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ABSTRACT 

A physiologically-based multi-compartment model has been developed which makes a 

priori predictions of the chylomicron cholesterol distribution in the body of a rat. The multi

compartment model supercedes the previous one and two compartment cholesterol models in that 

it considers each organ to be a separate compartment which interacts with all other 

organs/compartments through the blood stream. Thus each compartment has physiologic 

relevance, allowing model parameters to be obtained for a particular organ independent of the 

model itself. 

A particle approach has been used since chylomicron cholesterol distribution is regulated 

more by the particle concentrations than cholesterol concentrations. The chylomicron cholesterol 

distribution is coupled to the triglyceride contents of the particle which is also taken into account. 

Unsteady nonlinear differential equations have been developed by making mass balances over all 

the compartments, and the numerical solution of these dynamic model equations is outlined. 

Finally, this multi-compartment model was used to predict the distribution of chylomicron 

cholesterol after a bolus injection of chylomicrons or their continuous infusion into the blood. 

The model results were then compared with the existing literature data points for such systems. 

The sensitivity functions, to check the sensitivity of total blood cholesterol with respect to some 

of the model parameters, were also written to determine parameters which most affected model 

behavior. The results of this analysis are also given and discussed. 
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CHAPTER 1 

INTRODUCTION 

Cholesterol is one of the most highly controversial of biomolecules. High levels of blood 

cholesterol can cause deposits at the walls of coronary arteries blocking the supply of blood and 

oxygen to the heart, which can result in a heart attack leading ultimately to its failure. In 

addition to heart disease, high blood cholesterol can also be responsible for the formation of 

gallstones in the bile duct which may cause fat indigestion or even jaundice. 

However, the presence of desired levels of cholesterol is of fundamental importance in 

the body. It is an essential constituent of all biomembranes and is an important constituent of the 

myelin sheaths of central nervous system and peripheral nerves. In specialized organs it acts as 

precursor of other products, such as the bile acids in the liver and the steroid hormones in the 

adrenals, gonads, and placenta. In the adrenals, most of the cholesterol is in the cortex in 

esterified form as a precursor of steroid hormones, testosterone and estrogen. 

Cholesterol, along-with some other biomolecules (or organic molecules), triglycerides, 

phospholipids, and proteins, is present in the blood in the form of different lipoprotein particles. 

These lipoproteins are: chylomicrons, very low density lipoproteins (VLDL), intermediate 

density lipoproteins (IDL), low density lipoproteins (LDL), and high density lipoproteins (HDL). 

Lipoprotein particles, being a part of circulating blood, have access to almost every tissue of the 

body. They carry vitally important organic molecules either from the intestine or liver, and 

distribute them to the sites of their temporary storage and/or use. 

In this study a physiologically-based multi-compartment model has been developed, which 
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predicts the distribution of chylomicron cholesterol when a bolus of chylomicron cholesterol is 

injected or its continuous infusion is maintained in the blood. In the multi-compartment model 

approach the body is divided into different compartments which have true physiological meaning. 

With respect to the system of this study, the important compartments are blood, liver, muscle, 

adipose, and carcass. These compartments are interconnected in parallel through circulatory 

system; the blood pool contains total blood which is in turn divided into four streams and passes 

through four tissue compartments. The model allows comparison to literature studies wherein 

chylomicrons, prepared in the donor animal, are injected into the blood compartment and then 

enter different tissue compartments with the circulating blood. Chylomicrons exchange their 

phospholipids and free cholesterol with the HDL particles and erythrocytes present in the blood. 

A net loss of phospholipids and at the same time a net gain in free cholesterol takes place. An 

enzyme, lipoprotein lipase (LPL), present at the surface of extrahepatic capillaries, mediates the 

hydrolysis and removal from the particle of chylomicron triglycerides as these particles pass 

through muscle and adipose. Through removal of a critical amount of triglycerides, a 

chylomicron remnant is formed. These remnants, as they pass through liver, are taken up intact 

by a special receptor present at the surface of hepatic capillaries. The hepatic receptors recognize 

only the remnants and not the whole chylomicron particles. 

The dynamic model equations have been developed from unsteady mass balance written 

for each compartment. All the metabolic changes either follow a simple first order or nonlinear 

Michaelis-Menten kinetics. The set of simultaneous nonlinear ordinary differential equations so 

obtained is solved numerically on computer, and the model results are validated by comparing 

with the experimental data in the literature. 
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CHAPTER 2 

BACKGROUND 

Organic molecules denote the molecules which contain carbon. Although these 

molecules can be synthesized in a test tube in the absence of any living matter, most of these 

naturally occurring carbon containing molecules are primarily found in living organisms. One 

property of the carbon atom which makes life possible, with its variety of structures and 

functions, is the ability of carbon atoms to form four separate chemical bonds with other atoms, 

in particular with other carbon atoms. There is almost no limit to the number of carbon atoms 

that can be combined in this way. Since carbon atoms also combine with other atoms such as 

hydrogen, oxygen, nitrogen, and sulfur, the variety of molecular structure that can be formed 

with relatively few chemical elements is considerable. Moreover, very large organic molecules 

can be formed by linking together smaller molecular subunits to form long chains known as 

'polymers' (many small parts). Most of the thousands of organic molecules in the body can be 

classified into four groups: carbohydrates, lipids, proteins, and nucleic acids. 

Among these four groups of organic molecules found in the body, two groups, lipids and 

proteins, constitute a range of lipoprotein particles found in the blood. For a better understanding 

of the synthesis and metabolism of these particles later, an introduction to the structures and some 

important characteristics of these biomolecules are given in the following sections. In section 

2.1 a generic overview is given on lipids and proteins. More detailed information is available 

in Vander £ ai- (1980). Section 2.2 narrows the focus to lipoproteins particles and section 2.3 

discusses the lipoprotein particle of interest-the chylomicron. More information on these two 
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subjects can be found in reviews by Jackson g| al. (1976), Faergeman (1977), Brown £l aL 

(1981), Miller and Small (1987), and Nestel (1987). 
1 

j 

1 2.1 Lipids and Proteins 

LIPIDS 

Lipids (Greek 'lipos', fat) are molecules composed predominantly of hydrogen and carbon 

atoms. Since these atoms are linked by nonpolar covaient bonds, lipid molecules are insoluble 

in water. It is this physical property of insolubility in polar solvents (and solubility in nonpolar 

solvents) which characterizes this class of organic molecules. The lipids account for about 40 

percent of the organic matter in the body. They can be divided into three subclasses: 

triglycerides, phospholipids, and steroids (i.e., cholesterol and steroid hormones). 

Triglycerides The triglycerides (also called triacylglycerols) or neutral fats constitute the 

majority of the lipids in the body, and it is these molecules which are generally referred to simply 

as fat. Triglycerides are composed of two types of molecules linked together-glycerol and fatty 

acids (Fig. 1). Glycerol is a 3-carbon molecule which is actually a carbohydrate. A fatty acid 

consists of a chain of carbon atoms, with a carboxyl group at one end. A fatty acid is attached 

to each of the three hydroxy! groups of glycerol, the linkage occurring at the carboxyl end of the 

fatty acid. Because fatty acids are synthesized in the body by linking together 2-carbon 

fragments, most fatty acids have an even number of carbon atoms. Sixteen and eighteen-carbon 

fatty acids are the most common, although both shorter and longer fatty acids are also present. 

When each of the interior carbon of the fatty acid chain is linked by a single bond to the carbon 

adjacent to it, the remaining bonds being with hydrogen atoms, the fatty acid is said to be 

saturated (Fig. 1). Some fatty acids contain double bonds linking some of the carbons in the 
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chain, and these are known unsaturated fatty acids. If more than one double bond is present the 

fatty acid is said to be polyunsaturated. Animal fats generally contain a high proportion of 

saturated fatty acids, whereas vegetable fats contain more polyunsaturated fatty acids. Since the 

three fatty acids in a molecule of triglyceride need not be identical, a variety of neutral fats can 

be formed with fatty acids of different chain lengths and degrees of saturation. 

Phospholipid Phospholipids are similar in overall structure to neutral fats with one important 

difference: the third hydroxyl group of glycerol, rather than being attached to a molecule of fatty 

acid, is linked to a phosphate group (-P04-), to which in turn is usually attached a small polar 

or ionized nitrogen-containing molecule (Fig. 2). Both the phosphate and nitrogen groups are 

usually electrically charged, and these groups constitute a charged polar region at one end of the 

phospholipid molecule, the fatty acid chains providing a nonpolar region at the opposite end. 

Therefore these molecules are amphipathic (a molecule containing polar or ionized groups in one 

region and non-polar groups in another) and, when mixed in water, they become organized into 

micelles, the polar ends of the molecules associating with the polar water molecules. 

Steroids have a distinctly different structure from the other two subclasses of lipid molecules. 

Four interconnected rings of carbon atoms form the basic skeleton of all steroids. A few polar 

groups may be attached to this ring structure, but they are not numerous enough to make the 

steroids water soluble. The steroids family includes, among others, cholesterol (Fig. 3) and the 

male and female sex hormones, testosterone and estrogen, respectively. 

PROTEINS 

Proteins account for about SO percent of the organic material in the body. These are 
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Figure 3. Structure of cholesterol molecule. 



16 

components of most of the body's structures and also play critical roles in almost all chemical 

interactions. Proteins are composed of carbon, hydrogen, oxygen, nitrogen, and small amounts 

of sulfur. Most proteins are very large molecules, containing thousands of atoms, and like most 

very large molecules, they are formed by linking together a large number of small subunits. The 

subunit of protein structure is an 'amino acid'; thus proteins are polymers of amino acids. 

The structural property all amino acids share is the presence of an amino (-NHj) and a 

carboxyl (-COOH) group, both attached to the terminal carbon of the molecule (Fig. 4). The 

third bond of this terminal carbon is usually to hydrogen and the fourth to the remainder of the 

molecule, indicated by R. Protein molecules are linear sequences of amino acids in which the 

carboxyl group of one amino acid is linked by a 'peptide bond' to the amino group of the next 

amino acid in the sequence (Fig. 4). 

In the human body there are 20 different amino acids and 20 different chemical structures 

corresponding to R. Some of these side chain structures are nonpolar, others are polar but not 

ionized, and a few contain ionized groups. Each position along a polypeptide chain in a protein 

may be occupied by any one of the 20 different amino acids. Thus, starting with 20 different 

amino acids an almost unlimited variety of polypeptide chains can be formed by altering both the 

amino acid sequence and the total number of amino acids in the sequence. 

2.2 Lipoproteins: Cholesterol Carrying Particles 

Chylomicrons and very low density lipoproteins (VLDL) serve as the major transport 

vehicles of triglyceride and cholesterol within the circulation. The major function of these 

lipoproteins is the transport of energy-rich triglyceride from the intestine and liver to sites of 

storage and utilization. These lipoproteins are collectively designated the 'triglyceride-rich' 

lipoproteins since triglyceride is their major component under normal conditions of diet and time 
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of residence in the plasma. Chylomicrons derive from the intestine and carry absorbed dietary 

fat and cholesterol through the lymph ducts into the plasma; VLDL carry hepatic (i.e., pertaining 

to the liver) triglyceride and cholesterol, and directly enter plasma. The triglycerides which are 

incorporated into VLDL in the hepatocyte (or the liver cells) are produced from lipogenesis and 

esterification of fatty acids in the liver. These fatty acids are derived from multiple sources, 

namely de novo synthesis from acetyl-CoA units produced by carbohydrate utilization, free fatty 

acids taken up into the cells from plasma albumin, and from the hydrolysis of lipids transported 

to the liver in plasma lipoprotein such as chylomicron remnants. Furthermore, cholesterol can 

be supplied by de novo synthesis through the action of rate-controlling enzyme 3-hydroxy-3-

methylglutaryl coenzyme A reductase (HMG CoA reductase), or by uptake from the plasma. 

The composition and the regulation of the catabolism of the two groups of particles, 

chylomicrons and VLDL, show some similarities as well as significant differences. The 

proportion of triglyceride is much higher in chylomicrons than in VLDL and there are important 

differences in apoprotein composition. Both particles follow similar catabolic pathways initially, 

acquiring the same apoproteins and undergoing partial lipolysis. The pathways of chylomicron 

remnants and VLDL remnants then diverge, the former being removed entirely in the liver 

through a specific receptor, whereas VLDL remnant removal is more diverse. In man, the half 

life for the clearance of chylomicrons and their remnants from the plasma is 4 to 5 minutes, 

whereas the half life of the VLDL particles is 1 to 3 hours. Importantly, the metabolic pools of 

chylomicrons and VLDL remain discrete with no apparent interconversions. 

VLDL particles after delipidation are converted to intermediate density lipoproteins 

(IDL). The excess IDL phospholipids and cholesterol are transferred to HDL particles which 

interact with the plasma enzyme, lecithin-cholesterol acyltransferase (LCAT), and LCAT 

esterifies the cholesterol. The newly synthesized cholesteryl ester is then transferred back to the 
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IDL particles from HDL, and resultant particles are low density lipoproteins (LDL). The LDL 

is then taken up by both hepatic and extrahepatic cells when it binds to high-affinity receptors 

located in regions of the plasma membrane. HDL, which is synthesized in liver and intestine, 

circulates with longest half-life of all lipoproteins, about 5 to 6 days in man. 

Since chylomicrons are the particles of main concern in this study, so their synthesis, 

different metabolic transformations, and clearance from the circulation are given here in more 

detail. 

2.3 Chylomicrons 

Structure and Composition 

Chylomicrons and other lipoproteins can be separated by gel filtration or centrifugation 

into subtractions which vary in size and density. When the chemical compositions of 

subfractionated lipoproteins are determined, several consistent features are observed for both 

chylomicrons and VLDL. In all cases the percentage of triglyceride declines, and percentages 

of phospholipid, cholesterol, cholesterol ester, and apoprotein increase as particle sizes decrease 

(Table 1). 

In electron micrographs chylomicrons appear as spheres ranging in diameter from about 

1000 to 11,000 A. They appear to contain an outer layer of material consisting of protein, 

cholesterol, triglycerides in a monolayer of phospholipids. Phosphatidylcholine and 

sphingomyelin are the major phospholipid components. The protein content of lymph 

chylomicrons is small and variable, the approximate composition of human lymph chylomicrons 

is 66% apoC, 22% apoB, and 12% apo A. 
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Table 1. Physicochemical Properties of human plasma lipoproteins* 

CHYLO VLDL IDL LDL HDL 

Flotation Rate* Sf > 400 Sr 20-400 Sf 12-20 Sr 0-12 F..20 0-20 

Density Range 

(g/ml) 
0.94 0.94-1.006 1.006-1.019 1.019-1.063 1.063-1.21 

Size Range 

(nm) 
80-500 30-80 25-30 16-25 7-13 

Protein 

(*) 
2 8 15 22 30-55 

Triglyceride 

(%) 
86 55 6 4-5 

Cholesteryl 
Ester 

(%) 

3 12 42 12-20 

Cholesterol 

(%) 
2 7 8 4-5 

Phospholipid 

(*) 
7 18 22 25-30 

'Abbreviations: chylomicron CHYLO; very-low-density lipoprotein VLDL; intermediate-
density lipoprotein IDL; low-density lipoprotein LDL; high-density lipoprotein HDL 
References: Skipski (1972), Mead & al. (1986). 
kS( rate is defined as Svedbergs of floatation, measured at 26*C in a medium of 1.74S M NaCl 
(density 1.063 g/ml). F values are floatation rates measured at any other density, signified by 
a subscript. 
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Synthesis 

The synthesis of chylomicrons occurs within the intracellular membrane compartments 

of intestinal enterocytes (Fig. S). The fatty acid and 2-monoacylglycerol precursors of 

chylomicron triglycerides are taken up by the enterocyte after being transported to the cells in 

bile salt micelles. Apparently, the monoglycerides subsequently are re-esterified to triglycerides 

and therefore most of the synthesis of triglyceride occurs independently of the glyceraldehyde 3-

phosphate pathway, the predominant pathway for synthesis of triglyceride in the liver to form 

VLDL. Since little or no de novo synthesis of fatty acids occurs during the absorption of fat, 

the fatty acid profile of the chylomicron triglycerides have relatively high melting points if 

derived from ingested cream or butter fat or have low melting points if derived from most 

vegetable oils, such as corn or sunflower oil. A small percent of the dietary cholesterol is in the 

form of cholesterol esters and must be hydrolyzed before absorption. Within the enterocyte a 

fraction of the cholesterol is esterifled to fatty acids by acyl CoA: cholesterol acyltransferase 

(ACAT) to reform cholesterol esters. 

The cholesterol content of newly secreted, or nascent, chylomicrons and VLDL is 

significantly less than that of their plasma counterparts (chylomicron remnants and IDL, LDL or 

HDL respectively). The difference probably arises simply because the sites of nascent lipoprotein 

assembly are located at the minimum of a cholesterol concentration gradient which is lowest in 

the intracellular membranes, and highest in the circulatory system (Miller and Small, 1987). 

However, the level of intracellular cholesterol in the hepatocyte can be increased by prolonged 

feeding of cholesterol, and under these conditions, nascent VLDL become relatively enriched in 

their cholesterol contents. 

The composition of apoproteins in chylomicrons and nascent hepatic VLDL are similar. 

Both contain apoB. However, intestinal cells secrete only the small apoB whereas hepatocytes 
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produce large apoB. Also present on nascent chylomicrons are apoAI, the major apoprotein of 

plasma HDL, and apoC peptides of which apoCII serves as the cofactor for lipoprotein lipase. 

Many of the apoC peptides present on nascent chylomicrons probably have been acquired by the 

chylomicrons upon their entry into the lymph. The percentages of specific apoproteins bound to 

the lipoproteins change dramatically after nascent particles first enter the circulation, and then 

change continuously during their time of residence in the circulation. Major apoproteins of 

human plasma lipoproteins and their associated actions are given in Table 2. 

Metabolic transformation, and clearance from circulation 

Nascent chylomicrons undergo several major compositional changes after entering the 

plasma. Both lipids and apoproteins are exchanged between chylomicron particles and plasma 

elements such as erythrocytes and other classes of lipoproteins. Red blood cells contain an 

enormous reservoir of unesterified cholesterol which potentially can be transferred to nascent 

chylomicrons. Since the cholesterol content of chylomicrons is only about 5% of their total 

weight, the addition of less than 5 mg/dl chylomicron cholesterol to plasma only expands the 

cholesterol pool slightly. Since the nascent lipoproteins, both chylomicrons and VLDL, contain 

little cholesterol, it is generally anticipated that they are not initially in equilibrium with the other 

blood cholesterol carriers with respect to cholesterol distribution. Several studies have shown that 

both chylomicrons and VLDL do in fact acquire cholesterol in the plasma. 

After their entrance in the plasma, nascent chylomicrons first acquire apoCII, transferred 

from HDL. Through a process which includes binding to the enzyme lipoprotein lipase, situated 

near the endothelial surface of capillaries, apoCII facilitates the lipolysis of chylomicron 

triglyceride. Other apoproteins, Cm and E, which are also transferred from HDL, regulate other 

aspects of chylomicron catabolism. ApoCIII probably prevents the premature removal of the 
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Table 2. Physical Properties of the major apoproteins of human plasma lipoproteins* 

1 1 Apoprotein Molecular Weight 
Associated 

primarily with 
lipoprotein: 

Additional actions 

1 apoAI 27,000 HDL Activates LCAT 

apoAII 17,000 HDL Prepares VLDL for 
attack by LPL 

apoB LDL 
Required for 
secretion of 

triglyceride-rich 
proteins 

apoCI 7,000 Chylomicron Activates LCAT 
and LPL 

apoCII 10,000 VLDL Activates LPL 

apoCIII 8,800 HDL Inhibits LPL 

apoD 20,000 HDL 

apoE 33,000 VLDL, HDL 

'Abbreviations: very-low-density lipoprotein VLDL; intermediate-density lipoprotein IDL; low-
density lipoprotein LDL; high-density lipoprotein HDL; lecithin: cholesterol acyltransferase 
LCAT; lipoprotein lipase LPL 
References: Mead g& al- (1986). 
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catabolized chylomicron by the specific hepatic receptor (Nestel, 1987). Eventually, a remnant 

of the chylomicron is formed, through the removal of a critical fraction of triglyceride and a 

remodelling of the smaller residual particle. ApoE then mediates the recognition of the remnant 

by the hepatic receptor, and thus these remnants are immediately internalized by receptor-

mediated endocytosis and degraded in lysosomes. The chylomicron hepatic receptor is distinct 

from the receptor which recognizes arid binds the remnants of VLDL catabolism. 

Chylomicron constituents not cleared with the remnant are largely incorporated into other 

lipoproteins. Both protein and lipid constituents, arising mainly from the surface of chylomicron 

remnants, transfer to denser lipoproteins, especially HDL. This includes the acquisition of some 

free cholesterol from HDL in exchange for chylomicron phospholipids. And for apoproteins E 

and C this represents the end of a cycle since these proteins had initially been donated by HDL 

to the chylomicrons (this process is accelerated by lipoprotein lipase). Apoproteins other than 

E and C recycle to HDL during lipolysis of triglyceride-rich lipoproteins. 

It is apparent from the foregoing discussion that chylomicrons are particles very similar 

to other lipoprotein particles, yet are unique enough to warrant individual attention. They 

provide an independent subsystem of the overall cholesterol processing phenomena. It is for this 

reason that chylomicron dynamics was chosen to initially apply the unique modeling approach 

developed in this thesis. Because physiologically-based pharmacokinetics modeling is the basis 

for the chylomicron model, different pharmacokinetics models are discussed and compared in the 

next section. 

2.4 Pharmacokinetics Modeling 

Pharmacokinetics is the science of the quantitative actions between a biological organism 
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and a pharmacological substance within it. Pharmacokinetics was primarily developed to predict 

the distribution history of drugs in experimental animals or human patients. A pharmacokinetics 

model enables the observer to have a close look at the overall drug concentration profile in the 

blood after its injection to the body and concentration profile in any particular tissue of interest. 

In this study the same model development techniques have been used in modeling the 

chylomicron cholesterol distribution in the body. 

Since the interest in this thesis lies in whole organ or tissue concentrations, the whole-

organ models are used. These models allow the simulation of overall concentration in organs 

such as liver, muscle or adipose. The model parameters are thus averaged over the whole-organ. 

Physiological parameters include total blood flow to the organ or tissue, and total tissue mass and 

its associated blood volume. 

One Compartment Model 

One of the simplest pharmacokinetics models is a one compartment model (Nelson, 

1978). In this model, the entire body of the subject animal is assumed to be a homogeneous mass 

or compartment, and the concentration of drug for the purpose of this mathematical analysis is 

assumed to be uniform throughout the compartment i.e., whole body. The drug is introduced 

by an injection into, the compartment at time zero and is thereafter removed from the 

compartment at a rate proportional to the concentration with no further input (Fig. 6). This 

method of drug loss from a compartment is referred to as clearance. Physiologically this 

clearance may represent kidney-clearance to the urine or metabolism in the liver. That is, the 

drug is either removed from the body or chemically changed at a rate which is proportional to 

its concentration in the compartment. An unsteady mass balance over the compartment gives: 



CLEARANCE < 
BLOOD, VB M, 

INJECTION 

Figure 6. One compartment model. 
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'CImt* ( 2 . 4 . 1 )  

where Va is the blood volume, Ca the drug concentration in the blood at any time t, and is 

the rate constant of drug clearance from the blood. The initial condition is: 

where is the dose magnitude. Solving Eqn. 2.4.1 with this initial condition we obtain: 

As mentioned earlier, in a one compartment model the concentration of drug is assumed 

homogeneous throughout the entire body. That is, the concentration in the blood and in any 

tissue or organ in the body of the animal is the same at any given time. This is obviously untrue, 

so a two compartment approach has been developed to better address the fact that the body is not 

homogeneous (Nelson, 1978). 

Two Compartment Model 

A two compartment model is more realistic with the body divided into a blood and a 

tissue compartment. The tissue compartment is itself composed of tissue mass and associated 

blood. The drug is injected into the blood compartment at time zero (Fig. 7) as in the one 

compartment model, and is then carried to the tissue compartment as blood perfuses through the 

tissue compartment. Drug is cleared from the system in the blood compartment at a rate 

proportional to the blood concentration, and at the same time in the tissue compartment through 

At t = 0 :  C , ( 0 )  =  
"« a 

( 2 . 4 . 2 )  

c, = ( 2 . 4 . 3 )  
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Figure 7. Two compartment model. 
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some metabolic transformation. An unsteady mass balance on the blood compartment gives: 

Accumulation = Input from tissue - Output to tissue - Clearance 

dCm 
V'~dt =  °',C' "  °',C' ~ ( 2 . 4 . 4 )  

where and k.,— are the same as defined in one compartment model. CT is the drug 

concentration in the tissue compartment at any time t, and Qg is the blood flowrate circulating 

between the tissue and blood compartments. An unsteady mass balance on tissue compartment 

gives: 

Accumulation = Input from blood - Output to blood - Metabolic Transformation 

dCm 
Vm—ZZ = Oa-CB - Qm.'Cm - Wit. Traamforamtlon (2.4.5) 

at 

where VT is the blood volume associated with the tissue mass. Now consider that the metabolic 

transformation in the tissue compartment follows the Michaelis-Menten kinetics, and so replacing 

metabolic transformation term by the Michaelis-Menten equation we get: 

The Eqns. 2.4.4 and 6 constitute two coupled nonlinear ordinary differential equations which, 

due to the form of the non-linear term, must be solved numerically. The initial conditions for 

both the compartments are: 

At f c = 0 l  C , < 0 ) = % 2 ,  C r ( 0 ) = 0  ( 2 . 4 . 7 )  
VM 

The drug concentration in both blood and tissue compartments is zero initially. At time zero, the 

drug i; introduced to the blood compartment by an injection. Its concentration therefore first 

rises instantaneously in the blood compartment and then slowly in the tissue compartment as drug 
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enters this compartment with the circulating blood. 

Even though the two compartment model is an improvement over the one compartment 

model, it too suffers from over-simplification. Physiologically the body is not just one blood and 

one homogeneous tissue compartment, but different tissues may be involved in different metabolic 

transformations and so have different concentrations. So a multi-compartment model, based on 

actual physiology, is a combination of many one and two compartment models. 

Multi-compartment Model 

The Bischoff-Dedrick model [Bischoff and Dedrick (1968), Bischoff, Dedrick, and 

Zaharko (1970), Bischoff fit al- (1971), Dedrick, Forrester and Ho (1972), Harrison and Gibaldi 

(1977), Nelson (1978), Chen and Gross (1979), Ramsey and Anderson (1984)] is a macroscopic 

multi-compartment pharmacokinetics model. In this model the body is divided into a set of 

compartments, each of which represents an organ (or tissue mass) which can be linked together 

on some physiological basis. For example, the lungs, kidney, liver and other major organs 

constitute one compartment each (Fig. 8). Each compartment contains the particular tissue plus 

the equilibrium blood associated with that tissue. The equilibrium blood within a tissue 

compartment is assumed to be homogeneous and in thermodynamic equilibrium with the tissue. 

The tissue itself is assumed to be homogeneous with respect to the drug concentration. The 

assumption of thermodynamic equilibrium in this model does not require the overall concentration 

in the blood to be equal to the overall concentration in the tissue. 

All of the compartments in the body are linked by a blood pool compartment. The 

linking is consistent with the actual anatomical linkage provided by the vasculature. The blood 

pool provides the vehicle by which the drug is carried from one equilibrium blood compartment 
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Figure 8. Multi-compartment model (adapted from Chen and Gross, 1979). 
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to another. The complete set of equations for a multi-compartment model consists of a set of 

similar differential equations as used in the one or two compartment models. By including blood 

flow to and from each compartment in these equations, the compartments are then interconnected 

according to physiological linkage. 

The chylomicron cholesterol model, developed later, is physiologically based multi

compartment model. However, a few previous cholesterol models exist which were developed 

by other researchers, and these models make use of a different multi-compartment approach. A 

comparison of previous models with the present model approach, and justification for the need 

of this new model development is given in the next section. 

2.5 Review of Previous Work and 
Justification for Current Model Development 

Only a few past attempts have been made to model the distribution of different 

constituents of lipoproteins in the body (Berman, 1979, Berman g al, 1982). The second study 

presents a review of such early attempts in which different lipoprotein constituents, including 

cholesterol, were modeled. A multi-compartment model approach was used in all these studies 

but the focus was not on the distribution of the constituents in the body. Rather it was the 

transformations the constituents underwent during metabolism. Thus these compartments are 

actually subcompartments of a bigger blood pool, in which each compartment contains a fixed 

size range of a lipoprotein particle which is under consideration.. The unsteady mass balance over 

these compartments then gives the distribution of these particles (or their constituents) as they 

enter and leave these compartments. In another attempt, to specifically model the overall blood 

cholesterol, a three-compartment model was developed in which a whole body cholesterol 
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mechanism was studied by analyzing the turnover of blood cholesterol following injection of 

radiolabled cholesterol (Dell and Ramakrishnan, 1982). A distribution of cholesterol was 

obtained in the blood by modeling the entrance and removal of this radiolabled cholesterol in each 

of the three subcompartments (or pools). 

Thus previous modeling attempts have focused on metabolic transformations of these 

particles exclusive to prediction of the distribution in the body. It is the goal of this work to 

predict distributions throughout the body, and thus requires a different approach which takes into 

account the sites of their metabolic transformations, i.e., different organs, such as, liver, kidney, 

muscle, and adipose etc., and the delivery, via the blood pool, thereto. These 

processes/transformations interact with one another (e.g., chylomicrons are converted to remnants 

in the muscle and adipose before they can be taken up in the liver), and thus a model connecting 

these individual processes/transformations would give a true picture of what happens to a 

lipoprotein particle as it is formed and circulates. 

2.6 Sensitivity Analysis 

Once a mathematical model of a complex system has been formulated, the task is to get 

the maximum information out of a minimum of simulations. Physiologically-based mathematical 

model allows parameters to be obtained independently of the model through direct measurement, 

or through experiments designed to isolate the phenomenon the parameter attempts to quantify. 

There is always uncertainty attached to these parameters and it is often very difficult to observe 

the effect of change of a combination of many parameters on the dependent variable of concern. 

However, it is possible that slight changes in a parameter value may markedly affect the model 

behavior. It is also possible that large changes in a parameter value will have little effect. It is 

wasteful to pin down a more accurate value of one parameter, when its impact on the model 
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behavior is insignificant. The primary interest of course is in the dynamics of the model: in how 

the dependent variables change with time. Sensitivity functions allow examination of the effect 

of changes in parameter values on model behavior. Moreover, sensitivity functions may be 

calculated together with main simulation. 

Sensitivity functions are defined as the infinitesimal change of a dependent variable 

divided by the infinitesimal change of a parameter: 

*Vlt) " Wj ( 2 . 5 . 1 )  

where x, is a dependent variable, Pj is a parameter, and S9 is sensitivity of dependent variable x, 

with respect to parameter pj. 

For example, to find the sensitivity of drug concentration in the blood compartment with 

respect to the rate constant for drug clearance in two compartment model, differentiation of both 

sides of Eqn. 2.4.4 with respect to k (this k is the same as k^ in Eqn. 2.4.4, shortened for 

simplicity) gives: 

- f l L . ( ^  -  ̂ )  -  C..V. -  k.^.V. ( 2 . 5 . 2 )  
* dk dt * dk dk 11 dk B 

Reversing the order of differentiation of the cross derivative formed on the left hand side of the 

equation, and defining: 

IS? " 3W (2.5.3) 

where is the sensitivity of drug concentration in the blood compartment with respect to k, 

and Scr.k is the sensitivity of drug concentration in the tissue compartment with respect to k, 

gives:, 
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dS, 
vn—j£ = 0B• (*Cffc " 5c>k) - CM. VB - Jr. 3eJc. VB (2.5.4) 

ScT,k is unknown in the above equation and can be obtained by a similar treatment to Eqn. 2.4.6. 

Differentiating both sides with respect to k, and rearranging: 

r'-sr ' <*<*" " (Km\ Cj. < 2 - 5 - 5 >  

The initial conditions are: 

At t = 0 :  5 c > k ( 0 )  = 0 ,  5 C f t { 0 )  = 0  ( 2 . 5 . 6 )  

Thus, four dynamic equations are obtained, two for drug concentrations in the blood and 

tissue compartments and two for their sensitivities with respect to k. Similarly, four more 

equations, giving sensitivities with respect to and Km, can also be obtained. All these eight 

equations can then be solved simultaneously, and the sensitivities plotted on the same graph. 

Comparison of the curves then shows which parameter if changed would affect the drug 

concentration profile the most. For example, if after the above treatment one finds that is 

the parameter showing highest sensitivity, it can be predicted that changing the number of active 

sites for metabolic transformation, thus changing V would greatly affect the drug concentration 

profile both in the blood and tissue compartments (because they are interconnected). It also 

indicates that of all parameters, is the parameter to get an accurate value for. 

A coarse sensitivity analysis could have been performed (i.e., without developing the 

sensitivity functions) in which many runs would have been needed to determine how changes in 

a certain parameter affect the behavior of the dependent variable. However, if the problem is 

complex i.e., a large number of parameters are present which can affect the system, sensitivity 

functions offer the most concise means to observe sensitivities. 
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CHAPTER 3 

MODEL DEVELOPMENT 

As discussed in previous chapter, a physiologically-based multi-compartment model is the 

best model to represent actual physiology and anatomical linkage, and thus takes into account 

different drug metabolic transformations taking place in different parts of the body. A similar 

model approach, therefore, has been used in modeling chylomicron cholesterol distribution. 

Certain simplifications/changes have been made during the development of this model specifically 

for chylomicron cholesterol distribution. These simplifications/changes and their justification will 

be discussed as they are encountered. 

3.1 Physiological Linkage 

In order to construct a model, it is necessary to determine which organs/tissues to include 

in the model. In case of chylomicron cholesterol modeling, the formation of chylomicron 

particles in the intestine enterocytes and their subsequent absorption to the lymphatic system has 

been excluded, and instead chylomicrons are assumed to be injected directly into the blood 

compartment (Fig. 9). This simplification has been made because of the literature experimental 

data, in which chylomicrons were obtained from donor rats and injected directly into the blood 

of recipient rats. Once the chylomicrons have entered t|ie blood, they have access to other parts 

of the body. But, as discussed in section 2.3 of the previous chapter, before they experience any 

other metabolic transformation, chylomicrons first loose their triglyceride content in the muscle 

and adipose tissue. 



CHYLOMICRON 
INJECTION 

BLOOD. V 

(a, RL 

Remnants V. 

.J Blood 

f Tissue 

LIVER, ML 

CM ,  Rm 

TG Vu  

J Blood 

Tiaaue 

MUSCLE, 

Cgi Rj 

QM 

Cg, Rg 

C*. R* 

TG VA 

<
 

o
r J 

Blood 
Cgi RB 

T Tissue Cgi RB 
ADIPOSE, M* 

CARCASS, Vc  

Cn ,  R 

Figure 9. Physiological linkage for chylomicron cholesterol distribution. 



39 

After the depletion of a certain amount of triglyceride, chylomicrons are modified to 

chylomicron remnants. It is now that chylomicron remnants are recognized and taken up by the 

liver. Therefore the liver constitutes another very important compartment for this model and it 

is included separately in the physiological linkage (Fig. 9). Carcass represents the remaining 

tissue bulk, the interaction with chylomicrons of which is assumed either insignificant or 

nonexistent. This compartment works as a shunt. 

3.2 Mass Balance 

Once the important organs and their actual anatomical linkage for the system is known, 

the task is to write unsteady mass balances over each compartment and thus develop dynamic 

model equations. Since, as mentioned in section 2.2, the metabolic pools of chylomicrons and 

VLDL do not interact with each other, no effect of VLDL cholesterol pool has been considered 

during the development of this chylomicron cholesterol model. Here the same sequence of events 

will be mathematically followed as chylomicrons actually undergo after their entrance in the blood 

compartment. That is, depletion of chylomicron triglyceride in the muscle and adipose, and 

subsequent recognition and removal of remnants in the liver. Therefore, a particle approach has 

been used, in which cholesterol is present in all the compartments both as chylomicron cholesterol 

and remnant cholesterol. 

Initially, the concentration of both chylomicron and remnant cholesterol is zero in all the 

compartments. At time zero, chylomicron cholesterol is injected into the blood compartment, 

and its concentration then slowly develops in other compartments as chylomicrons enter these 

compartments with the circulating blood. Concentration of cholesterol associated with 

chylomicron remnants is still zero in all the compartments. The chylomicrons, while in 

circulation, interact with HDL and red blood cells and receive some firee cholesterol at the 
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expense of their phospholipids (phospholipid concentration is not of concern in this study). Now 

chylomicron cholesterol starts 'disappearing' in the muscle and adipose compartments at a rate 

proportional to triglyceride depletion, and reappears as remnant cholesterol. This way, the 

concentration of remnant cholesterol first develops in the muscle and adipose compartments, and 

then in other compartments because of constant circulation. Finally, remnant cholesterol 

disappears in the liver compartment, as remnants pass through this compartment and are taken 

up by the specific hepatic receptors. Note that no transformation takes place to chylomicron 

cholesterol in the liver compartment, This is because hepatic receptors only recognize remnants 

and not chylomicron particles. 

The actual mass balances over all compartments are written, and dynamic model 

equations are developed for these compartments in the following sections. The variables and 

parameters that appear in these equations are defined in the nomenclature (Appendix B). 

Blood An unsteady mass balance over blood compartment for chylomicron cholesterol gives: 

Accumulation = Injection + Input with blood - Output with blood 
+ Transfer from RBCs 

=  •  t l ~ J ( ]  +  Q m •  ( C v ~ C j )  +  Q a *  ( C ^ - C j )  

• Of • Qc <Ce-Ca) + ka. Cm. VB ( 3 . 2  - 1 )  

The first term on right hand side of above equation is the injection, and it can be of very short 

duration (bolus) or extended duration (continuous). Here is the duration over which the 

injection is spread. The term [1 -H(t-1*)] is a mathematical device to simply stop injection at 

t - t^(H is the step function: H=0 when t s£ and H=1 when t > rv). The last term on 
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the right hand side represents the transfer of cholesterol from HDL and RBCs to the chylomicron 

particles, and it follows simple first order kinetics [Minari and Zilversmit (1963) and Backer and 

Dawidowicz (1981)]. However, the rate constant for cholesterol transfer is dependent upon the 

ratio of chylomicron cholesterol to the total blood cholesterol (i.e., cholesterol in HDL and 

RBCs), Miller and Small (1987). Now a similar mass balance for remnant cholesterol gives: 

Accumulation = Input with blood - Output with blood 

= Qu. (RM-RM) + Qa. <Ra-Rb) 

* Or,- (RL-R,) * Oe.  ( 3 . 2 . 2 )  

The initial conditions for both the equations are: 

Jit t=Oi C|(0) =0 £,(0) =0 (3.2.3) 

Muscle Mass balance for the chylomicron cholesterol gives: 

Accumulation = Input with blood-Output with blood-Disappearance to remnants 
+ Transfer from RBCs 

dC. V. — g-»-
= 0jr (^j"C|() - —^ + + kM.CM. VM ( 3 . 2 . 4 )  

The Michaelis-Menton equation actually presents the lipolysis, but here it has been used to 

model the transfer of chylomicron cholesterol to chylomicron remnants. This is justifiable 

because chylomicrons become remnants after triglyceride depletion, and so the rate of triglyceride 

depletion is the rate at which chylomicrons disappear and convert to remnants. Fielding (1976) 

has shown that the access of chylomicron particles to the muscle interface is diffusion limited. 
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So replacing the Michaelis-Menten term in the above equation by a diffusion term, we get: 

vû z = ftr - Dm. (Cif-C.*) CU.VM ( 3 . 2 . 5 )  
ClC 

the chylomicron concentration at the muscle interface (i.e., surface of the muscle capillaries 

where the LPL is present), in the above equation is unknown. However, Cm can be obtained 

by using the fact that the rate at which particles diffuse to the interface is equivalent to the rate 

of lipolysis. Therefore equating the two terms, we get: 

Dm. (Cv-C^) .Mb = Va"'"' f»,Jk (3.2.6) 
*m.n*Gu 

Solving for Cm-

2 • CMl - ~ ~ *m.M * CM 

"*i.ir + Qr>a +*>Cw*..M < 3 - 2 - 7 )  

Two roots appear, a positive and a negative, but since concentration cannot go negative, the 

positive root is retained. The mass balance for remnant cholesterol gives: 

Accumulation = Input with blood - Output with blood + Transfer from chylomicrons 

- Om. (Rb~RJ * Dm. (C^-C^) .4, (3.2.8) 

The initial conditions are: 

At f c « O l  Cm{0 ) - 0  J Z „ ( 0 )  = 0  ( 3 . 2 . 9 )  
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Adipose The mass balance over this compartment gives exactly similar equations, both for 

chylomicrons and remnants, as those obtained for the muscle compartment. However, a 

comparison of parameters for the two compartments shows that the rate of lipolysis in adipose 

is much faster than in the muscle. But since the total mass of muscle tissue is about 7 times 

greater than the adipose tissue, so overall lipolysis/time is greater in muscle (Borensztajn, 1987). 

Liver Mass balance for chylomicron cholesterol gives: 

Accumulation = Input with blood - Output with blood + Transfer from RBCs 

Vt^jj = Ql . iCB-Ct) * kB. CL.VL ( 3 . 2 . 1 0 )  

For remnant cholesterol: 

Accumulation = Input with blood - Output with blood - Removal by receptors 

• 0" «•-"'> - <3-2-ii» 

Here Michaelis-Menten equation models the uptake of remnant cholesterol by the hepatic 

chylomicron receptors. Unlike muscle and adipose, diffusion does not play any part. This may 

be explained because remnants are smaller in size as compared to chylomicron particles. The 

initial conditions are: 

Ae t=0i  C.(0)=0 Ji . ( O )  =0 (3 .2 .12)  

Carcass As mentioned earlier, carcass is just a shunt, and therefore no significant changes occur 

in this compartment. The mass balance over this compartment for chylomicron cholesterol gives: 
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Accumulation = Input with blood - Output with blood + Transfer from RBCs 

Vê £ = Qe. icB-ce) +k a .C e .V e  ( 3 . 2 . 1 3 )  

And for remnant cholesterol: 

Accumulation = Input with blood - Output with blood 

Vĉ t =  °c ' ( 3 . 2 . 1 4 )  

The initial conditions are: 

At e=Ol Cc(0) =0 *e(0) =0 (3.2.15) 

This completes the model development. Sensitivity functions have also been written for 

some of the parameters, using the same approach as described in section 2.6. Initially a coarse 

sensitivity analysis was carried out by changing the different parameter values and looking at the 

effect of these changes on the total cholesterol (i.e., the sum of chylomicron cholesterol and 

remnant cholesterol) concentrations in the blood. Since no appreciable effect of physiologic and 

kinetic parameters, as compared to diffusive parameters, was observed, a sensitivity analysis of 

total cholesterol was performed with respect to a sampling of physiologic, kinetic and diffusive 

parameters.̂ , VL, V^L, D„, and DA. 
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CHAPTER 4 

APPLICATION 

Because the model developed for chylomicron cholesterol in the previous chapter is 

physiologically based, it can be applied to any animal with same physiology as used in the model. 

Actually, humans, rats, rabbits, dogs, pigs and many other animals are physiologically similar 

and therefore the model can be applied with little modification. Because of this physiological 

similarity, most of the research is done on other animals, and results obtained from these studies 

are then extrapolated to humans. This procedure is adopted because in most instances it is 

unethical to use a man as a subject animal. Thus, most of the data available on cholesterol 

distribution is on rats, and that is why the present model has been applied to two such studies in 

which rats were used as subject animals. A bolus of chylomicron cholesterol was injected into 

the blood of these rats in the first experiment, whereas its continuous infusion was maintained 

in the second (Nervi, Weis and Dietschy, 1975). 

The parameters, required in solving the model equations, and their values for different 

compartments/organs are given in Table 3. Because they could not be obtained from one source, 

care has been taken in obtaining the values based on the same rat weight. For example, the 

different tissue masses, their associated blood volumes, and the blood flowrates to these tissues 

have been obtained from Bischoff g al- (1971). The values of Km and VM for liver are from 

Sherrill and Dietschy (1978), whereas the values two parameters Km and for muscle and 

adipose are obtained from Fielding (1976). Finally, the rate constant kB is calculated from Minari 

and Zilversmit (1963). As mentioned earlier, section 3.2, kB depends upon the ratio of 
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Table 3. Physiological and biochemical parameters for a 200 g rat. 

Blood Liver Muscle Adipose Carcass 

Flowrate, 
Q. 

(dl/min) 
0.157 0.075 0.038 0.357 

Blood Volume, 
v, 
(dl) 

0.061 0.023 0.013 0.00182 0.051 

Tissue Mass, 
M, 
(g) 

8 100 14 

K-.t 

(mg/dl) 
1.9 6.04 60.4 

(mg/g.min) 
0.035 0.033 0.076 

K. 

(1/min) 
0.00313 0.00313 0.00313 0.00313 0.00313 



chylomicron cholesterol to total blood cholesterol. The values of kB used in this model are for 

the chylomicron cholesterol to total blood cholesterol ratio of 0.23. It has been assumed here that 

the blood cholesterol pool is so large (Miller and Small, 1987) that the ratio of chylomicron 

cholesterol to total blood cholesterol does not exceed one, and also that the dependence of ka on 

this ratio is linear. 

A computer program CHYLO has been written in ACSL (Advanced Continuous 

Simulation Language) to solve the model equations. A listing of the ACSL program, 

CHYLO.CSL, is given in Appendix A. Appendix B gives the important program variables and 

their associated meaning. Note that all the upper and lower case letters and subscripts in the 

nomenclature (Appendix B) are upper case letters in the program. The program listing for the 

sensitivity functions is embedded in the program CHYLO (Appendix A). However, if the user 

is interested to see the concentration profiles only, the sensitivity functions may be removed from 

the program since they consume much computer time. 

4.1 Results and Discussion 

Bolus Injection In the first literature study, a bolus of chylomicrons, obtained from the intestinal 

lymph of donor rats, was injected to the experimental rats (240 g weight) 0.5,6, 12,24, and 48 

hours prior to the time they were killed and blood serum cholesterol obtained (Nervi, Weis and 

Dietschy, 1975). The dose contained 8 mg of cholesterol/100 g of recipient rat weight. The 

same parameter values have been used as given in the Table 3, however, the weight dependent 

parameters were scaled for 240 g rat weight. The experimental data points and the simulation 

results are plotted on the same graph (Fig. 10). The serum cholesterol rises to about 170 mg/dl, 

and then drops to die base concentration in about 12 hours. The diffusivity value used for both 

muscle and adipose is the same, 1.05 x 10* 1/min. It was observed that serum cholesterol 
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Figure 10. Predicted distribution of chylomicron cholesterol after a bolus injection of 8 mg 
of chylomicron cholesterol/100 g of rat. The experimental data points are as 
reported by Nervi, Weis and Dietschy (197S). 
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concentration is very sensitive to diffusivity, and this would also be proven later when the results 

of sensitivity functions are discussed. Diffusivity was also the only parameter for which a 

literature value could not be found, thus only the value of diffusivity was adjusted such that 

model results .fitted the data. 

A very good fit of the model results and experimental data is apparent from the graph. 

The model results have been plotted at five minute intervals. So the first model value, which also 

corresponds to the highest serum cholesterol concentration (about 170 mg/dl), is actually five 

minutes after the chylomicron cholesterol injection. However, if the chylomicrons have not been 

removed after their entrance into the circulation, the dose of chylomicrons should have increased 

the serum cholesterol levels up to 437.16 mg/dl here the division by 0.6 converts 

the blood cholesterol to serum cholesterol). This shows that the removal of chylomicron 

cholesterol from the blood compartment is initially very fast and about half of the injected 

chylomicron cholesterol is removed in first five minutes after the injection. This agrees with the 

previously reported value of 4 to 5 minutes (Brown si al-. 1981). 

Although just one parameter is fitted with the data, the use of so few data points to 

establish its value was not appealing. Because the mechanisms which describe cholesterol and 

triglyceride uptake are independent of the means of injection in the model, it was possible to use 

the results of both literature bolus and continuous experiments. 

Continuous Infusion In this literature experiment, the rats (200 g weight) were infused 

intravenously with either 8 or 23 mg of chylomicron cholesterol/100 g of animal weight, over 

a period of 12, 24, or 48 hours prior to the time the experiment was terminated at which time 

the rats were killed and their blood cholesterol levels obtained (Nervi & al., 1975). Thus, for 

example, one group of rats received 23 mg/100 g of chylomicron cholesterol over a 12-hour 
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period, while another group received the same amount spread over 48 hours. The parameter 

values used in the simulations are the same as in the Table 3. Both experiment and model results 

are given in the Table 4. 

The model predictions do not fully agree with the experimental data points. As can be 

expected, when chylomicron cholesterol is infused continuously over some time periods, elevated 

blood cholesterol levels would develop because removal of chylomicron cholesterol depends upon 

two capacity limited processes taking place in the body, i.e., hydrolysis of triglycerides and 

receptor mediated uptake of chylomicron remnants. Because the model is equipped to handle 

these capacity limited processes, through the use of Michaelis-Menten equations, the disagreement 

between the data and model results is unexpected. 

However, it is possible that certain other phenomenon, which are not included in the 

present chylomicron model, are actually also important. For example, as we know from section 

2.3, different apoproteins also play an important role in the metabolism of chylomicron 

cholesterol; apoCII facilitates the lipolysis of chylomicron triglyceride, apoCIII prevents the 

premature removal of catabolized chylomicron by the specific hepatic receptor, and apoE 

mediates the removal of chylomicron remnant through this receptor. So it is quite possible that 

like chylomicron triglyceride, chylomicron apoproteins also affect the overall distribution of 

chylomicron cholesterol in the body. Their influence was indirectly taken into account under an 

assumption that the kinetics of triglyceride hydrolysis paralleled the changes in apoprotein 

concentration. This assumption may not be sufficient in taking into account apoproteins and a 

more direct inclusion of their effect may be necessary. 

Sensitivity Analysis The results of the sensitivity analysis for the parameters {&,, VL, K^L, 

Aft and Da are shown in the Fig. 11. Actually the sensitivity of total cholesterol with 
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Table 4. Experiment and model results for continuous infusion of chylomicron cholesterol. 
8 or 23 mg of chylomicron cholesterol/100 g of rat was infused continuously for 
12, 24, and 48 hours. Experiment results are obtained as reported by Nervi, 
Weis and Dietschy (1975). 

INJECTION INFUSION 
TIME 

EXPERIMENT 
RESULTS 

MODEL 
RESULTS 

(mg/lOOg) (hr) (mg/dl) (mg/dl) 

12 

(720 min) 

211 

(±19.6) 
147.8 

23 
24 

(1440 min) 

24 

(±10.4) 
73.7 

48 

(2880 min) 

8.7 

(±8.7) 
36.8 

12 

(720 min) 

56.6 

(±13.05) 
51.2 

8 
24 

(1440 min) 

0.0 

(±13.05) 
25.6 

48 

(2880 min) 

0.0 

(±8.7) 
12.8 
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respect to D„ and DA is so high at any time that the sensitivities with respect to other four 

parameters are essentially zero. Because of the high sensitivities of DM and DA and experience 

with the coarse sensitivity evaluations, the sensitivity analysis for other parameters in the model, 

other than above six, was not performed. 

The sensitivity analysis thus shows that the model behavior is practically unaffected by 

small changes in the physiologic and kinetic parameters compared with diffusivity. Or in other 

words, by remaining within the physiological limits, it is most unlikely that any parameter, except 

the diffusivity, can be changed to bring a considerable change in the model results. 
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Figure 11. Sensitivity of total serum cholesterol with respect to diffiisivity in the muscle 
(solid line) and adipose (dashed line). 
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CHAPTERS 

CONCLUSIONS 

1. A model has been developed which incorporates physiology and relevant biochemical 

phenomenon for the prediction of chylomicron cholesterol distribution throughout the body as a 

function of time. 

2. The model results have been applied and compared with two literature experiments in 

which chylomicrons were obtained from the donor rats and introduced into the blood of 

experimental rats as a bolus injection or as continuous infusions, demonstrating a qualitative 

validation of the model. 

3. Comparison with results from the experiment including a bolus injection has indicated 

a quantitative validation of the model. 

4. Specific deviations of the model from the experimental results for continuous infusions 

indicated the possible influence of other phenomena not considered in the model. 

5. Sensitivity analysis, performed for some of the model parameters, indicated that the 

model behavior was very dependent on the value of diffiisivity. 

6. Based on the previous conclusion, the value of diffiisivity needs to be better defined by 

experiments with more data points during the first eight or nine hours after the bolus injection. 
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CHAPTER 6 

FUTURE WORK 

A great deal of experimental work has been done and is currently in progress to explore 

the factors which affect the distribution of cholesterol in different parts of the body. This 

includes the formation of different lipoprotein particles and the interaction of these particles with 

one another, inducing the interparticle transfer of their constituents (including cholesterol) and 

transfer to different sites in the body. However, the results of these studies are scattered 

throughout the literature and it appears that no effort has ever been made to combine them. As 

research in this field continues, studies are carried out at increasingly finer levels. This study 

is one step in the direction of combining various studies which assess independent cholesterol 

processing mechanisms into a physiologically relevant interdependent model. 

For future work, the first step should be a further refinement of the existing chylomicron 

model to get better agreement of the model results and experimental data for both bolus injection 

and continuous infusions. This may require a better understanding of highly sensitive diffusion 

of chylomicrons in the muscle and adipose, and exploration of a possible role of apoproteins. 

Next step should be to take into account the actual formation and subsequent absorption of these 

particles in die intestine. This requires a more complete implementation of hepatic intracellular 

cholesterol biochemistry in the model to take into account bile acids and their role in dietary 

cholesterol absorption. It also allows a more complete model validation through comparison of 

predictions of intracellular cholesterol with actual data. 

, The present model specifically predicts die chylomicron cholesterol distribution, but at 
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the same time it also shows how the distribution of cholesterol in other lipoprotein particles can 

be modeled by using the same procedure. Since the metabolic pathways of chylomicron and 

VLDL are different, the next step should be to develop a similar model for VLDL and its 

successor lipoprotein particles, i.e., IDL, and LDL. The HDL is the particle which is distinct 

from other lipoproteins, so the final step would be to combine the two chylomicron and VLDL 

models and then introduce the necessary HDL transformation steps to make an overall cholesterol 

model. 

This anticipated overall model would take into account other important factors, such as 

the affect of fatty meal on the production of chylomicrons, the affect of this chylomicron 

cholesterol on the overall blood cholesterol pool, the affect of chylomicron cholesterol on the 

activity of HMG CoA reductase in die liver, the affect of this activity change on the rate of 

production of VLDL, the affect of change of VLDL production once again on the overall blood 

cholesterol pool, the affect of this overall imbalance on the distribution of HDL and so on. For 

ultimate completeness, this model can also be extended further to take into account the affect of 

hormones, stress, alcohol intake, smoking and other such factors. If any of such previous data 

does not exist, new experiments can be designed on the basis of the model requirements. 



APPENDIX A 

PROGRAM LISTING 

PROGRAM CHYLO 

INITIAL 
INTEGER X 
ARRAY DP(10), TDP(IO) 

CONSTANT TO s 0.0 $ "min" 
CONSTANT TINJ = 1 $ "rain" 
CONSTANT MRAT = 240 $"g" 
CONSTANT MINJ = 19.2 $ "mg" 
CONSTANT KB = 0.00313 $ " 1/min" 
CONSTANT TSTOP 

= 
2880 $ "min" 

CINTERVAL CINT = 0.5 
MAXTERVAL MAXT = 0.05 
NSTEPS NSTP = 1 
ALGORITHM IALG = 9 

M -Blood" 
CONSTANT VBO = 

0.061 $ "dl" 

N -Muscle" 
CONSTANT QMO = 0.075 $ "dl/min" 
CONSTANT VMO = 0.013 $ "dl" 
CONSTANT MMO 

= 
100 $ "1 g/ml x total volume' 

CONSTANT KMM = 6.04 $ "mg/dl" 
CONSTANT VMAXM = 0.033 $ "mg/g muscle-min" 
CONSTANT DM = 0.0000105 $ "1/min" 

N -Adipose" 
CONSTANT QAO = 0.038 $ "dl/min" 
CONSTANT VAO St 0.00182 $ "dl" 
CONSTANT MAO = 14.0 $ "1 g/ml x total volume' 
CONSTANT KMA = 60.4 $ "mg/dl" 
CONSTANT VMAXA = 0.076 $ "mg/g adipose-min" 
CONSTANT DA = 

0.0000105 $ "1/min" 



N —Liver" 
CONSTANT QLO = 0.157 $ "dl/min" 
CONSTANT VLO = 0.023 $ "dl" 
CONSTANT MLO 

= 8.0 S "g" 
CONSTANT KML = 1.9 $ "mg/dl" 
CONSTANT VMAXL = 0.035 $ "mg/g liver-min' 

N -Carcass" 
CONSTANT QCO = 0.357 $ "dl/min" 
CONSTANT VCO = 0.051 $ "dl" 

• Data, Serum Cholesterol." 
CONSTANT DP(01) = 170.0 , TDP(01) = 0.0 

DP(02) = 40.0 , TDP(02) = 360.0 , 
DP(03) = 5.0 , TDP(03) = 720.0 , 
DP(04) « 2.0 , TDP(04) = 1440.0 , 
DP(05) - 0.0 , TDP(05) = 2881.0 

SCALE = MRAT/200. 

VB = VBO'SCALE 

QM S QM0*SCALE 
VM s VMO'SCALE 
MM = MMO'SCALE 

QA s QAO'SCALE 
VA as VAO'SCALE 
MA 3= MA0*SCALE 

QL s QL0*SCALE 
VL SB VLO'SCALE 
ML = MLO'SCALE 

QC as QCO'SCALE 
VC as VC0*SCALE 

END $ "OF INITIAL" 

DYNAMIC 

DERIVATIVE 
« The following section solves the distance between two consecutive" 
" data points in the form of a straight line." 
IF CT .LE. TO) X • 1 

PROCEDURAL 
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IFCT.GE. TDP(X+1))X = X+l 
DATA = (DP(X+1) - DP(X))*(T • TDP(X))/(TDP(X+1) - TDP(X)) + DP(X) 

END $ "OF PROCEDURAL" 

" The following section defines the type of injection, if TINJ = 1, then 
" it is a bolus injection. Otherwise it may be 12,24, or 48 hour continuous 
" infusion if TINJ = 720, 1440, or 2880, respectively." 
PROCEDURAL (CINJ=T,MINJ,TINJ) 

CINJ = 0.0 
IF (T .GT. 0.0 .AND. T .LE. TINJ) CINJ = MINJ/TINJ 

END $ "OF PROCEDURAL" 

Blood" 
CB = INTEG((CINJ + QL*(CL - CB) + QM*(CM - CB) + ... 

QA*(CA - CB) + QC*(CC - CB) + KB*CB*VB)/VB, 0.0) 
RB = INTEG((QL*(RL - RB) + QM*(RM - RB) + QA*(RA - RB) + ... 

QC*(RC - RB))/VB, 0.0) 

SCBQL = INTEG(((CL - CB) + QL*(SCLQL - SCBQL) + ... 
QM*(SCMQL - SCBQL) + QA*(SCAQL - SCBQL) + ... 
QC*(SCCQL - SCBQL))/VB, 0.0) 

SCBVL = INTEG((QL»(SCLVL - SCBVL) + ... 
QM*(SCMVL - SCBVL) + QA*(SCAVL - SCBVL) + ... 
QC*(SCCVL - SCBVL))/VB, 0.0) 

SCBVXL • INTEG((QL*(SCLVXL - SCBVXL) + ... 
QM*(SCMVXL - SCBVXL) + QA«(SCAVXL .... 
SCBVXL) + QC*(SCCVXL - SCBVXL))/VB, 0.0) 

SCBKML = INTEG((QL*(SCLKML • SCBKML) + ... 
QM*(SCMKML - SCBKML) + QA*(SCAKML 
SCBKML) + QC*(SCCKML - SCBKML))/VB, 0.0) 

SCBDM = INTEG((QL*(SCLDM • SCBDM) + ... 
QM*(SCMDM - SCBDM) + QA*(SCADM - SCBDM) + ... 
QC*(SCCDM - SCBDM))A^B, 0.0) 

SCBDA = INTEG((QL*(SCLDA - SCBDA) + ... 
QM*(SCMDA - SCBDA) + QA*(SCADA - SCBDA) + ... 
QC*(SCCDA - SCBDA))/VB, 0.0) 

SCBKB = INTEG((QL*(SCLKB • SCBKB) + ... 
QM*(SCMKB - SCBKB) + QA*(SCAKB - SCBKB) + ... 
QC*(SCCKB - SCBKB) + CB*VB + ... 
KB*SCBKB*VB)/VB, 0.0) 

SRBQL = INTEG(((RL • RB) + QL*(SRLQL - SRBQL) + ... 
QM*(SRMQL - SRBQL) + QA*(SRAQL - SRBQL) + ... 
QC*(SRCQL - SRBQL))/VB, 0.0) 

SRBVL = INTEG((QL*(SRLVL - SRBVL) + ... 
QM*(SRMVL - SRBVL) + QA*(SRAVL - SRBVL) + ... 
QC*(SRCVL - SRBVL))/VB, 0.0) 



SRBVXL = INTEG((QL*(SRLVXL - SRBVXL) + ... 
QM*(SRMVXL - SRBVXL) + QA*(SRAVXL 
SRBVXL) + QC*(SRCVXL - SRBVXL))/VB, 0.0) 

SRBKML = INTEG((QL*(SRLKML - SRBKML) + ... 
QM*(SRMKML - SRBKML) + QA*(SRAKML 
SRBKML) + QC*(SRCKML - SRBKML))/VB, 0.0) 

SRBDM = INTEG((QL*(SRLDM - SRBDM) + ... 
QM*(SRMDM - SRBDM) + QA*(SRADM - ... 
SRBDM) + QC*(SRCDM - SRBDM))/VB, 0.0) 

SRBDA = INTEG((QL*(SRLDA - SRBDA) + ... 
QM*(SRMDA - SRBDA) + QA*(SRADA - SRBDA) + ... 
QC*(SRCDA - SRBDA))/VB, 0.0) 

SRBKB = INTEG((QL*(SRLKB - SRBKB) + ... 
QM*(SRMKB - SRBKB) + QA*(SRAKB - SRBKB) + ... 
QC*(SRCKB - SRBKB))/VB, 0.0) 

« Muscle" 
PROCEDURAL (CMI=VMAXM,KMM,DM,CM) 

COEFB = VMAXM/DM + KMM - CM 
COEFAC = -CM'KMM 
ROOT = SQRT(COEFB*COEFB - 4*COEFAC) 
ROOT1 = (-COEFB + ROOD/2 
ROOT2 = (-COEFB - ROOT)/2 
CMI = ROOT1 
IF (ROOT2 .GT. 0.0) CMI = ROOT2 

SCMIQL = (SCMQL + (-COEFB*SCMQL + 2*KMM«SCMQL)/ROOT)/2 
SCMIVL = (SCMVL + (-COEFB«SCMVL + 2«KMM*SCMVL)/ROOT)/2 
SCMIXL = (SCMVXL + (-COEFB'SCMVXL + ... 

2*KMM*SCMVXL)/ROOT)/2 
SCMIKL = (SCMKML + (-COEFB'SCMKML + ... 

2*KMM*SCMKML)/ROOT)/2 
SCMIDM = (SCMDM + VMAXM/DM**2 + (-COEFB*(SCMDM + ... 

VMAXM/DM**2) + 2*KMM*SCMDM)/ROOT)/2 
SCMIDA = (SCMDA + (-COEFB*SCMDA + 2*KMM*SCMDA)/ROOT)/2 
SCMKB = (SCMKB + (-COEFB'SCMKB + 2*KMM*SCMKB)/ROOT)/2 
IF (ROOT2 .GT. 0.0)... 
SCMIQL = (SCMQL - (-COEFB*SCMQL + 2*KMM*SCMQL)/ROOT)/2 
IF (ROOT2 .GT. 0.0)... 
SCMIVL - (SCMVL - (-COEFB*SCMVL + 2*KMM*SCMVL)/ROOT)/2 
IF (ROOT2 .GT. 0.0)... 
SCMIXL = (SCMVXL - (-COEFB'SCMVXL + ... 

2*KMM*SCMVXL)/ROOT)/2 
IF (ROOT2 .GT. 0.0) ... 
SCMIKL » (SCMKML - (-COEFB*SCMKML + ... 

2*KMM*SCMKML)/ROOT)/2 
IF (ROOT2 .GT. 0.0) ... 
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SCMIDM = (SCMDM + VMAXM/DM**2 - (-COEFB*(SCMDM + ... 
VMAXM/DM**2) + 2*KMM*SCMDM)/ROOT)/2 

IF (R00T2 .GT. 0.0) ... 
SCMIDA = (SCMDA - (-COEFB'SCMDA + 2*KMM*SCMDA)/ROOT)/2 
IF (ROOT2 .GT. 0.0) ... 
SCMIKB = (SCMKB - (-COEFB*SCMKB + ... 

2*KMM*SCMKB)/ROOT)/2 
END $ "OF PROCEDURAL" 

CM = INTEG((QM*(CB - CM) - DM«(CM - CMI)*MM + ... 
KB*CM*VM)/VM, 0.0) 

RM = INTEG((QM*(RB - RM) + DM»(CM - CMI)*MM)/VM, 0.0) 

SCMQL = INTEG((QM*(SCBQL - SCMQL) - ... 
DM*(SCMQL - SCMIQL)*MM)/VM, 0.0) 

SCMVL = INTEG((QM*(SCBVL - SCMVL) - ... 
DM*(SCMVL - SCMIVL)*MM)/VM, 0.0) 

SCMVXL = INTEG((QM*(SCBVXL - SCMVXL) - ... 
DM*(SCMVXL - SCMIXL)*MM)/VM, 0.0) 

SCMKML = INTEG((QM*(SCBKML - SCMKML) - ... 
DM*(SCMKML - SCMIKL)*MM)/VM, 0.0) 

SCMDM = INTEG((QM*(SCBDM - SCMDM) - (CM - CMI)*MM -... 
DM*(SCMDM - SCMIDM)*MM)/VM, 0.0) 

SCMDA = INTEG((QM*(SCBDA - SCMDA) - ... 
DM*(SCMDA - SCMIDA)*MM)/VM, 0.0) 

SCMKB = INTEG((QM*(SCBKB - SCMKB) - ... 
DM*(SCMKB - SCMIKB)*MM + CM*VM + ... 
KB*SCMKB*VM)A^M, 0.0) 

SRMQL = INTEG((QM*(SRBQL - SRMQL) + ... 
DM*(SCMQL - SCMIQL)*MM)/VM, 0.0) 

SRMVL = INTEG((QM«(SRBVL - SRMVL) + ... 
DM*(SCMVL - SCMIVL)*MM)/VM, 0.0) 

SRMVXL = INTEG((QM*(SRBVXL - SRMVXL) + ... 
DM*(SCMVXL - SCMIXL)*MM)/VM, 0.0) 

SRMKML = INTEG((QM*(SRBKML - SRMKML) + ... 
DM*(SCMKML - SCMIKL)»MM)/VM, 0.0) 

SRMDM = INTEG((QM*(SRBDM - SRMDM) + (CM - CMI)*MM + 
DM*(SCMDM - SCMIDM)*MM)/VM, 0.0) 

SRMDA = INTEG((QM*(SRBDA - SRMDA) + ... 
DM*(SCMDA - SCMIDA)*MM)A^M, 0.0) 

SRMKB = INTEG((QM*(SRBKB - SRMKB) + ... 
DM*(SCMKB - SCMIKB)*MM)/VM, 0.0) 

-Adipose" 
PROCEDURAL (CAI=VMAXA,KMA,DA,CA) 

COEFB = VMAXA/DA + KMA - CA 
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COEFAC = -CA*KMA 
ROOT = SQRT(COEFB*COEFB - 4*COEFAC) 
ROOT1 = (-COEFB + ROOT)/2 
ROOT2 = (-COEFB - ROOT)/2 
CAI = ROOT1 
IF (ROOT2 .GT. 0.0) CAI = ROOT2 

SCAIQL = (SCAQL + (-COEFB*SCAQL + 2 *KMA*SC AQL)/ROOT)/2 
SCAIVL = (SCAVL + (-COEFB*SCAVL + 2*KMA«SCAVL)/ROOT)/2 
SCAIXL = (SCAVXL + (-COEFB'SCAVXL + ... 

2*KMA*SCAVXL)/ROOT)/2 
SCAIKL = (SCAKML + (-COEFB'SCAKML + ... 

2*KMA*SCAKML)/ROOT)/2 
SCAIDM = (SCADM + (-COEFB*SCADM + 2*KMA*SCADM)/ROOT)/2 
SCAIDA = (SCADA + VMAXA/DA**2 + (-COEFB*(SCADA + ... 

VMAXA/DA**2) + 2»KMA»SCADA)/ROOT)/2 
SCAIKB = (SCAKB + (-COEFB*SCAKB + 2*KMA«SCAKB)/ROOT)/2 
IF (ROOT2 .GT. 0.0) ... 
SCAIQL = (SCAQL - (-COEFB*SCAQL + 2*KMA*SCAQL)/ROOT)/2 
IF (ROOT2 .GT. 0.0) ... 
SCAIVL = (SCAVL - (-COEFB*SCAVL + 2*KMA»SCAVL)/ROOT)/2 
IF (ROOT2 .GT. 0.0) ... 
SCAIXL = (SCAVXL - (-COEFB*SCAVXL + ... 

2*KMA*SCAVXL)/ROOT)/2 
IF (ROOT2 .GT. 0.0)... 
SCAIKL = (SCAKML - (-COEFB*SCAKML + ... 

2*KMA*SCAKML)/ROOT)/2 
IF (ROOT2 .GT. 0.0) ... 
SCAIDM = (SCADM - (-COEFB'SCADM + 2*KMA*SCADM)/ROOT)/2 
IF (ROOT2 .GT. 0.0) ... 
SCAIDA = (SCADA + VMAXA/DA**2 - (-COEFB*(SCADA + ... 

VMAXA/DA**2) + 2*KMA*SCADA)/ROOT)/2 
IF (ROOT2 .GT. 0.0) ... 
SCAIKB = (SCAKB - (-COEFB*SCAKB + 

2*KMA*SCAKB)/ROOT)/2 
END $ "OF PROCEDURAL" 

CA = INTEG((QA*(CB - CA) - DA*(CA - CAI)*MA + ... 
KB*CA*VA)/VA, 0.0) 

RA = INTEG((QA*(RB - RA) + DA*(CA - CAI)*MA)/VA, 0.0) 

SCAQL = INTEG((QA*(SCBQL-SCAQL)-... 
DA*(SCAQL - SCAIQL)*MA)/VA, 0.0) 

SCAVL = INTEG((QA*(SCBVL - SCAVL) - ... 
DA*(SCAVL - SCAIVL)*MA)/VA, 0.0) 

SCAVXL = INTEG((QA*(SCBVXL - SCAVXL) - ... 
DA*(SCAVXL - SCAIXL)*MA)A^A, 0.0) 



SCAKML = INTEG((QA*(SCBKML - SCAKML) - ... 
DA*(SCAKML - SCAIKL)*MA)/VA, 0.0) 

SCADM = INTEG((QA*(SCBDM - SCADM) - ... 
DA*(SCADM - SCAIDM)*MA)/VA, 0.0) 

SCADA = INTEG((QA*(SCBDA - SCADA) - (CA - CAI)*MA - ... 
DA*(SCADA - SCAIDA)*MA)/VA, 0.0) 

SCAKB = INTEG((QA*(SCBKB - SCAKB) -... 
DA*(SCAKB - SCAIKB)*MA + CA*VA + ... 
KB*SCAKB*VA)/VA, 0.0) 

SRAQL = INTEG((QA*(SRBQL - SRAQL) + ... 
DA*(SCAQL - SCAIQL)*MA)/VA, 0.0) 

SRAVL = INTEG((QA*(SRBVL - SRAVL) + ... 
DA*(SCAVL - SCAIVL)*MA)/VA, 0.0) 

SRAVXL = INTEG((QA*(SRBVXL - SRAVXL) + ... 
DA*(SCAVXL - SCAIXL)*MA)/VA, 0.0) 

SRAKML = INTEG((QA*(SRBKML - SRAKML) + ... 
DA*(SCAKML - SCAIKL)*MA)/VA, 0.0) 

SRADM = INTEG((QA*(SRBDM - SRADM) + ... 
DA*(SCADM - SCAIDM)*MA)A^A, 0.0) 

SRADA = INTEG((QA*(SRBDA - SRADA) + (CA - CAI)*MA + ... 
DA*(SCADA - SCAIDA)*MA)/VA, 0.0) 

SRAKB = 1NTEG((QA*(SRBKB - SRAKB) + ... 
DA*(SCAKB - SCAIKB)*MA)/VA, 0.0) 

» Liver" 
CL = INTEG((QL*(CB - CL) + KB*CL*VL)/VL, 0.0) 
RL = INTEG((QL*(RB - RL) - VMAXL*RL*ML/(KML + RL))/VL, 0.0) 

SCLQL = INTEG(((CB - CL) + QL*(SCBQL - SCLQL))/VL, 0.0) 
SCLVL = INTEG((QL*VL*(SCBVL - SCLVL) + ... 

QL*(CB - CL))/VL**2, 0.0) 
SCLVXL = INTEG((QL*(SCBVXL - SCLVXL))/VL, 0.0) 
SCLKML = INTEG((QL*(SCBKML - SCLKML))/VL, 0.0) 
SCLDM = INTEG((QL*(SCBDM - SCLDM))/VL, 0.0) 
SCLDA = INTEG((QL*(SCBDA - SCLDA))/VL, 0.0) 
SCLKB = INTEG((QL*(SCBKB - SCLKB) + CL*VL + ... 

KB*SCLKB*VL)/VL, 0.0) 

SRLQL = INTEG(((RB - RL) + QL*(SRBQL - SRLQL) - ... 
VMAXL*KML*ML*SRLQL/(KML + RL)**2)/VL, 0.0) 

SRLVL = INTEG((QL*VL*(SRBVL - SRLVL) - QL*(RB - RL) -... 
VMAXL*ML*(VL*KML*SRLVL - RL*KML - RL**2)/ 
(KML + RL)**2)/VL**2, 0.0) 

SRLVXL = INTEG((QL*(SRBVXL - SRLVXL) .... 
ML*(KML*RL + KML*VMAXL*SRLVXL + KLm*2)f 
(KML + RL)**2)/VL, 0.0) 



SRLKML = INTEG((QL*(SRBKML - SRLKML) - ... 
VMAXL*ML*(KML*SRLKML - RL)/ ... 
(KML + RL)**2)/VL, 0.0) 

SRLDM = INTEG((QL*(SRBDM - SRLDM) - ... 
VMAXL*KML*ML*SRLDM/(KML + RL)**2)/VL, 0.0) 

SRLDA = INTEG((QL*(SRBDA • SRLDA) - ... 
VMAXL*KML*ML*SRLDA/(KML + RL)»*2)/VL, 0.0) 

SRLKB = INTEG((QL*(SRBKB - SRLKB) - ... 
VMAXL*KML*ML*SRLKB/(KML + RL)**2)/VL, 0.0) 

-Carcass" 
CC = INTEG((QC»(CB - CC) + KB*CC*VC)/VC, 0.0) 
RC = INTEG((QC*(RB - RC))/VC, 0.0) 

SCCQL 
SCCVL 
SCCVXL 
SCCKML 
SCCDM 
SCCDA 
SCCKB 

SRCQL 
SRCVL 
SRCVXL 
SRCKML 
SRCDM 
SRCDA 
SRCKB 

INTEG((QC*(SCBQL - SCCQL))/VC, 0.0) 
INTEG((QC*(SCBVL - SCCVL))/VC, 0.0) 
INTEG((QC*(SCBVXL - SCCVXL))/VC, 0.0) 
INTEG((QC*(SCBKML - SCCKML))/VC, 0.0) 
INTEG((QC*(SCBDM - SCCDM))/VC, 0.0) 
INTEG((QC*(SCBDA - SCCDA))/VC, 0.0) 
INTEG((QC*(SCBKB - SCCKB) + CC*VC + . 

KB*SCCKB*VC)/VC, 0.0) 

INTEG((QC*(SRBQL - SRCQL))/VC, 0.0) 
INTEG((QC*(SRBVL - SRCVL))/VC, 0.0) 
INTEG((QC*(SRBVXL - SRCVXL))/VC, 0.0) 
INTEG((QC*(SRBKML - SRCKML))/VC, 0.0) 
INTEG((QC*(SRBDM - SRCDM))/VC, 0.0) 
INTEG((QC*(SRBDA - SRCDA))/VC, 0.0) 
INTEG((QC*(SRBKB - SRCKB))/VC, 0.0) 

END $ "OF DERIVATIVE" 

TC = (CB + RB)/0.6 

STCQL = ABS ((SCBQL + SRBQL)/0.6) 
STCVL = ABS ((SCBVL + SRBVL)/0.6) 
STCVXL = ABS ((SCBVXL + SRBVXL)/0.6) 
STCKML » ABS ((SCBKML + SRBKML)/0.6) 
STCDM = ABS ((SCBDM + SRBDM)/0.6) 
STCDA = ABS ((SCBDA + SRBDA)/0.6) 
STCKB = ABS ((SCBKB + SRBKB)/0.6) 

TERMT (T .GE. TSTOP) 
END $ "OF DYNAMIC" 

END S "OF PROGRAM" 
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APPENDIX B 

NOMENCLATURE 

Variable Description 

C, Chylomicron cholesterol concentration in compartment i, where i may be B, M, 
Mi, A, L or C, dl/min 

CRBC Total cholesterol in RBC and HDL, mg/dl 

D, Diffusion constant in the compartment i, represents the diffusion of chylomicrons 
from blood to the tissue interface, here i may be M or A, 1/min 

H Step function to start and stop the injection 

kB Rate constant for the transfer of total cholesterol from RBCs to the chylomicrons, 
1/min 

K,.,, Michaelis constant, where subscript i may be M, A or L, mg/dl 

Amount of chylomicron cholesterol in the injection, mg/dl 

Ms Tissue mass, where subscript i may be M, A or L, g 

Q, Blood flowrate through compartment i, where i may be B, M, A, L or C, dl/min 

Rj Remnant cholesterol concentration in compartment i, where i may be B, M, A, 
L or C, dl/min 

Sjk Sensitivity of dependent variable j with respect to parameter k, here j may be C„ 
R, or TC and k may be QL, VL, K. ,. V or kg as defined in this nomenclature. 

t Time, min 

t,,g Injection time, min 

TC Total blood cholesterol, sum of chylomicron and remnant cholesterol in the blood, 
mg/dl 

Vi . Blood volume in compartment i, where i may be B, M, A, L or C, dl 



Subscript Description 

A Adipose 

B Blood 

C Carcass 

L Liver 

M Muscle 
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