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ABSTRACT 

 

A SIMULATION MODEL FOR BLOOD CHOLESTEROL DYNAMICS  AND 

RELATED DISORDERS 

 

Cholesterol metabolism and other factors affecting its dynamics comprise a complex 

system which includes genetics of the person, diet, exercise, and drugs. High 

concentrations of cholesterol are related with higher risk of cardiovascular diseases, 

therefore cholesterol is the subject of many modeling studies. The purpose of these studies 

is generally identifying or quantifying some parameters, or testing some hypothesis about 

cholesterol mechanism. Focus of the simulation models are mostly at the cellular level, 

whereas mathematical models usually make several assumptions for the sake of analytical 

tractability. As such, these types of models do not typically adopt a systemic view. 

 

In this study, system dynamics method, which has a systemic view that other 

cholesterol studies lack, is employed in modeling and analyzing the dynamics of 

cholesterol metabolism. The goal of this thesis study is to construct a continuous dynamic 

simulation model that can generate long term dynamics of cholesterol in healthy and 

hypercholesterolemic subjects, taking into account body weight dynamics, diet, and 

exercise of the person. For both healthy and hypercholesterolemic subjects the model is 

able to generate realistic behaviors of different types of blood cholesterol, and body 

weight. In the scenario analysis section it is shown that a person can have healthier 

cholesterol levels by changing her/ his diet and/or doing more exercise. Also itôs observed 

that exercise is more effective than diet even in the case when the subject does not lose 

weight. In the case of hypercholesterolemic patients, the model effectively mimics the way 

the drugs work and shows how the patient can reach healthier cholesterol levels. 
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ÖZET 

 

KAN KOL ESTEROLÜ DĶNAMĶKLERĶ VE ĶLGĶLĶ HASTALIKLAR  

 ¦ZERĶNE BĶR DĶNAMĶK SĶMULASYON MODELĶ 

 

Kolesterol metabolizmasē ve kolesterol dinamiklerini etkileyen faktºrler kiĸinin 

genetik ºzelliklerini, diyetini, egzersiz ve ilalarēnē ieren karmaĸēk bir sistemdir. Y¿ksek 

kolesterol konsantrasyonlarē y¿ksek kalp-damar hastalēklarē riskiyle iliĸkili olduĵu iin 

kolesterol birok modelleme alēĸmasēnēn konusu olmuĸtur. Bu alēĸmalarēn amacē 

genellikle bazē parametreleri belirlemek, ºlmek ya da kolesterol mekanizmasē hakkēndaki 

bazē hipotezleri test etmektir. Simulasyon modellerinin odaĵē genelde h¿cresel düzeydedir, 

matematiksel modeller ise analitik çözülebilirlik uĵruna pekok varsayēm ierirler. Yani 

her iki tip model de genellikle bütüncül (sistemik) bir bakēĸ aēsēna sahip deĵildir. 

 

Bu alēĸmada, tipik kolesterol alēĸmalarēnda olmayan b¿t¿ncül bir yaklaĸēma sahip 

olan sistem dinamikleri yºntemi, kolesterol metabolizmasēnēn dinamiklerini modellemek 

ve anlamak iin kullanēlmēĸtēr. Bu tez alēĸmasēnēn amacē, saĵlēklē ya da y¿ksek kolesterole 

sahip hastalarda, v¿cut aĵērlēĵē dinamiklerini, diyet ve egzersiz d¿zeylerini hesaba katēp 

uzun dºnemli kolesterol dinamiklerini oluĸturabilecek s¿rekli-zamanlē bir simulasyon 

modeli kurmaktēr. Deĵiĸik tipteki kan kolesterollerinin ve v¿cut aĵērlēĵēnēn davranēĸlarē 

hem saĵlēklē hem de y¿ksek kolesterole sahip hastalarda model tarafēndan 

oluĸturulabilmiĸtir. Bir kiĸinin diyetini deĵiĸtirerek ve/veya daha fazla egzersiz yaparak 

daha saĵlēklē kolesterol d¿zeylerine ulaĸabileceĵi senaryo analizi kisminda gºsterilmiĸtir. 

Ayrēca kiĸi kilo vermese bile, egzersiz yapmanēn diyet yapmaktan daha etkili olduĵu 

gºzlenmiĸtir. Y¿ksek tansiyona sahip hastalarda ise, model ilalarēn nasēl alēĸtēĵēnē etkin 

bir ĸekilde temsil etmiĸ ve hastalarēn daha saĵlēklē kolesterol seviyelerine nasēl 

ulaĸabileceĵini gºstermiĸtir. 
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1. INTRODUCTION AND LITERATURE SURVEY  

 

 

Human body is a complex system that has enormous number of tissues and cells that 

work in accordance to sustain proper functioning of the body (homeostasis). Different parts 

of the body have different jobs or characteristics; but, through blood, all of them must 

receive micronutrients from the central system for their metabolic or structural needs. 

Some of these micronutrients such as glucose, fatty acids, and amino acids are required in 

large amounts. Though needed in minimal amounts, cholesterol is no less vital than others 

but higher blood concentrations of cholesterol is shown to be related with higher risk of 

cardiovascular diseases, which are the leading cause of the deaths in the Western culture 

(Glass & Witztum, 2001). Therefore, balancing the blood cholesterol level, or generally 

keeping it lower than dangerous levels, is an important issue. 

 

Cholesterol is a fatlike, waxy substance, which is used and found in tissues and 

plasma either as free cholesterol or in its storage form cholesterol ester. Cholesterol is 

essential for the survival. This lipid is found in parts of the outer membrane that surrounds 

every cell and used to produce hormones, vitamin D, and bile acids that are essential in 

digesting fat. (Murray, Granner, & Rodwell, 2006) 

 

Cholesterol is synthesized virtually within all of the nucleated cells. The liver also 

synthesizes cholesterol and sends it to the peripheral tissues via the blood stream. Since 

cholesterol, like other lipids, is insoluble in water it is bound to blood lipoproteins for its 

transport. Low-density lipoprotein (LDL) is responsible for the uptake of cholesterol from 

liver to the other tissues. High-density lipoprotein (HDL) removes free cholesterol from 

the tissues and arteries and takes them back to the liver. (Murray, Granner, & Rodwell, 

2006; Bhagavan, 2002 ;Guyton, et al., 1991) 

 

Cholesterol is rich in foods of animal origin like eggs and meat. Most of the absorbed 

cholesterol is esterified with fatty acids and incorporated into chylomicrons that enter the 

blood through the lymph. Chylomicrons unload most of their triacylglycerols to peripheral 

tissues like muscle or adipose tissue, where they are burned for their energy, or stored as 

fat respectively. Liver then rapidly takes up chylomicron remnants. Thus, liver takes up 
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nearly all of the dietary cholesterol. This process is a feedback mechanism that suppresses 

cholesterol production in the liver. Although other sites such as intestinal tract, adrenal 

cortex, testes, and skin can also synthesize cholesterol, their contribution is not very 

important. (Bhagavan, 2002) 

 

Very-low density lipoprotein, or VLDL, is the vehicle of transport of triacylglycerols 

from the liver to the other tissues. Its metabolism is similar to that of chylomicronôs. 

Reaction with the extrahepatic tissues results in the loss of most of the triacylglycerols in 

the VLDL. The resulting remnant is called intermediate-density lipoprotein, or IDL. The 

liver takes about half of the IDL up while the other half is converted to low-density 

lipoprotein, or LDL, which is rather rich in cholesterol. (Bhagavan, 2002; Murray, 

Granner, & Rodwell, 2006) 

 

Because LDLs are the remnants of the remnants of the VLDLs in the blood, the 

density of LDL in the blood is determined by the rate of VLDL secreted from the liver. 

Hepatic triacylglycerol synthesis is followed immediately by the formation and secretion 

of VLDLs. In humans, the fatty acids used in this process are mainly from the uptake of 

free fatty acids from the circulation. 

 

High-density lipoproteins are synthesized and secreted from the liver and intestines. 

HDL acts as a repository for apo C and apo E molecules that are required in the 

metabolism of chylomicrons and VLDL. HDL also has part in the removal of excess 

unesterified cholesterol from lipoproteins and tissues. The class B scavenger receptor B1 

(SR-B1) is an HDL receptor that has dual role in HDL metabolism. In the liver and 

steroidogenic tissues, it selectively uptakes cholesteryl ester to the cells; while in the 

tissues SR-B1 mediates the acceptance of cholesterol from the cells to the HDL. HDL 

transports these cholesterols to the liver for excretion via bile or bile acids. Absorption of 

bile and bile acids back from the intestines to the liver is thus an important determining 

factor of cholesterol pool in the liver. This process is known as reverse cholesterol 

transport, or RCT (Murray, Granner, & Rodwell, 2006). Because HDL lowers the amount 

of cholesterol in the extrahepatic tissues, extrahepatic tissues become more willing to take 

up cholesterol from blood which is mainly from LDL. Thus increased levels of HDL or 

HDL choleterol have an indirect effect on LDL cholesterol stocks in the blood. 
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Cholesterol is an important factor in the formation of gallstones. However, its major 

harmful role is in the development of atherosclerosis of vital arteries, which leads to heart 

attacks, brain strokes, and some other peripheral vascular diseases. (Stein & Stein, 1999; 

Tall, 1990) 

 

Atherosclerosis is found to be correlated with the high concentrations of low-density 

lipoprotein, or LDL. (Gotto Jr., Lenfant, Paoletti, & Catapano, 1997; Ylä-Herttuala, et al., 

1989) An independent risk factor is low levels of high-density lipoprotein, or HDL 

(Ohashi, Mu, Wang, Yao, & Chen, 2005; Barter, Kastelein, Nunn, & Richard, 2003). Also, 

the ratio of LDL to HDL - the higher the riskier- is regarded as a risk factor in some 

studies. (Murray, Granner, & Rodwell, 2006) 

 

Because atherosclerosis is related to HDL density lower than 60 mg/dl and LDL 

density higher than100 mg/dL, people are advised to keep their HDL and LDL within safe 

limits (HDL> 60 mg/dL, LDL< 100mg/dL). Borderline high and low levels are also 

defined for LDL as 130 mg/dL and for HDL as 40 mg/dL (Ma, 2006). 

 

People who have cholesterol levels in the upper 5-10% of the whole population are 

considered to have a lipoprotein - associated disorder (Bhagavan, 2002). 

Hyperlipoproteinemias are considered in two groups: primary and secondary. The first 

class is stemming from genetic disorders, whereas some causes of the latter are diabetes 

mellitus, hypothyroidism, nephrotic syndrome, uremia, ethanol abuse, primary biliary 

cirrhosis, and intake of oral contraceptives. Primary disorders of hyperlipoproteinemias 

include familial lipoprotein lipase deficiency (type I), familial hypercholesterolemia (type 

IIa), familial dysbetalipoproteinemia (type III), familial hypertriacylglycerolemia (type 

IV), familial hyperalphalipoproteinemia, hepatic lipase deficiency, familial LCAT 

deficiency, familial lipoprotein (a) excess (Murray, Granner, & Rodwell, 2006). 

 

Familial hypercholesterolemia (FH) is amongst the most common lipoprotein 

disorders. It results from a genetic problem in which LDL receptors of a patient are partly 

or mostly defective and not functioning. FH heterozygotes have normal levels of HDL and 

triacylglycerol, yet their LDL cholesterol levels are generally between 320 and 500 mg/dL 
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(Bhagavan, 2002). Residence time of LDL may increase up to 2.5 times the normal values; 

this is mostly due to the decreased functionality of the LDL receptors. IDLs are also taken 

up from the LDL receptors, so their longer residence times become a secondary cause of 

the higher LDL concentrations. 

 

Though the most significant determinants of cholesterol in blood are of hereditary 

nature, there are numerous dietary and environmental factors. These can be listed as diet, 

exercise, drugs, and stress. 

 

Diet has a direct effect on blood cholesterol levels. Taking too much cholesterol and 

saturated fatty acids instead of taking polyunsaturated and monounsaturated fatty acids 

tends to increase blood LDL levels (Dietschy, Turley, & Spady, 1993). Also bile acids, 

which are secreted from cholesterol of liver origin, are a determining factor on the blood 

levels of cholesterol. They affect how much cholesterol and fatty acids are absorbed in the 

intestines and because they are of cholesterol origin, their loss via feces affects how much 

bile and bile acids will be secreted from cholesterol in the liver. Thus high fiber diets, 

which increase the loss and decrease the effectiveness of bile and bile acids in the 

intestines, have a two-fold effect on the cholesterol metabolism. First they determine how 

much new cholesterol and fatty acid will be absorbed in the intestines, and second they 

decrease the cholesterol pool in the liver by increasing bile loss to feces. (Murray, 

Granner, & Rodwell, 2006; Lin & Connor, 1980) 

 

Exercise, depending on its intensity and frequency, has a positive effect on the 

cholesterol levels in the blood. In most of the studies, it has increased blood HDL levels. 

Though the reason behind this favorable dynamic is not very clear, it has been shown that 

exercise has also a role in modifying the HDL particles so that their anti-atherogenic 

qualities are improved. (Halverstadt, Phares, Wilund, Goldberg, & Hagberg, 2007; 

Olchawa, et al., 2004; Marrugat, Elosua, Covas, Molina, & Rubies-Prat, 1996) 

 

Stress has a two-fold effect on the cholesterol mechanism. First, it is known that the 

body releases some hormones to the blood in different phases of the stressed period. These 

hormones include epinephrine, norepinephrine, cortisone, and cortisol. Especially cortisone 

has metabolic effects on the lipids and adipose tissue. It has indirect effect over how much 
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free fatty acid is released from the adipose tissue. Because free fatty acids in the blood 

determine the levels of VLDL secretion from the liver, and VLDL affects how much LDL 

is going to be present in the blood; one can argue that human stress has a role in the levels 

of blood cholesterol in humans.  

 

Besides these hormone driven effects, stress may have an indirect commitment effect 

on whether or not to continue to the healthy diet and adequate exercise. This commitment 

to the diet and exercise programs can be in two ways. Depending on the nature of the 

person, one may devote more of his or her energy to continue to the program; or he or she 

may abandon partly or completely the program. The sources of the stress component 

mentioned in this paragraph is stemming from the test results of the blood cholesterols 

together from the weariness effect of continuing to the diet and exercise. 

 

There are several types of medication for cholesterol disorders. The most practiced 

types are statin and niacin related drugs. Statin group interfere with the ability of the liver 

to synthesize cholesterol by blocking some necessary enzymes. Moreover, statins increase 

the uptake of blood cholesterols to the liver by increasing LDL-receptor activity. On the 

other hand, niacin group are insoluble powders that bind to bile in the intestine and lower 

their absorption rate back to liver. Thus, cholesterol pool in the liver is reduced and the 

liver takes up more cholesterol from the blood to compensate for this loss. (Bhagavan, 

2002; Murray, Granner, & Rodwell, 2006) 

 

But these drugs come with their costs. Niacin group are gritty powders and they must 

be consumed in large amounts. In most of the patients, niacin group cause flushing, hyper-

pigmentation, diarrhea, liver function abnormalities, and nausea. On the other hand, statin 

inhibits HMG-CoA reductase, which plays a role in synthesis of many products vital for 

cellular metabolism. Thus, toxicity is an issue in statin therapy and its long-term dynamics 

is not known. (Bhagavan, 2002) 

 

Additional factors that affect blood cholesterol levels include body weight, smoking, 

male gender, diabetics, obesity, high blood pressure, drinking soft as opposed to hard 

water, thyroid disorders, and some other hormonal deficiencies. (Murray, Granner, & 

Rodwell, 2006) 
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Cholesterol and the dynamics of the lipoprotein metabolism are the subjects of many 

studies. 17 Nobel prizes have been given to researchers who have made significant 

contributions to the understanding of cholesterol and its metabolism. Some studies are 

made in the molecular level, whereas some other studies are merely statistical approaches 

that explore the results of experiments. 

 

Moreover, there are several modeling studies about the cholesterol metabolism in the 

literature. It is possible to group them in terms of both purpose and methodology. Their 

purpose, generally, is either identifying/quantifying some parameters, or testing alternative 

hypothesis about the underlying structure of the cholesterol mechanism/ metabolism 

(Schwartz, Zech, VandenBroek, & Cooper, 1993). In terms of methodology, there are 

simulation models and mathematically-analyzable models (August, Parker, & Barahona, 

2007). Simulation models are mostly at the cellular level and generally lack a systemic 

point of view. On the other hand, mathematically-analyzable models include several 

assumptions for the sake of analytical tractability, but this fact raises questions about the 

validity of such models. Thus there seems to be a need for systemic simulation modeling of 

cholesterol dynamics that does not compromise model realism for the sake of mathematical 

tractability.  

 

After stating the research objectives in the following section, the system dynamics 

model will be presented with emphasis on its structure. Next, the validity of the model will 

be discussed and the base behavior of the model will be analyzed for a healthy patient case. 

In the scenario analysis section, a cholesterol disorder, medication, different diets and 

exercise programs will be explored. Finally in the conclusion part, the findings will be 

listed together with future work suggestions. 

  



7 
 

2. METHODOLOGY  AND RESEARCH OBJECTIVES  

 

 

Cholesterol metabolism and those factors affecting its dynamics comprise a 

complex system. There are nonlinear interactions of numerous agents and subsystems, 

inherent delays or memory of the history, and a multi segmented structure. This 

complexity makes hard, and most of the time impossible to analytically track and predict 

the behavior of the system, unless many simplifications are made. 

 

System dynamics is a methodology and an approach that helps in understanding 

this kind of complexity. It deals with internal feedback loops and time delays that affect the 

behavior of the entire system using continuous-time simulation. What makes using system 

dynamics different from other approaches in studying complex systems is the use of 

feedback loops, stocks, and flows. Its aim is to test a dynamic hypothesis about the 

behavior of specific variables in a complex system. System dynamics models are 

constructed to represent the interactions in a system so that, the behavioral change in the 

outputs due to the changes in the inputs are meaningful and causal.  

 

The complexity, which is brought about by the nature of the human body, can thus 

be handled with system dynamics methodology. In this MS Thesis study, system dynamics 

is used in trying to understand the dynamics of cholesterol metabolism in human as 

affected by the diet, exercise, drugs, and the genetics of the person itself. 

 

The purpose of this thesis study is to construct and analyze a dynamic model of 

cholesterol balance in the blood stream in order to have reduced risk of atherosclerosis. 

The person who is assumed to be in the borderline or high-risk group of atherosclerosis 

may consider lowering his or her cholesterol levels in a number of ways like changing diet, 

exercise, taking drugs, or any combination of these. As explained in the introduction 

section, though medication has favorable results on the blood cholesterol levels, they come 

with some side or unknown effects both in the short and long period. Difficulty of patientôs 

sticking to strict diets or exercise programs is another problem. So the constructed model 

tries to answer the following question: ñAre there efficient mixes of diet, exercise and 

minimal medication to keep blood cholesterol levels within safe limits?ò The study will 
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take into consideration the peopleôs selection of different diets, exercise programs, taking 

medication; and the genetic disorders that may result in higher cholesterol levels, ceteris 

paribus. 
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3. OVERVIEW OF THE MODEL  

 

 

The relationships between important factors that affect cholesterol levels in blood 

can be seen in Figure 3.1 and Figure 3.2 at a macro level. For simplicity the model is 

divided into six sectors. These are liver, blood, extrahepatic tissues, diet & exercise, 

digestive system, and body weight sectors. All of these sectors are analyzed in detail in the 

next chapter. In a nutshell, liver sector defines relationships which synthesize blood 

cholesterol and regulate cholesterol uptake from blood. Blood sector includes relationships 

about transportation of cholesterol among lipoproteins, liver and extrahepatic tissues. 

Extrahepatic tissue sector defines relationships that regulate cholesterol uptake from blood 

lipoproteins. Diet & exercise sector represents diet and exercise, together with their effects 

on digestive system and body weight. Digestive system sector includes relationships about 

absorbed nutrients and their effects on blood cholesterol levels and reverse cholesterol 

transport. And finally body weight sector represents dynamics of weight change and its 

effects on the blood cholesterol levels. 

 

 

Figure 3.1 Interactions of Main Factors Affecting Blood Cholesterol Levels 
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Figure 3.2 Condensed Stock-Flow Diagram of the Main Variables 

 

Time horizon of the model is in the neighborhood of a year and the time unit is one 

day. There may be significant variations in the values of the parameters within the time 

unit or a day, yet the model overlooks these dynamics and assumes average values instead. 

These average values are 12 hours fasting blood cholesterol levels, which could be seen in 

laboratory blood tests if administered.  

 

There is not a direct feedback loop controlling the blood cholesterol level, yet other 

feedback loops or dynamics indirectly play with blood cholesterol levels to keep other 

critical stocks, namely the cholesterol pools in the liver and extrahepatic cells, within safe 

limits. If cholesterol in the liver becomes higher/lower than its normal level, then by 

decreasing/increasing its cholesterol uptake receptor activities, the liver adapts itself to take 

lesser/higher amounts of cholesterol from the blood. The effort of the liver, trying to 

stabilize its cholesterol pool, can be seen in more detail in Figure 3.3. A very similar 

feedback mechanism also exists in the extrahepatic cells. The details of this latter feedback 
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loop can be found in Figure 3.4. In all of the figures, HP and ET stand for hepatic and 

extrahepatic respectively. 

 

 

Figure 3.3 Hepatic Cholesterol ï HP Receptor Activity Causal Loop Diagram 

 

 

 

Figure 3.4 Intracellular Cholesterol ï ET Receptor Activity Causal Loop Diagram 
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Apart from the cholesterol pool feedback loops in the hepatic and extrahepatic 

cells, though indirect or user-intervened, other feedback loops can be defined through ñdiet 

- blood cholesterol ï willingness to follow diet - dietò, and ñexercise ï good blood 

cholesterol (HDLC)- willingness to follow exercise - exerciseò. Saturated fats increase 

both LDLC and HDLC whereas polyunsaturated fats increase HDLC, but decrease LDLC. 

The details of this discussion can be observed from the causal loop diagrams on Figure 3.5, 

Figure 3.6, Figure 3.7, and Figure 3.8. On the other hand exercise tends to increase HDLC, 

and decrease body weight after a delay, but becoming fatter decreases HDLC and increases 

LDLC. Having healthier HDLC, LDLC, and body weight levels tend people to have less 

willingness to pursue the exercise programs. Figure 3.9 summarizes this feedback or 

control mechanism. 

 

These loops can be considered as user-intervened feedback loops, because people 

should adjust their actions, for example eating polyunsaturated fats or continuing exercise 

programs, if they observe changes in their cholesterol levels. These causal relationships 

can be regarded as control mechanisms rather than causal feedback loops, because there 

are exogenous factors involved like peoplesô awareness of rising cholesterol levels due to 

their diet, their willingness to take action to have lower cholesterol levels, and so on. 

 

There are balancing/reinforcing loops between good blood cholesterol or HDLC 

and the nutritional ingredients that increase/decrease it. Also there exists similar, but not 

the same, causal relations between these nutrients and bad blood cholesterol or LDLC. 

Defining the causal relations simply as balancing or reinforcing loops might be rendered 

erroneous when the effect of weight change on blood cholesterols is taken into account. 

Weight change, which is a delayed response to the diet, may reverse the working direction 

of these loops in the long run. Also a particular nutritional ingredient can increase HDL 

and LDL, or increase HDL and decrease LDL. These relationships or feedback loops add 

to the complexity of the model even in the absence of the effect of weight change on blood 

cholesterol levels. 

 



13 
 

 
 

Figure 3.5 Saturated Fat ï LDLC User-intervened Causal Loop Diagram 

 

 
 

Figure 3.6 Polyunsaturated Fat ï LDLC User-intervened Causal Loop Diagram 
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Figure 3.7 Saturated Fat ï HDLC User-intervened Causal Loop Diagram 

 

 

 

Figure 3.8 Polyunsaturated Fat ï HDLC User-intervened Causal Loop Diagram 
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Figure 3.9 Exercise Loops 
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4. DESCRIPTION OF THE  MODEL  

 

 

4.1. Blood Sector 

 

4.1.1. Background Information  

 

VLDL is secreted from the liver for the purpose of transferring triacylglycerols to 

other tissues, mainly to the muscle and adipose tissue. After releasing most of its 

triacylglycerols, VLDL turns into intermediate density lipoprotein (IDL). Nearly half of 

IDL are taken up by the liver and extrahepatic tissues, whereas the other half is converted 

to low density lipoprotein (LDL). Thus the level of cholesterol bound to LDL (LDLC) is 

mainly from the cascading process of VLDLC turning into IDLC and finally to LDLC, 

where VLDLC and IDLC stand for the level of cholesterol bound to VLDL and IDL 

respectively. (Bhagavan, 2002; Murray, Granner, & Rodwell, 2006) 

 

High density lipoproteins (HDL) are secreted from the steroidogenic tissues; mostly 

from the liver and the intestines. Main responsibility of HDL is to transfer cholesterol from 

extrahepatic cells to other lipoproteins, liver, and intestine. Movement of cholesteryl-ester 

to VLDL, IDL, and LDL is due to the activity of cholesteryl-ester transfer protein or 

CETP. Half of the cholesterol bound to HDLs (HDLC) is taken up by steroidogenic tissues 

while the other half goes to the other lipoproteins via the stimulation by CETP (Murray, 

Granner, & Rodwell, 2006; Packard, et al., 2000). 

 

4.1.2. Fundamental Approach and Assumptions 

 

In the model, for simplicity, steroidogenic tissues and their functions in the HDL 

metabolism are limited to liver. Also the liver is assumed to be maintaining a constant level 

of HDL productivity. CETP related cholesterol transfer is also assumed to be occurring 

only between HDL and VLDL, not taking IDL and LDL as receivers of cholesterol into 

account. Also any unmentioned factor that may affect lipoprotein metabolism in the blood 

is assumed to be constant or non-changing throughout the simulation horizon. These out-
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of-boundary factors include metabolic syndromes, insulin related disorders, abnormal 

thyroid hormone levels, progression of liver diseases like fatty liver disease. 

 

4.1.3. Description of the Blood Sector Structure 

 

There are four stocks in this sector. VLDLC, IDLC, and LDLC have a relationship as 

a cascading process, while HDLC is related to these stocks via the flow CETP Regulated C 

Transfer. HDLC is short for cholesterol bound to HDL particles. HDLC has one inflow 

and two outflows. HDL cholesterol (HDLC) is increased with the HDL particles collecting 

cholesterol from extrahepatic tissues via SR-B1 regulated pathways or with other methods. 

This increase is represented with the inflow Cholesterol Uptake by HDL and analyzed in 

below in more detail. Because life of HDL particles is 4 days (Barter, Kastelein, Nunn, & 

Richard, 2003), cholesterol bound to the HDL particles are assumed to have the same 

clearance rate from the liver and this is modeled as HDLC Transport to Liver outflow in 

the model. The other outflow is CETP Regulated C Transfer. CETP Activity Rate converter 

in the model is short for the rate or speed of this CETP regulated transfer of cholesterol 

from HDL to VLDL particles. Because CETP regulated cholesterol transfer is nearly equal 

to the amount of cholesterol transferred to the liver by HDL (Kwi terovich, 2000), it should 

be equal to the reciprocal of the life of an HDL particle. So, it is equal to 0.25 day
-1

. Also 

the initial level of HDLC is set to 31.5 mg/dL. The relationship of HDLC with its flows 

can be seen in the following equation. Complete set of equations can be found in Appendix 

A. 

 

 

(4.1) 

 

Cholesterol bound to VLDL (VLDLC) has two inflows and one outflow. Its first 

inflow is VLDLC Secretion. This inflow is the outflow of the Hepatic Cholesterol Pool 

stock which is located in the liver section and this flow is analyzed in the liver section in 

more detail. The normal value of this inflow is 128.6 mg/dL per day. The other inflow of 

VLDLC is CETP Regulated C Transfer. Cholesteryl ester transfer protein is responsible in 

the process of cleaving cholesterol form HDL particles and letting VLDL to capture these 
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cholesterols. Because HDLC is set to be 31.5 mg/dL at the beginning and CETP Regulated 

C Transfer equals to HDLC * CETP Activity Rate, then the normal value of this transfer 

equals to 31.5*0.25, or nearly 7.88 mg/dL per day. The outflow of VLDLC is VLDL 

Turnover and is equal to VLDLC times VLDL Turnover Rate. The latter rate is set to be 5.5 

day
-1

 in the model (Packard, et al., 2000). VLDLC has the following defining relationship. 

 

 

(4.2) 

 

Cholesterol bound to IDL (IDLC) has one inflow, which is the only outflow of 

VLDLC just mentioned above, and three outflows. Two of the outflows are Hepatic Uptake 

of IDL and Extrahepatic Uptake of IDL. The first uptake is done by the liver receptors 

while the latter is done by the receptors of the extrahepatic cells. Nearly two thirds of the 

IDL are taken up by these pathways- 70% by liver and 30% by extrahepatic tissues 

(Murray, Granner, & Rodwell, 2006). Hepatic uptake equals to IDLC*Effect of ET 

Receptor Activity on IDL Uptake, and extrahepatic uptake equals to IDLC*Effect of HP 

Receptor Activity on IDL Uptake. More will be said about the receptor activities in the liver 

and extrahepatic tissues sections. The remaining cholesterol which is not taken up, or 

namely one third of IDLC, is degraded into LDLC which is represented by the IDL 

Turnover outflow. This outflow equals to IDLC*IDL Turnover Rate. IDL Turnover Rate is 

2.4 day
-1

 (August, Parker, & Barahona, 2007), and the initial level of IDLC is set to 18.6 

mg/dL. So the initial value of the IDL Turnover Rate is around 44.6 mg/dL per day. The 

formula of IDLC follows. 

 

 

(4.3) 

 

IDL Turnover Rate is the only input of the stock LDLC, or cholesterol bound to LDL. 

LDLC also has three outflows: Hepatic Uptake of LDL, Extrahepatic Uptake of LDL by 

Receptor Dependent Activity, Extrahepatic Uptake of LDL by Receptor Independent 

Activity. LDLC is taken up by liver and extrahepatic tissues via both receptor dependent 
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and receptor independent activities. The first of the outflows Hepatic Uptake of LDL 

represents the degradation of LDL in liver. It equals to LDLC * Effect of HP Receptor 

Activity on LDL Uptake + LDLC * Receptor Indep HP Uptake Rate. These uptake rates are 

delineated in the liver section. The other outflows equal to LDLC * Effect of ET Receptor 

Activity on LDL Uptake and LDLC * Receptor Indep ET Uptake Rate respectively. The 

details of these uptake rates will be given in the extrahepatic tissue section. Initial values of 

LDLC and three outflows are about 111.5 mg/dL, 31.2 mg/dL per day, 10 mg/dL per day, 

3.2 mg/dL per day respectively. The differential equation defining LDLC stock through 

time is the following. 

 

LDLC(t) = LDLC(t - dt) + (IDL Turnover - Extrahepatic Uptake of LDL by Receptor_

Dependent Activity - Hepatic Uptake of LDL - Extrahepatic Uptake of LDL 

by Receptor Independent Activity) * dt

 

(4.4) 

 

The person, whom blood cholesterol level is being modeled, is assumed to have 

cholesterol levels as borderline high. Initially HDLC, VLDLC, IDLC, and IDLC are set to 

31.5, 25.0, 18.6, and 111.5 mg/dL respectively. 

 

There are no feedback loops in this sector in isolation. The relationship between 

VLDLC, IDLC, and LDLC is merely a cascading process. Rather, other feedback loops, 

which will be modeled in the liver and extrahepatic tissue sectors, indirectly play with 

blood cholesterol levels to balance cholesterol pools in themselves. Stock - Flow diagram 

can be seen in Figure 4.1. Complete set of equations can be found in Appendix A. 

 



 

Figure 4.1 Stock ï Flow Diagram of Blood Sector 
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4.1.4. Dynamics of Blood Sector in Isolation 

 

In this section, a number of tests will be conducted to verify that blood section works 

properly, i.e. it stays at or reaches a steady state. In order to verify the proper functioning 

of blood sector in isolation four experiments will be done. First, all of the variables will be 

initialized at their steady state values and the stocks will be checked to see if they stay at 

the equilibrium or not. Then as the second and third experiments, all of the stocks will be 

initialized at zero and then to an arbitrarily large number 500 respectively to see if they 

reach their equilibrium levels. Lastly the major inflows of the sector which are stemming 

from liver and extrahepatic sectors, VLDLC Secretion and Cholesterol Uptake by HDL will 

be given a normal noise of whichôs standard deviation equals to 20% of the original values 

to see the behavior of the system changes or not. All of the simulations will be run for 20 

days. The parameter values in these experiments can be seen in the following table. 

 

Table 4.1 Parameter Values in the Blood Experiments 

    Experiment 4 

 Exp 1 Exp 2 Exp 3 Mean St. Dev. 

HDLC (mg/dL) 31.555 0.000 500.000 31.555 --- 

VLDLC (mg/dL) 25.000 0.000 500.000 25.000 --- 

IDLC (mg/dL) 18.575 0.000 500.000 18.575 --- 

LDLC (mg/dL) 111.450 0.000 500.000 111.450 --- 

VLDLC Secretion (mg/dL/day) 129.620 129.620 129.620 129.620 25.924 

Cholesterol Uptake by HDL 
(mg/dL/day) 15.765 15.765 15.765 15.765 3.153 

 

The results of the first three scenarios can be seen in Figure 4.2 through Figure 4.5. 

The first initial conditions seem to be equilibrium points, so that in the second and third 

experiments all of the stocks converge to these steady state values. 
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Figure 4.2 HDLC under Experiments 1, 2, and 3 

 

 
Figure 4.3 VLDLC under Experiments 1, 2, and 3 
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Figure 4.4 IDLC under Experiments 1, 2, and 3 

 

 
Figure 4.5 LDLC under Experiments 1, 2, and 3 
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After modifying the major inflows of the sector to have 20% of their mean values as 

their standard deviations, which can be seen in Table 4.1, the dynamic patterns of stocks 

does not seem to deviate to other points. They move randomly up and down around their 

equilibrium points as in the case of the first experiment. This behavior can be observed in 

the following graphs. 

 

 

Figure 4.6 HDLC under Experiment 1 (HDLC 1), and Experiment 4 (HDLC 2) 

 

 

Figure 4.7 VLDLC under Experiment 1 (VLDLC 1), and Experiment 4 (VLDLC 2) 
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Figure 4.8 IDLC under Experiment 1 (IDLC 1), and Experiment 4 (IDLC 2) 

 

 
Figure 4.9 LDLC under Experiment 1 (LDLC 1), and Experiment 4 (LDLC 2) 
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4.2. Liver Sector 

 

4.2.1. Background Information  

 

Liver has vital roles in many bodily processes, as in the case of cholesterol 

metabolism. It directly and indirectly plays with blood cholesterol levels through HDL 

activity, VLDL cholesterol secretion, bile secretion, and hepatic receptor activities or 

uptake of cholesterol.  

 

HDL is secreted from liver. It is responsible for the reverse cholesterol transport, 

which is the mechanism through which the excess cholesterol of extrahepatic tissues is 

transferred to liver and other blood lipoproteins. 

 

Though VLDL is mainly produced for the purpose of transferring triacylglycerols to 

muscle and adipose tissue, some cholesterol is incorporated in them while they are secreted 

to the blood stream in liver. VLDL cholesterol secretion is dependent on hepatic 

cholesterol pool, some dietary nutrients, and body weight. Thus the origin of blood 

cholesterol level is mainly VLDL secretion and reverse cholesterol transport.  

 

Lipids and cholesterol are not soluble in water. Bile is used to solve and uptake them 

in the digestive system. Bile and bile acids are secreted in the liver from cholesterol. 

Therefore their loss in the feces determines how much cholesterol in the liver will be 

utilized for new bile production. Because hepatic cholesterol pool determines the receptor 

dependent cholesterol uptake and VLDL-cholesterol secretion, bile metabolism is an 

indirect mechanism by which the liver plays with blood cholesterol levels. 

 

The receptors are responsible for cholesterol uptake in the form of IDL cholesterol 

and LDL cholesterol. LDL cholesterol is also taken up by receptor independent activities 

by liver and extrahepatic tissues.  Activities of the hepatic receptors are adjusted such that 

hepatic cholesterol pool does not exceed safe limits. If hepatic cholesterol pool is lower 

(higher) than its normal level, then hepatic receptor activity is increased (decreased) to 

allow more (less) cholesterol to be taken up from blood. This is another mechanism which 

involves liver and blood cholesterol interaction. 
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4.2.2. Fundamental Approach and Assumptions 

 

Bile and bile acids are secreted and absorbed 4 to 10 times a day in the body, which 

is called enterohepatic circulation, and some portion of them is lost in the feces (Bhagavan, 

2002). Bile loss and the compensation of this loss by the liver are modeled by using total 

daily values rather than treating every enterohepatic circulation individually. Because bile 

is accompanied with free cholesterol while it is secreted in the liver, some cholesterol, 

which amounts to be about 0.4 gr, is also lost to the feces (Guyton, et al., 1991). This loss 

is assumed to be compensated by the liver. Any other cholesterol use or loss, like structural 

use of cholesterol, is also assumed to be regulated by the liver. This compensation is to be 

represented with the flow Hepatic Synthesis Control in the model. 

 

Moreover, receptor activity is assumed to be linearly correlated with the number of 

receptors in cell, which is between 15.000 and 75.000 (Goldstein & Brown, 1997). 

 

4.2.3. Description of the Liver Sector Structure  

 

There are two stocks in this section: HP Receptor Activity and Hepatic Chol. The 

first one represents the activeness or efficiency of liver receptors in taking up cholesterol 

from blood, while the second one represents the cholesterol amount in the liver. 

 

HP Receptor Activity has only one bi-flow named HP Receptor Adaptation. If the 

Hepatic Chol pool is less (more) than its base level, then more (less) receptors are utilized 

in the liver surface. According to the ratio of hepatic cholesterol to its base level, HP 

Receptor Goal is calculated as follows. 
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Figure 4.10 HP Receptor Goal 

 

If there is a lot of cholesterol in the liver, then the liver wants minimum of its 

receptors working which is a relatively low number, 15. And in the contrary, if the liver 

needs more cholesterol, the receptor goal increases to 75. The rationale behind these 

numbers 15 and 75 is the fact that a cell has between 15,000-75,000 LDL receptors 

(Goldstein & Brown, 1997), and the assumption that these numbers represent the receptor 

activity or efficiency of each cell and in turn liver. Normal level of receptors is assumed to 

be 60,000. Afterwards, the liver checks the surplus or need of the receptors by comparing 

the goal with the current level of the stock HP Receptor Activity. According to the resulting 

surplus or need the activity is decreased or increased. The adjustment time of this process 

is 2.5 days (Goldstein & Brown, 1997). Therefore the formula for HP Receptor Adaptation 

becomes: 

 

HP_Receptor_Adaptation = Receptor_Surplus_or_Need_in_Liver

/HP_Receptor_Adaptation_Time
 

(4.5) 

 

The second stock of this sector is Hepatic Chol. It has two outflows, two inflows, 

and one bi-flow. Its outflows, inflows, and bi-flow are VLDLC Secretion, Bile Secretion; 

Uptake from Blood, Chol from Diet; and Hepatic Synthesis Control respectively. The 
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normal or base level Hepatic Chol is taken to be 1700 mg (Schwartz, Zech, VandenBroek, 

& Cooper, 1993). 

 

VLDLC Secretion is the cholesterol loss rate in which cholesterol is bound to VLDL 

particles. This flow has a complicated formula which depends on the Hepatic Chol stock, 

saturated and unsaturated fat intake, and body weight. Its formula can be seen below. 

 

 

(4.6) 

 

The above effect formula is of multiplicative and additive form. VLDLC Secretion is 

affected by hepatic cholesterol level in a multiplicative way. Effects of saturated fats and 

polyunsaturated fats are introduced in an additive way. Base levels of these effects are 9.18 

mg/dL and -12.97 mg/dL, therefore these constants are added to the formula in opposite 

sign. The details will be given in the digestive system and body weight sectors. 

 

Base VLDLC Secretion is adjusted to be about 130 mg/dL a day in its normal or 

initial level (August, Parker, & Barahona, 2007). Hepatic Chol has effect on how much 

VLDL cholesterol is secreted from the liver. Therefore, base level secretion is multiplied 

with this effect in the formula above. The graphical function, which has the ratio of the 

stock to its base level or 1700 mg as its x-axis, can be seen in Figure 4.11.  

 

The outflow Bile Secretion has an important role in cholesterol dynamics, but it will 

be analyzed in more detail in the digestive system sector. 
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Figure 4.11 Effect of Hepatic Cholesterol Pool on VLDLC Secretion 

 

The bi-flow of Hepatic Chol is named as Hepatic Synthesis Control. As stated earlier 

the normal cholesterol pool level is taken to be 1700 mg. If the pool deviates from this 

level, the liver adjusts its production mechanisms so that cholesterol amount approaches 

the base level. If there is more cholesterol in the pool than that of the base level, then new 

cholesterol synthesis rate is reduced. The rate or speed of this process is assumed to be 0.5 

days. Also, all of the other synthesis and usages of cholesterol in the liver and 

steroidogenic tissues are aggregated into this bi-flow. This flow has a constant 245 mg per 

day cholesterol input to the stock as a result of this aggregation. 

 

Hepatic_Synthesis_Control = 245

+(Normal_Chol__Level_in_Liver-Hepatic_Chol)

/Hepatic_Synthesis_Control_Rate

 

(4.7) 

 

Chol from Diet and Uptake from Blood are the inflows of the stock Hepatic Chol. 

Chol from Diet is merely the absorbed cholesterol from the diet. The latter represents the 

total receptor dependent uptake of cholesterol from IDL and LDL particles. Uptake from 

Blood also includes receptor independent cholesterol uptake from LDL particles.  

 


