated using continuously 

measured glucose data (CGMS data), see appendix E and F. These data were 

measured by the M3-research unit of the University of Maastricht. More 

information about these data is given in appendix E and F of this report and in [IO]. 

We used the estimated parameters to simulate multiple meals, with breakfast at 8 

a.m. (129 g), a snack at I0.30 a.m. (28 g) and lunch at I2.30 a.m. (86 g). The 

results of the simulation are compared with the continuously measured glucose 

data. Figure 3 shows the predicted glucose concentrations (bold line) against ±ISO 

(n=ll) confidence limits (grey area) of the CGMS trace. The figure show that our 

results are within the ±ISO confidence limits of continuously measured signals 

(measured in I I healthy persons). 

The model was also used to simulate a type- I diabetes patient that uses insulin, by 

injecting 3 units of insulin (Regular) and assuming a decrease in the pancreas 

function of I 0%. The remaining models parameters were assumed unchanged. 

Figure 4 shows the predicted plasma glucose concentrations of a type- I diabetes 

patient (solid line) versus the predicted plasma glucose concentrations (dashed line) 

of a healthy person. The traces in figure 4 are both predicted by our model and not 

measured. The figure shows that the plasma glucose trace in the type- I diabetes 

patient reaches its maximum I80 minutes later than the healthy person. 

Furthermore, it takes more than 24 hours for the diabetic glucose trace to return to 

its basal value, whereas the healthy one returns within 5 hours to its basal value. 
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Figure 4: Predicted glucose concentrations of a type-1 diabetes patient (carbohydrate 

conswnption=75 g at t=O min; insulin injection=3 units Regular at t=O min) 
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3.2 The user interface 
To illustrate the use of the diabetes simulator, we will show an example of a 

training session. The results of the training session, where a 75 kg healthy person 

takes three meals (breakfast at 8 a.m. (75 g carbohydrate), lunch at 12 p.m. (50 g 

carbohydrate) and dinner at 8 p.m. (80 g carbohydrate)), are shown in appendix G. 

Exogenous insulin was not injected during the simulation. The user interface 

shown in appendix G is developed, based on the specifications that were defmed 

during this project, by W.K. Mok. More information about the development of the 

user interface is shown in [ 11]. 

Figure 3 shows the different steps taken during the training sessions. First, the 

trainee enters information about his age, height and weight in the basic patient 

categorization page (figure G. l in appendix G). Next, in the medical patient 

categorization page (figure G.2), the trainee enters information about the patient's 

basal glucose value (in mmol/L). renal function (percentage). HbAlc (percentage) 

and insulin resistance (normal, resistant, extreme resistant). When these values are 

not known, default values are used. Currently, the glucose-insulin model is not 

patient-specific yet and does not use this information yet. In the patient 

categorization page, the trainee has the possibility to enlarge the font size (figure 

G. l). This feature is implemented for diabetes patients who suffer from retinopathy. 

After the patient categorization step, the trainee chooses the level (figure G.3) and to 

enter the input values, for example, for carbohydrate intake (figure G.4). It is 

possible to simulate blood glucose profiles during three different meals (breakfast, 

lunch and dinner). As it may be difficult for some trainees to calculate the amount 

of carbohydrate in a certain meal, we developed a carbohydrate calculator (figure 

G.5). which send the results of the calculations to the carbohydrate page (figure 

G.4). 

After entering all the input values required to predict the blood glucose profiles, the 

entered information is sent to the Simulink® model. This model then simulates the 

blood glucose profiles and sends the results back to the user interface where graphs 

for plasma glucose and insulin are plotted (figure G.6). For the healthcare providers, 

it is also possible to plot more graphs. These are not shown in the figures below. 

Figure G.6 shows also the feedback given to the trainee. In this case, the trainee 

achieved good results that allow him to move to the next level. The graphs of 

glucose and insulin in figure G.6 may not be clear. Therefore, there is a possibility 
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to enlarge the graphs and also to plot both traces in one graph (figure G. 7). When 

the feedback is negative and the trainee has to replay the same level, he can 

compare the new results with the previous ones as they are plotted in the same 

graph (figure G.8). 
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Figure 3: A schematic representation of the different steps taken during the training 
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4 Discussion 
The goal of this project was to design a diabetes simulator, develop a glucose

insulin model, implement the model in the simulator and to evaluate the use of the 

developed simulator in two patients of the MMC diabetes clinic. In this chapter we 

will discuss the realized results of the project. 

We achieved to design a multidisciplinary and user-friendly diabetes simulator. The 

simulator consists of two parts: the mathematical glucose-insulin model and the 

user interface. The focus was set on the mathematical model and not on the user 

interface. However, a sophisticated user interface was also realized during this 

project. 

We achieved to develop a user-friendly user interface. Attention was paid to the 

different users by giving them the opportunity to choose between two different 

option: one with the two most important graphs (plasma glucose and insulin), 

mainly meant for patients, and one with more graphs for health-care providers. 

Next to that, the plasma and insulin graphs can be shown simultaneously, which 

helps the trainee in adjusting his therapy if required. Furthermore, we implemented 

a feature for diabetes patients who suffer from retinopathy by allowing them to 

enlarge the font size and we added a carbohydrate calculator for the trainee that is 

not able to calculate carbohydrate from a meal by himself. In addition, the trainee 

can choose to play different levels and feedback is given after each level. In addition, 

the user interface can be easily coupled to the mathematical model. This allows us 

to further develop the model and couple a new version of the model to the user 

interface. 

We developed a glucose-insulin model that predicts blood glucose profiles after a 

change in diet and insulin. This model originates from the minimal model of 

Bergman [6] and is extended with other models from the literature (appendix B). 

The glucose-insulin model consists of several parameters. The values for these 

parameters estimated using continuously measured glucose data (CGMS). Input 

values for the model are given by the trainee via the user interface. 

The results of a multiple meal simulation using the estimated parameters (figure 3) 

show that the plasma glucose predicted by our model is within the ±lSD confidence 

limits of the measured glucose data. However, there is still a difference between the 
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measured and the predicted glucose concentration in healthy subjects. These 

differences may be caused by several factors, wWch will be explained here. During 

the nocturnal fasting period (0-8 hours in figure 3), the plasma glucose 

concentration predicted by our model is constant (around 5.5 mmol/L). This is not 

the case for the measured glucose concentration. This shows that our model lacks 

some metabolic processes such as those that occur during the night fasting, see 

appendix A. This may be one of the causes of the differences between the predicted 

glucose trace and the measured one. Next to that, our model does not take 

movement, emotions and other regulatory hormones than insulin (such as the 

counter regulatory hormone glucagon) into account. Furthermore, during the 

collection of the glucose data (CGMS) that we used to estimate the parameters and 

to compare our results to, the subjects had a complex meal that contains, next to 

carbohydrate, protein and fat. Our model only considers carbohydrate as food 

intake. In addition, the measured CGMS data were from persons that were age and 

BMI-matched to a diabetes group [10]. Consequently, these subjects have a 

relatively high BMI (average: 27.8). As a high BMI is related to insulin resistance, we 

are wondering how healthy tWs patient group is. The large variability in glucose 

concentrations among the subjects and relatively high glucose concentrations (up to 

16 mmol/L) during the day in the data confirms this. This variability also makes it 

difficult to estimate the model parameters accurately. 

We also used our model to simulate a type-1 diabetes patient that uses insulin. The 

results of the simulation (10% pancreas function, 3 units injection of Regular 

insulin, 75 g carbohydrate consumption in a 70 kg person) show that the plasma 

glucose trace in the type-1 diabetes patient reaches its maximum 180 minutes later 

than the healthy person and that the plasma glucose concentration is not returned 

to its basal value before 24 hours (5 hours in a healthy person), see figure 4. These 

differences may exist between type-1 diabetes patients and healthy persons. 

However, the amplitude of the predicted plasma glucose concentration is too low for 

a diabetes patients. In figure 3, we see that the plasma glucose concentration 

reaches a maximum of around 7 mmol/L. During the simulation, the pancreas 

function was decreased by 10% and 3 units of (Regular) insulin was injected. The 

use of exogenous insulin may cause the relatively low amplitude of the plasma 

glucose trace. However, when no exogenous insulin is injected during the 

simulation of the type-1 diabetes patient (pancreas function of 10%), the maximal 

plasma glucose concentration is still around 7 mmol/L. At the moment, we have 
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not measured data of type-1 diabetes patients to evaluate this. The results of this 

simulation are shown in appendix E. 

We evaluated the diabetes simulator in two insulin-dependent diabetes patients 

aged 40 and 77 years separately. Duling the evaluation, we went step by step 

trough the simulator. Both patients were able to use the diabetes simulator and 

found it very interesting as an educational tool and user-friendly. They both 

appreciated the carbohydrate calculator. During the training, enlargement of the 

font size was required for the 77-year old patient, which was very appreciated by 

him. The 40-years old patient has a good knowledge of diabetes management. So, 

she was more interested in level 3, where the influence of carbohydrates, insulin, 

movement and emotions, is trained. The 77-years old patient missed background 

information about diabetes and diabetes management in the simulator. At the 

moment, the simulator does not provide background information. The simulator 

should be coupled to an interactive diabetes education program called DIEP. This 

program, which is developed by the University Hospital Maastricht, is available on 

the internet (freeware) and provides background information about diabetes and its 

management. 
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5 Conclusions and recommendations 
We presented a user-friendly diabetes simulator that incorporates a mathematical 

model predicting glucose profiles after a change in carbohydrate intake and insulin 

dose. Our results show that our glucose-insulin model achieved to predict glucose 

concentrations in healthy persons, within (qualitatively) acceptable accuracy for 

education purposes. However, the glucose-insulin for healthy persons should be 

validated against another dataset. During this study, we used the same dataset for 

parameter estimation as for the (qualitative) validation. 

The predictions in type- I diabetic patients did not result in realistic prediction of 

glucose concentrations. This may be caused by using model parameters for healthy 

subjects. During the simulation of a type- I diabetes patient, we only decreased the 

pancreas 13-cell function, which represents a type- I diabetes patient that lacks 

insulin production, while the remaining parameters were unchanged. In order to be 

able to predict glucose concentrations in diabetes patients, the parameters should 

be estimated using data of diabetes patients. The study of Dalla Man et al. [I2] 

showed that there is a difference between model parameters for healthy and 

diabetes subjects. So, by estimated model parameters for diabetes patients, we will 

be able to simulate type-I and type-2 diabetes. Next to the lack of well estimated 

parameters for diabetes, the model we developed may be too simple. The blood 

glucose regulation system is more complex (appendix A) than the glucose-insulin 

model we developed. Dallaman et al. [I2] recently developed a more complex model 

than the one developed by us. Their results show that their model is able to predict 

glucose concentrations in diabetes patients. Thus, one of the next steps may be the 

implementation of this model in our simulator in order to add more metabolic 

processes, which are important in glucose regulation in diabetes patients, to our 

mathematic model. However, we should realize that the blood glucose regulation 

system is very complex and we may not achieve to model all the metabolic 

processes, especially in diabetes patients where every patient has its unique blood 

regulation system. 

During this study the results of the simulations were validated qualitatively. In the 

future, we validate these quantitatively. For this purpose, we should quantitatively 

defme the acceptable accuracy of our model prediction. One of the methods that 

could be used is described in the discussion section of appendix E. As our model 
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will be used for educational purposes, it is not highly required to have an accurate 

model. However, how accurate is accurate enough for educational purposes? This is 

one of the questions we still should answer. 

The preliminary results of this study are encouraging to further develop this 

simulator. As our glucose-insulin model contains a pancreas, our simulator has the 

potential to simulate glucose proftles in both type-I and type-2 diabetes patients. 

This is in contrast to the currently available simulators (like AIDA) where only 

glucose concentrations in type- I diabetes can be predicted. Furthermore, the soon 

the glucose-insulin model is adapted to diabetes patients and all the functions of 

the user-interface (such as coupling of patient-specific input parameters) are 

working, we will be able to provide patient-specific trainings to diabetes patients. 

These trainings may help these patients to manage their disease and have a safe 

live with minor diabetes complications. Consequently, on the long-term, the cost of 

diabetes may be reduced. 
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