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Abstract 
In this work, a mathematical model of the control system of human circulating 

glucose concentration was examined. To this control system, a new variable was 
added to study the rate of reabsorption caused by glucose and insulin reactions in 
both normal and clinically treated subjects. This system of regulating blood sugar 
concentration allows the mathematical modeling of a system of three variable linear 
differential equations.This model was numerically analyzed using the Runge-Kutta 
method to determine the characteristics of glycemic homeostasis in normal and 
treated patients.Finally, we found this improved model, when the rate terms for 
glucose and insulin reaction were added.We found that the resulting curves showed 
the reaction rates of glucose uptake and insulin uptake in equilibrium that could be 
obtained and matched the actual reference levels for normal subjects (glucose level 
70-110 mg/dl, insulin level 5-15 µU/mL) 
 
Keywords: equilibrium, Runge-Kutta method, glucose-insulin regulatory equations, 
glycemic homeostasis 
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Abbreviations/Symbols 
( ) :G t  The plasma glucose concentration at time t (mg/dl) 
( ) :X t  The generalized insulin variable for the remote compartment (min-1) 

( ) :I t  The plasma insulin concentration at time t (µU/ml). 
:bG  This is the basal preinjection value of plasma glucose (mg/dl). 

:bI  This is the basal preinjec value of plasma insulin (µU/ml). 

1 :m   Insulin independent rate constant of glucose rate uptake in muscles, live  
randadipose tissue (min−1). 

2 :m  The rate of decrease in tissue glucose uptake ability (min−1). 

3 :m  The insulin independent increase in glucose uptake ability in tissue per unit of 
insulin concentration 

bI  (min−2(µU/ml)). 

4 :m  The rate of the pancreatic  -cells’ release of insulin after the glucose 
injection and with glucose concentration above h [ (µU/ml).min-2 (mg/dl)-1] 

5 :m  The threshold value of glucose above which the pancreatic  -cells release 
insulin.   

6 :m  The first order decay rate for insulin in plasma (min-1) pancreatic  -cells 
release insulin. 

7 :m  The rate of reaction of insulin-glucose uptake ability (min−1).
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Chapter 1 

Introduction  
 

1.1 Introduction and background of the problem 
NCDs or non-communicable diseases are chronic non-communicable diseases, 

meaning they are not caused by pathogens and cannot be spread from person to 
person. It is a disease caused by habits or lifestyle behaviors. These will have a slow 
progression of the disease, gradually accumulating symptoms continuously. It is often 
a chronic disease when there are symptoms of the disease. Therefore, NCDs may be 
classified as a group of chronic diseases. Currently, 1 in 5 of the most popular chronic 
diseases is diabetes, which used to be a lot in the elderly. But now it is found that 
patients in childhood and adolescents are increasing as well. Of course, it's caused by 
changes in consumption behavior, especially in a fast-paced life. Eating fast food or 
junk food causes more people with diabetes in different ages, where diabetes is 
considered a disease that has an abnormality in the absorption of blood sugar. 
         The process of converting blood sugar into energy involves the hormone insulin. 
If this process is abnormal, the resulting form is diabetes.   The hormone insulin is 
produced by the pancreas and if abnormal insulin causes blood sugar to rise above 
normal levels. (Standard (normal) medical values be the sugar level in the range of 70-
110 mg/dl and the insulin concentration is in the range of 5-15 µU/ml). If the human 
body has the absorption of sugar in the blood into the cells with abnormal results 
then there is in high blood sugar level and called diabetes.  In such cases, diabetic 
patients can have complications such as kidney or heart nerve endings or blurred 
vision, etc. 
Type of diabetes [1] 
There are two types of diabetes:   

1.Type 1 (Type 1 diabetes mellitus, T1DM) diabetes is caused by pancreatic 
cells being destroyed by the body's immune system. Causes insulin deficiency, often 
found in children. 

2.Type 2 (Type 2 diabetes mellitus, T2DM) diabetes is the most common type, 
accounting for 95% of all diabetes patients. caused by insulin resistance It is often 
found in adults who are overweight or obese. 
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In addition, the medical communities or some hospitals have added two more 
types of diabetes, gestational diabetes; and diabetes with a specific cause 
Diabetes Preventions [2] 

1. We should do choosing a variety of foods, focusing on vegetables, fruits and 
various grains, reducing sweet, oily, salty foods. 
2. Regular exercise should be done for at least 30 minutes three to five times 
a week. 
3. We should do clearing the mind, getting enough sleep 7 to 8 hours a day. 
4. Non-smoking and non-alcoholic beverages. 
5 People over 35 should have a health check every year. 

1.2 Objective of research 

1.2.1) To Study at mathematical model for glucose-insulin reaction in the 

human body. 

1.2.2) To develop a new model for glucose and insulin interaction. 

1.2.3) To apply the numerical method to simulate this model and analyze the 

results. 

1.3 Scopes of research 

1.3.1) To study the interaction between glucose and insulin in the human body. 

1.3.2) To study principle  

of a model for Glucose-insulin reaction under the influence of externally 

ingested glucose with normal and abnormal case. 

1.3.3) To develop a new model for glucose and Insulin Regulations System. 

1.3.4) Finding the rate of absorption while having a new modified model. 

1.3.5) To simulate and analyze the results of this system 

1.4 Research methodology 

1.4.1) To study the incidence of diabetes and related research. 

1.4.2) To study behavior of blood glucose-insulin of diabetic patients and 

normal. 
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1.4.3) Glucose-insulin interaction was studied with reference to Sandhya and 

Deepak Kumar [1] and the model was improved to further study the glucose-

insulin uptake rate and to analyze the mathematical model. 

1.4.4) Numerical analysis was performed using the Runge-kutta method to 

determine the characteristics of glycemic homeostasis. In normal people and 

patients with different types of diabetes, the patients are patient 1, patient 2, 

patient 3. 

1.4.5) Analyze and summarize research results 

1.5 Benefits of research 

1.5.1) To know the principle of diabetes. 

1.5.2) To obtain a better understanding of ordinary differential equation system 

(linear and nonlinear) concepts. 

1.5.3) To find that Mathematical models can be applied to diabetes and 

analyze results. 

  
All details in this book are chapter 2: Basic knowledge and Literature Reviews, 

chapter 3: Research methodology, chapter 4: Results and discussion and the last 
chapter 5: Conclusions and Suggestion. 
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Figure 2.1: insulin and glucagon regulate blood sugar [3] 

Chapter 2 
Basic knowledge and Literature Reviews 

This chapter describes the basic knowledge of diabetes, glucose and insulin 

interaction in the human body, and finally, revised literature’s reviews 

2.1 Basic knowledge about blood glucose-insulin  

2.1.1 Blood Glucose Regulation 

 

 

 

 

 

 

 

 
Insulin and glucagon work together in a balance and play a vital role in 

regulating a person’s blood sugar levels. Glucagon breaks down glycogen to glucose 
in the liver. Insulin enables blood glucose to enter cells, where they use it to produce 
energy.Together, insulin and glucagon help maintain homeostasis, where conditions 
inside the body hold steady.When a person’s blood sugar is too high, their pancreas 
secretes more insulin.Their pancreas releases glucagon to raise them. When their blood 
sugar levels drop this balance helps provide sufficient energy to the cells while 
preventing damage that can result from consistently high blood sugar levels. If a 
person’s body cannot maintain this balance, diabetes and other conditions can result. 
Prescription insulin and glucagon can help trusted. Source keep a person’s blood sugar 
levels within safe limits 
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2.1.2 Diabetes and its symptoms  
If you have any of the following diabetes symptoms, see your doctor about 

getting your blood sugar tested: 
 
 
 
 
 
 
 
 
 
 
 
 
 

• Urinate (pee) a lot, often at night  

• Are very thirsty 

• Lose weight without trying 

• Are very hungry 

• Have blurry vision 

• Have numb or tingling hands or feet 

• Feel very tired 

• Have very dry skin 

• Have sores that heal slowly 

• Have more infections than usual 
 
Symptoms of Type 1 Diabetes 

People who have type 1 diabetes may also have nausea, vomiting, or stomach 
pains. Type 1 diabetes symptoms can develop in just a few weeks or months and can 
be severe. Type 1 diabetes usually starts when you’re a child, teen, or young adult 
but can happen at any age. 

Figure 2.2: Diabetes Symptoms [3] 
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Symptoms of Type 2 Diabetes. 
Type 2 diabetes symptoms often take several years to develop. Some people 

don’t notice any symptoms at all. Type 2 diabetes usually starts when you’re an adult, 
though more and more children and teens are developing it. Because symptoms are 
hard to spot, it’s important to know the risk factors for type 2 diabetes. Make sure to 
visit your doctor if you have any of them.[3] 

2.1.3 Nonlinear systems and Linearization. 
 We will be only interested in nonlinear systems, for example: 
 

 sin
dx

x
dt

=        (2.1) 

          

 0.25 0.5
dy

y xy
dt

= − +        (2.2) 

 

and (1 2 3 )
dx

x x y
dt

= − −        (2.3) 

 

2 (3 2 )
dy

y x y
dt

= − −        (2.4) 

      
Two examples are nonlinear systems. 

Macroscopically, the whole system is nonlinear, but we still need a linear 
system for further analysis. So here comes a method of linearization near the 
equilibrium points. We linearize the graph of the solution for details to sketch a global 
phase portrait but using a method to approach the exact function. 
 
Suppose (𝑥0, 𝑦0) is an equilibrium point and define two deviation variables  

∊ (𝑡) = 𝑥(𝑡) − 𝑥0 , µ(𝑡) = 𝑦(𝑡) − 𝑦0 where 𝑥(𝑡) → 𝑥0 and 𝑦(𝑡) → 𝑦0. The 
"deviation variables" mean that we start slightly differently from (𝑥0, 𝑦0) and measure 
the difference to be more accurate. Hence ∈ (𝑡) and µ(𝑡)  are approaching to 0. 
Then we differentiate the deviation variables to have 

0 0( , ),
d dx

f x y
dt dt



= = + +       (2.5)    

0 0( , )
d dy

g x y
dt dt


= = + +       (2.6) 
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By the expansion of Taylor series for two-variable functions, we have 

0, 0( ) ...,
d f f

f x y
dt x y


  
= + + +

 
     (2.7) 

0 0( , ) ...
d g g

f x y
dt x y




 
= + + +

 
     (2.8) 

Here we converted the nonlinear system to a linear one.     

As 𝑓(𝑥0, 𝑦
0

) ≈ 𝑔(𝑥0, 𝑦
0

) → 0, so we can write the system into the matrix form 
which is the linearization near. 

0, 0( )

f f

x yt
x y

g g

t x y

 

   
        =   

      
       

  

          (2.9) 

This is called Jacobian matrix, usually denoted as J.       
Still considering the example in 6.0, we will have the general linearization 

( , )f x y

f f

x y
J D

g g

x y

  
  
 = =
  
   

      (2.10) 

2.2 Mathematical Model of Glucose – Insulin System & Literature Reviews. 
  They were interested in and studied the distinction of early insulin secretion. 

For these reasons, Gaetano and Arino presented it in 2000 [5]. 

 1 1

( )
[ ( )] ( ) b

dG t
p X t G t p G

dt
= − + +       (2.11) 

 

  2 3

( )
( ) [ ( ) ]b

dX t
p X t p I t I

dt
= − + −       (2.12) 

 

  4 5 6

( )
[ ( ) ] [ ( ) ]

( )
b

dI t
p G t p p I t I

d t
= − − −       (2.13) 
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where ; 
( ) :G t  The blood glucose concentration at time t (mg/dl). 

( ) :I t  The blood insulin concentration at time t (µU/ml). 
( ) :X t  An auxiliary function representing insulin-excitable tissue glucose uptake 

activity, proportional to insulin concentration in compartment (min-1). 
:bG  The subject's baseline glycemia (mg/dl). 

:bI  The subject's baseline insulinemia (µU/ml). 

0 :p  The theoretical glycemia at time 0 after the instantaneous (mg/dl). 

1 :p  The glucose &&mass action'' rate constant, i.e. the insulin-independent rate 
constant of tissue glucose uptake (min-1). 

2 :p  The rate constant expressing the spontaneous decrease of tissue glucose 
uptake ability (min-1). 

3 :p  The insulin-dependent increase in tissue glucose uptake ability, per unit of 
insulin concentration excess over baseline insulin [min-2(µU/ml). -1] 

4 :p  The rate of pancreatic release of insulin after the bolus, per minute and per 
mg/dl of glucose concentration [ (µU/ml) (mg/dl)-1 min-1] 

5 :p   The pancreatic glycemia (mg/dl). 

6 :p  The "first order decay rate constant for Insulin in Plasma (min-1). 

7 :p  The theoretical plasma insulin concentration at time (mg/dl). 
 
 Mathematical model of diabetes mellitus, which is a metabolic disease 
concerned with the regulation process of glucose in the body by the pancreatic 
insulin in 2014 [6]. 

 1 2 3

dx
a x a xy a

dt
= − − +       (2.14) 

  

 2 2

dy
b x b y

dt
= − −       (2.15) 

where, 

1 :a represents insulin-independent glucose disappearance while  

2 :a represents insulin-dependent glucose disappearance. The glucose infusion rate is 
represented by 

3a The last two rates,  

1b and 
2b  represent insulin production due to glucose stimulation and insulin 

degradation, respectively. 
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 Mathematical model for Glucose-Insulin-Ingested glucose regulatory system can 
be expressed by the following sets of differential equations in 2011 [7]. 
 

 
.

( )G t aG bI E = − − + +       (2.16) 
     

 
.

( )I t cG dI= −       (2.17) 
 

 
.

(1 )E E E = −       (2.18) 
where, 
  : Constant amount of glucose present in the body 
a:  Rate constant representing insulin independent glucose disappearance  
b:  Rate constant representing insulin dependent glucose disappearance  
c:  Rate constant representing insulin production due to glucose stimulation  
d:  Rate constant representing glucose independent insulin degradation  
 :  Rate constant representing increase of glucose level due to ingested glucose 
 :  Intrinsic growth constant of ingested source of glucose 
1


: Carrying capacity of ingested source of glucose 

 
 In 1974 [8], they developed a mathematical model for the analysis of the 
glucose-insulin interplay during glucose infusions was constructed. The model 
describes the eventual occurrence of glucosuria, changes in the concentration of 
glucose in its pool, and mimics the effects of regulatory hormones when hypo-
glycaemia appears. Insulin secretion is assumed to be controlled, in a multiplicative 
manner, by an immediate glucose function, a hypothetical potentiator that is slowly 
generated by glucose, and a negative factor with a shorter time-course which 
corresponds to the refractory phase of the pancreas. There are three compartment 
model is used in the simulation of the metabolism and distribution of insulin after its 
release. Finally, glucose utilization is described as a multiplicative function, related to 
the prevailing concentrations of glucose in blood and insulin in the extracellular space. 
This model is able to simulate all the experimental situations described in this report, 
both in normal man and in the diabetic syndrome, in which insulin secretion shows 
varying degrees of impairment. The results of the simulation of individual experiments This material is reserved for educational use only, not allowed for commercial use. 
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are given either as a set of theoretical parameter values, or described as the insulin 
response of the model to a standard, hypothetical glucose stimulus. The latter 
alternative is an attractive method for objectively evaluating the insulin response to a 
standard glucose load in clinical materials. 

In 2018 [9] they proposed a more simplified three compartment-mathematical 
model with only 6 ordinary differential equations by introducing a tissue compartment 
comprising kidney, gut, brain and periphery. For model parameter identification, we 
use inverse problems technique to solve a specific optimal control problem where 
data are obtained by solving the global model of John Thomas Sorensen. Numerical 
results show that the proposed model is adaptable to data and can be used to adjust 
diabetes mellitus type I or type II for diabetic patients. 

In 2020 [10], they proposed is capable of emulating the pathophysiology of T2DM 
metabolism, including the effect of gastric emptying and insulin enhancing effect due 
to incretin hormones. The incorporation of these effects lies in the implemented 
methodology since the mathematical functions that represent metabolic rates, with a 
relevant contribution to hyperglycaemia are adjusting individually to the clinical data 
of patients with T2DM. Numerically, the resulting model successfully simulates a 
scheduled graded intravenous glucose test and oral glucose tolerance tests at different 
doses. The comparison between simulations and clinical data shows an acceptable 
description of the blood glucose dynamics in T2DM. It opens the possibility of using 
this model to develop model-based controllers for the regulation of blood glucose in 
T2DM.  

In 2021 [11], they proposed Diabetes mellitus is a chronic metabolic disorder 
characterized by abnormally high urine and blood glucose levels (i.e., hyperglycemia) 
due to insufficient insulin levels. Based on the statistics of American Diabetes 
Association (ADA) or American Diabetes Association, approximately 23.6 million people, 
or 7.8% of the population, in the USA are afflicted with this disease. While an estimated 
17.9 million people have been diagnosed with diabetes, regrettably, 5.7 million people 
(or nearly one quarter) are unaware that they have the disease. The total annual 
economic cost of diabetes in 2007 was estimated to be $174 billion. Diabetes can 
cause serious health complications including blindness, heart disease, kidney failure, 
stroke, nerve damage, and lower extremity amputations. According to the statistical 
report from Centers for Disease Control and Prevention (CDC), diabetes is the sixth 
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leading cause of death in the USA. Consequently, diagnosis, treatment, control and 
prevention of diabetes, are extremely critical in the current medical era. 

In 2023 [12], they proposed our bodies desire blood glucose to be maintained 
between 70 mg/dl and 110 mg/dl (mg/dl means milligrams of glucose in 100 milliliters 
of blood). Below 70 is termed hypoglycemia. Above 110 can be normal if you have 
eaten in the past two to three hours. That is why your doctor wants to measure your 
blood glucose while you are fasting, when the level should be between 70 and 110. 
Even after you have eaten, however, your glucose should be below 180. Above 180 is 
termed hyperglycemia (which translates to mean "too much glucose in the blood"). If 
your blood sugar measures above 200 after drinking sugar water (a glucose tolerance 
test), then you are diagnosed with diabetes. 
 In this study 2011 [13], Mathematical model provide clues to our understanding 
of diabetes incidence with the hormones insulin and glucose interacting with each 
other and this model can also explain the glucose-insulin interaction according to 
Sandhya and Deepak Kumar [13]. In addition, the model was improved to further study 
the rate of glucose-insulin uptake and to analyze the mathematical model for glucose-
insulin control in diabetic patients by studying the mathematical model in the form of 
systems of nonlinear differential equations that can explain the working principle of 
glucose and insulin consisting of circulating glucose concentration (G), typical insulin 
for the remote compartment (X), circulating insulin glucose concentration(I)[13]. 
The system of linear differential equations of the function of glucose and insulin is as 

follows. 

 1 2 1( ) ( ) b

dG
m G t m I t m G

dt
= − + +      (2.19) 

 2 3 3 6( ) ( ) b b

dx
m X t m I t m I m I

dt
= − + − +      (2.20) 

  

 3 4 4 5 6 6( ) ( ) ( ) b

dI
m I t m G t m m m I t m I

dt
= − + + − +    (2.21) 

where: 

( ) :G t The plasma glucose concentration at time t (mg/dl) 
( ) :X t The generalized insulin variable for the remote compartment (min-1) 

( ) :I t The plasma insulin concentration at time t (µU/ml). 
:bG This is the basal preinjection value of plasma glucose (mg/dl). This material is reserved for educational use only, not allowed for commercial use. 
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:bI This is the basal preinjec value of plasma insulin (µU/ml). 

1 :m  Insulin independent rate constant of glucose rate uptake in muscles, live  
randadipose tissue (min−1 ). 

2 :m The rate of decrease in tissue glucose uptake ability (min−1 ). 

3 :m The insulin independent increase in glucose uptake ability in tissue per unit of 
insulin concentration Ib (min−2(µU/ml).). 

4 :m The rate of the pancreatic  -cells’ release of insulin after the glucose injection 
and with glucose concentration above h [ (µU/ml).min-2 (mg/dl)-1] 

5 :m The threshold value of glucose above which the pancreatic  -cells release 
insulin.   

6 :m The first order decay rate for insulin in plasma (min-1) pancreatic  -cells release      
insulin. 
 We interested in the system of the regulation of glucose insulin [13]. Then 
interested in details so much, we can understand and draw a picture of the working 
system as follows [Figure2.3 - Figure2.5] 
 

 

 

 

 

 

 

 

 

 

 

After eating every meal the digestion and absorption of the body causes the 
glucose level in the bloodstream to rise. When the blood sugar level is high, the 
pancreas signals the beta cells to release insulin to lower the blood sugar level by 
stimulating glucose into muscle cells and various tissues of the body (glucose Uptake) 
as shown in Figure2.3 including one important organ, the liver in which insulin 
stimulates the conversion of glucose to be stored as energy is glycolysis by a method 
known as glycolysis and thus the mathematical model is obtained as follows (2.19).
   

Figure 2.3: Model for glucose concentration system (2.19). 
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The working principle of insulin and the insulin receptor (Insulin Receptor) 
When the blood glucose is high and the pancreas releases insulin to lower the blood 
sugar level. Glucose will not be able to enter the cells of the body. Glucose can enter 
the cells of the body only when the insulin binds to the insulin receptor or Insulin 
Receptor it is represented by a mathematical model (2.20) as follows Figure 2.4 
 

 

 

 

 

 

 

   
 

The main concentration of insulin in the bloodstream after the insulin has binds 
to the insulin receptor and cause glucose to enter the cells of the body at that time, 
the concentration of insulin in the blood was still present as shown by the following 
mathematical model (2.21) as follows Figure 2.5 
 

 

 

 

 

 

 

 

 
 

 
Figure 2.5: Model for Insulin concentration system (2.21). 

 

Next chapter describes about research methodology. 

 
 

Figure 2.4: Model for insulin for the remote compartment system (2.20). 
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Chapter 3 
Research methodology  

This chapter describes the methodology of this research using mathematical 
modeling and analytical methods to generate results that can be parameterized. To 
simulate the system model with 4𝑡ℎ Runge-Kutta method and show a new system 
model with adding a term of glucose and insulin reaction. 

Fourth order Runge-Kutta (RK4) technique method with 1 variable is given 

below. 

1 1 2 3 4( 2 2 )
6

n n

h
y y k k k k+ = + + + +      (3.1) 

1 ( , )n nk f y t=         (3.2)

 2 1( , )
2 2

n n

h h
k f y t k= + +       (3.3) 

3 2( , )
2 2

n n

h h
k f y t k= + +       (3.4) 

4 3( , )n nk f y h t hk= + +       (3.5)  

The 4𝑡ℎ Runge-kutta method that can be applied to solve two first-order 
differential equations is as follows. Consider the following system of differential 
equations. 

 

( , , )
dx

f t x y
dt

=        (3.6) 

 

( , , )
dy

g t x y
dt

=         (3.7) 

 

Initial conditions: 0 0 0 0( ) , ( )x t x y t y= =  
 

 1 1 2 3 4( 2 2 )
6

i i

h
x x k k k k+ = + + + +      (3.8) 

 1 1 2 3 4( 2 2 )
6

i i

h
y y I I I I+ = + + + +      (3.9) 

 
Where; 1i it t h+ = +  
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1 ( , , )i i ik f t x y=        (3.10) 

1 ( , , )i i iI g t x y=        (3.11) 

2 1 1( , , )
2 2 2

i i i

h h h
k f t x k y I= + + +      (3.12) 

2 1 1( , , )
2 2 2

i i i

h h h
I g t x k y I= + + +      (3.13) 

3 2 2( , , )
2 2 2

i i i

h h h
k f t x k y I= + + +      (3.14) 

3 2 2( , , )
2 2 2

i i i

h h h
I g t x k y I= + + +      (3.15) 

4 3 3( , , )i i ik f t h x hk y hI= + + +      (3.16) 

4 3 3( , , )i i iI g t h x hk y hI= + + +      (3.17) 

For 𝑖 = 0,1,2, … 
 
In this research use Runge-kutta method in matlab with 3 variables. 
clear all 
clc 
 
h=0.25; 
d=0:h:3000; 
 
t = zeros(length(d),1); 
x = zeros(length(d),1); %x = G 
y = zeros(length(d),1); %y = X 
z = zeros(length(d),1); %z = I 
 
%--- Define constant ------- 
format long; 
m1=0.0069; 
m2=0.053; 
m3=9.94*10^(-6); 
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m4=0.0046; 
m5=82.9370; 
m6=0.2814; 
m7=0.0001; 
Gb=0.09; 
Ib=7; 
 
%--------------------------- 
%--- initial condition ----- 
t(1)=1; x(1)=250; y(1)=25; z(1)=9;  
 
%--------------------------- 
for j = 2:length(d) 
   t(j)=t(j-1)+h;  
end 
ftxyzw =@(t,x,y,z) (-m1*x)+(m2*z)+(m1*Gb)+(m7*z*Gb); %dG/dt 
gtxyzw =@(t,x,y,z) (-m2*y)+(m3*z)+(-m3*Ib)+(m6*Ib); %dX/dt 
htxyzw =@(t,x,y,z) (-m3*z)+(m4*x)+(m4*m5)+(-m6*z)+(m6*Ib); %dI/dt 
 
%--------------------------- 
for i=2:length(d) 
    f0 = ftxyzw(t(i-1),x(i-1),y(i-1),z(i-1)); 
    g0 = gtxyzw(t(i-1),x(i-1),y(i-1),z(i-1)); 
    h0 = htxyzw(t(i-1),x(i-1),y(i-1),z(i-1)); 
 
     
    f1 = ftxyzw(t(i-1)+0.5*h,x(i-1)+0.5*h*f0,y(i-1)+0.5*h*g0,z(i-1)+0.5*h*h0); 
    g1 = gtxyzw(t(i-1)+0.5*h,x(i-1)+0.5*h*f0,y(i-1)+0.5*h*g0,z(i-1)+0.5*h*h0); 
    h1 = htxyzw(t(i-1)+0.5*h,x(i-1)+0.5*h*f0,y(i-1)+0.5*h*g0,z(i-1)+0.5*h*h0); 
 
    f2 = ftxyzw(t(i-1)+0.5*h,x(i-1)+0.5*h*f1,y(i-1)+0.5*h*g1,z(i-1)+0.5*h*h1); 
    g2 = gtxyzw(t(i-1)+0.5*h,x(i-1)+0.5*h*f1,y(i-1)+0.5*h*g1,z(i-1)+0.5*h*h1); 
    h2 = htxyzw(t(i-1)+0.5*h,x(i-1)+0.5*h*f1,y(i-1)+0.5*h*g1,z(i-1)+0.5*h*h1); 
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    f3 = ftxyzw(t(i-1)+h,x(i-1)+h*f2,y(i-1)+h*g2,z(i-1)+h*h2); 
    g3 = gtxyzw(t(i-1)+h,x(i-1)+h*f2,y(i-1)+h*g2,z(i-1)+h*h2); 
    h3 = htxyzw(t(i-1)+h,x(i-1)+h*f2,y(i-1)+h*g2,z(i-1)+h*h2); 
 
    sum = (h/6)*(f0+2*f1+2*f2+f3); 
    sum2 = (h/6)*(g0+2*g1+2*g2+g3); 
    sum3 = (h/6)*(h0+2*h1+2*h2+h3); 
     
    x(i)=x(i-1)+sum; 
    y(i)=y(i-1)+sum2; 
    z(i)=z(i-1)+sum3; 
end 
  
%----------------------------- 
% Plot ----------------------- 
 clf 
 hold on 
 plot(t,x,'*') 
 plot(t,y,'o') 
 plot(t,z,'.') 
 xlabel('time') 
 ylabel('plasma glucose concentration') 
 title('Glucose-insulin regulatory system '); 
 

In this research, the model was improved by studying the rate of circulating 

glucose and insulin absorption in the blood in addition to the previous model [13], 

where 𝑚7 was defined as the rate of insulin-glucose uptake reaction. It is 

represented by this new system of equations (3.11 – 3.13). 

1 2 1 7( ) ( ) ( )b b

dG
m G t m I t m G m I t G

dt
= − + + +     (3.11) 
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2 3 3 6( ) ( ) b b

dx
m X t m I t m I m I

dt
= − + − +            (3.12) 

 

3 4 4 5 6 6( ) ( ) ( ) b

dI
m I t m G t m m m I t m I

dt
= − + + − +              (3.13) 

where; 

( ) :G t  The plasma glucose concentration at time t (mg/dl) 
( ) :X t  The generalized insulin variable for the remote compartment (min-1) 

( ) :I t  The plasma insulin concentration at time t (µU/ml). 
:bG  This is the basal preinjection value of plasma glucose (mg/dl). 
:bI  This is the basal preinjec value of plasma insulin (µU/ml). 

1 :m   Insulin independent rate constant of glucose rate uptake in muscles, live  
randadipose tissue (min−1). 

2 :m  The rate of decrease in tissue glucose uptake ability (min−1). 

3 :m  The insulin independent increase in glucose uptake ability in tissue per unit of 
insulin concentration Ib (min−2(µU/ml).). 

4 :m  The rate of the pancreatic  -cells’ release of insulin after the glucose 
injection and with glucose concentration above h [ (µU/ml)min-2 (mg/dl)-1] 

5 :m  The threshold value of glucose above which the pancreatic  -cells release 
insulin.   

6 :m  The first order decay rate for insulin in plasma (min-1) pancreatic  -cells 
release insulin. 

7 :m  The rate of reaction of insulin-glucose uptake ability (min−1). 
 

This new model will be simulated with the rk4-based numerical method, but 
first consider the simulation from the pre-improved system model as follows (2.19 – 
2.21).     
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Figure 3.2: Simulations Glucose-insulin control system of patient 1 

Table3.1: Parameters values used in mathematical models for Normal Person [13]. 
 

There were 2 cases for simulations; At first the normal case mean normal 

person in glucose level and the 2𝑛𝑑 case is some patients. 

 

 

 

 

 

 

 

 

  

     
 

Parameter Values Parameter Values 

1m  0.01370 
5m  79.0353 

2m  0.0123 
6m  0.2659 

3m  4.92*10^(-6) 
bG  80 

4m  0.0039 
bI  7 

 

Simulation of patient 1. 

 

 

 

 

 

 

 

  

 

 

 

 

Figure 3.1.: Glucose-insulin control system of Normal Person 
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Table 3.2: Parameters values used in mathematical models for patient1 [13]. 

Figure 3.3: Simulations Glucose-insulin control system of patient 2 
 Table 3.3: Parameters values used in mathematical models for patient2 [13]. 

 
 

Parameter Values Parameter Values 

1m  0 
5m  80.25 

2m  0.017 
6m  0.264 

3m  5.3*10^(-6) 
bG  80 

4m  0.0042 
bI  7 

 

 Simulation of patient 2. 
 

 

 

 

 

 

 

  

 

 

 
 
 

Parameter Values Parameter Values 

1m  0 
5m  77.5783 

2m  0.072 
6m  0.2465 

3m  216*10^(-6) 
bG  80 

4m  0.0038 
bI  7 
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Table 3.4: Parameters values used in mathematical models for patient2 [13]. 
 

 Simulation of patient 3. 

  
 
 
 
 
 
 
 
 
 
 

 

 
Parameter Values Parameter Values 

1m  0 
5m  82.9370 

2m  0.0142 
6m  0.2814 

3m  9.94*10^(-6) 
bG  80 

4m  0.0046 
bI  7 

 
All simulations of the system ((2.19) - (2.21)) [13] were presented in Figure 3.1-

Figure 3.4 and related to data in table 3.1-table 3.4 respectively. We found that every 
simulation could be stable. The stabilities of simulations would consider, In normal 
people, the glucose plasma concentration level were in standard level in stable 
circumstance. But other cases, patient1-patient3, the glucose plasma concentration 
in long time can be stable, however the concentration level were not tend to 
standard medical level (70-110 mg/dl). The new system model is cogitated by using 
reaction of the basal pre-injection value of plasma glucose and the plasma insulin 
concentration with 7m  in equation 3.11 
 
Next chapter describes about the new other simulations of the new system model 
((3.11) – (3.13)) and discussion. 

 
  

Figure 3.4: Simulations Glucose-insulin control system of patient 3 
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Figure 4.1: Glucose-insulin control system of normal person with data in table 4.1 

Table 4.1: Parameters values used in mathematical models for normal person. 
 

Chapter 4 

Results and discussion 
In this chapter, the results from the study of increased glucose and insulin 

reabsorption rates are presented. 
There are one normal person and 3 Patients for testing to simulate the new 

glucose and insulin regulations system. Simulations of the system (3.11-3.13), we can 
get 4 case; the 1𝑠𝑡 is to simulate for normal person (Shown in Figure 4.1- Figure 4.4 in 
this chapter) 
Simulation of a normal person. 
 
 
 
 
 
 
 
  
 
 
 

For this system of glucose and insulin control in normal subjects, it was shown 
that the plasma glucose in normal subjects after a period of time plasma glucose 
returned to the normal range of reference values for normal subjects. that is glucose 
level 70-110 mg/dl, insulin level 5-15 µU/mL) 
 
 

Parameter Values Parameter Values Parameter Values 

1m  0.0317 
4m  0.0039 

7m  0.0003 

2m  0.0123 
5m  79.0353 

bG  80 

3m  4.92*10^(-6) 
6m  0.2659 

bI  7 
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Table 4.2: Parameters values used in mathematical models for normal person. 
normal person. 
 

Figure 4.3: Glucose-insulin control system of normal person with data in table 4.3 

 Simulation of a normal person. 
 
 

 
 
 
 

 
 

 
 

 
 
 
 

Parameter Values Parameter Values Parameter Values 

1m  0.0317 
4m  0.0039 

7m  0.0003 

2m  0.0123 
5m  79.0353 

bG  0.010 

3m  4.92*10^(-6) 
6m  0.2659 

bI  7 
 

From Figure 4.1, it can be seen that when further studies of the glucose-
insulin reaction were added, the m7 term was added with reference to the original 
data from Table 1. Likewise, for Figure 4.2, the values of glucose and basal insulin 
were adjusted from the original model. The result is that the glycemic value remains 
in equilibrium as well. 
 Simulation of a normal person. 
 
 
 
 
 
  
 
 

Figure 4.2: Glucose-insulin control system of normal person with data in table 4.2 
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Table 4.3: Parameters values used in mathematical models for normal person 
 
 
. 

normal person. 
 

Figure 4.4: Glucose-insulin control system of normal person with data in table 4.4 

Table 4.4: Parameters values used in mathematical models for normal person. 
normal person. 
 

 
 

Parameter Values Parameter Values Parameter Values 

1m  0.0317 
4m  0.0039 

7m  0.0057 

2m  0.0123 
5m  79.0353 

bG  0.010 

3m  4.92*10^(-6) 
6m  0.2659 

bI  9 
 

 Simulation of a normal person. 
 
 
 
 
 
 
 
 
 
 
 
 

 

Parameter Values Parameter Values Parameter Values 

1m  0.0317 
4m  0.0039 

7m  0.0057 

2m  0.0123 
5m  79.0353 

bG  80 

3m  4.92*10^(-6) 
6m  0.2659 

bI  9 
 

From Figure 4.3 – Figure 4.4, are show that if the values of glucose uptake and 
basal insulin values are different from those of graphs 4.1 and 4.2, the glucose values 
remain within the standard range as well. 
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Figure 4.6: Glucose-insulin control system of patient 1 with data in table 4.6 

Table 4.6: Parameters values used in mathematical models for Patient1 

Table 4.5: Parameters values used in mathematical models for Patient1 
 

Simulation of patient1. 
 

 

 

 
 
 
 
 
 
 

 

Parameter Values Parameter Values Parameter Values 

1m  0.04 
4m  0.0042 

7m  0.0001 

2m  0.053 
5m  80.25 

bG  0.009 

3m  5.3*10^(-6) 
6m  0.264 

bI  7 
 

Simulation of patient 1. 
 
 
 
 
 
 
 
 
   
 
 
 

Parameter Values Parameter Values Parameter Values 

1m  0.04 
4m  0.0042 

7m  0.0001 

2m  0.053 
5m  80.25 

bG  80 

3m  5.3*10^(-6) 
6m  0.264 

bI  7 

Figure 4.5: Glucose-insulin control system of patient 1 with data in table 4.5 
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Figure 4.7: Glucose-insulin control system of patient 1 with data in table 4.7 

Table 4.7: Parameters values used in mathematical models for Patient1 

Figure 4.8: Glucose-insulin control system of patient 1 with data in table 4.8 

From Figure 4.5, the blood sugar level has dropped back but is not within the 
standard range. Therefore, the Gb value in Figure 4.6 has been adjusted to make the 
blood sugar level in a balanced state. 
 Simulation of patient 1.  
 
 
 
 
 
 
 
 
   
 
 

Parameter Values Parameter Values Parameter Values 

1m  0.04 
4m  0.0042 

7m  0.0057 

2m  0.053 
5m  80.25 

bG  0.009 

3m  5.3*10^(-6) 
6m  0.264 

bI  7 
 
 

Simulation of patient 1. 
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Figure 4.9: Glucose-insulin control system of patient 2 with data in table 4.9 

Table 4.8: Parameters values used in mathematical models for Patient1  
 

Parameter Values Parameter Values Parameter Values 

1m  0.04 
4m  0.0042 

7m  0.0057 

2m  0.053 
5m  80.25 

bG  80 

3m  5.3*10^(-6) 
6m  0.264 

bI  7 
 

From Figure 4.7- Figure4.8 show that when trying to change the glucose 
absorption reaction, insulin and basal insulin values were different from Tables 9 and 
10. Blood glucose values were also in the standard range. 
 Simulation of patient 2. 
 

 

 
 
  
 
 
 
 
 

 
 

Parameter Values Parameter Values Parameter Values 

1m  0.045 
4m  0.0038 

7m  0.0001 

2m  0.053 
5m  77.5783 

bG  0.009 

3m  216*10^(-6) 
6m  

6m  
bI  7 

 
 

 
 
 
 
 
 

Table 4.9: Parameters values used in mathematical models for Patient2 
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Figure 4.11: The glucose-insulin control system of patient3 with data in table 4.11 

Figure 4.10: Glucose-insulin control system of patient 2 with data in table 4.10 
 Table 4.10: Parameters values used in mathematical models for Patient2 

 
 
 

Simulation of patient 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Parameter Values Parameter Values Parameter Values 

1m  0.045 
4m  0.0038 

7m  0.0001 

2m  0.053 
5m  77.5783 

bG  80 

3m  216*10^(-6) 
6m  0.2465 

bI  7 
 

From Figure 4.9, if you notice that the blood sugar level is still in the standard 
range. But if adjusted for basal glucose or Gb, the glucose level will be within the 
standard range as shown in Figure 4.10 
 

Simulation of patient 3. 
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Table 4.11: Parameters values used in mathematical models for Patient3 

Figure 4.12: The glucose-insulin control system of patient3 with data in table 4.12 

Figure4.13: shows a comparison of glucose levels in the bloodstream. 

 
Parameter Values Parameter Values Parameter Values 

1m  0.045 
4m  0.0046 

7m  0.0001 

2m  0.053 
5m  82.9370 

bG  0.009 

3m  0.94*10^(-6) 
6m  0.2814 

bI  7 

 
Simulation of patient 3. 
 

 

 

 

 

 

 

 

 

 
 

Parameter Values Parameter Values Parameter Values 

1m  0.045 
4m  0.0046 

7m  0.0001 

2m  0.053 
5m  82.9370 

bG  80 

3m  0.94*10^(-6) 
6m  0.2814 

bI  7 
 

 From Figure 4.11, if you notice that the blood sugar level is still in the standard 
range. But if adjusted for basal glucose or Gb, the glucose level will be within the 
standard range as shown in Figure 4.12 

 

 

 

 

 

Table 4.12: Parameters values used in mathematical models for Patient3 
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Figure4.14: shows a comparison of glucose levels in the bloodstream. 

The old model (2.19) of diabetic patients is shown by the red line graph 
compared with the modified model, the equation (3.11) with the addition of the term 
𝑚7𝐼𝐺𝑏 to study the absorption rate induced by glucose and insulin interactions. 
Indicated by the blue line, it can be seen that the line falls into the same normal range 
as people. 

 

 

 

 

 
 
 

 
Figure 4.14 shows the comparison between patient 1 from the original patient 

model. 1 is represented by the purple curve. After an increase in glucose and insulin 
uptake rates were shown with blue curves. can see that the sugar level is within the 
standard. 
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Chapter 5 

Conclusions and Suggestion 
 This chapter describes about conclusions and suggestions. 

5.1 Conclusions  
           This new mathematical modeling system is assemble in (3.11) thru (3.13) by 

considering for adding to the term insulin and glucose initial reaction in the 

bloodstream. Simulations of this system were done numerically using the fourth order 

RK for normal and patient cases, and the results are as follows:   In every case, starting 

at the glucose concentration is 250 units, because it is like starting to take food or 

medicine into the body at the beginning of the body, causing blood sugar levels to be 

higher than normal. 

In the case of a normal person who does not have diabetes. It was found that 

the simulation of glucose and insulin concentration was as shown in Figure4.1-Figure4.4 

It was found that after more than an hour or almost 2 hours, the high glucose 

concentration was able to adjust to the acceptable standard level and at that level, it 

hasn't changed; stable.  The parameters used in the simulation are the values in the 

table1 

The case of the first patient , the change of blood sugar concentration or 

plasma sugar was found that it took almost 500 minutes for the concentration to return 

to the normal level. This is shown in Figure 4.5-Figure4.8 The parameters used in the 

simulation are the values in the table 2 

In the second and third patients, similarly determinations of plasma glucose 

concentrations were reached after nearly 500 minutes of plasma glucose 

determinations adjusted to the normal level (glucose level 70-110 mg/dl).  The values 

in the table3 and table4 are parameters in these two cases.  The Simulations are shown 

in Figure 4.9 - Figure 4.10. 

Finally, The comparative simulation between the old model and the new 

model.  We found that considering the plasma glucose concentration of the old 
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model, it was found that after about 200 minutes the line tend to stable.  But the 

stable value was not in the range of accepted medical standard. While the simulation 

in the new model show that after about 300 minutes, the blood sugar concentration 

normalized.The medically accepted level for people without sugar problems in the 

blood stream; normal These were shown in Figure4.11- Figure 4.12 in chapter4. 

5.2 Suggestions 

 5.2.1 For this study, glucose and insulin reaction rates were considered. If other 
researchers are interested, they can improve as well. 
 5.2.2 It is expected that this model will be a prototype model for simulating 
patient treatment with various parameters, namely drugs or types of drugs used. 
 
  
  
  
  
\  
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