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ABSTRACT

Cholesterol metabolism and other factors affecting itsaagics comprise a complex system.
The goal of this study is to construcsygstem dynamicsimulation model that can generate long
term dynamics of cholesterahetabolismin healthy and hypercholesterolemic subjeatsth
respect tobody weight, diet, anéxercise. For both healthy and hypercholesterolemic subjbets
model generate realistic behavior patternor different types of blood cholesterol and body
weight. It is showiin this studythat a person can have healthier cholesterol levels by chgrigen
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cases when the subject does not lose weight. In the case of hypercholesterolemic patients, the

model effectively mimics the watypical drugs work ad shows how the patient can reach
healthier cholesterol levels.
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1. INTRODUCTION

Different parts ofhuman body have different characteristics; but, through blood, all of
them must receive micronutrients from the central system for their metabolistrctural 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 .dilergsterol
is essential for survival. This lipid is hauin 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 nucleatedscerhe 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. Lowdensity lipoprotein (LDL) is resmihle for the uptake of cholesterol from liver to
the other tissues. Highensity 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)

Verylow density lipoprotein(VLDL is the vehicle of transport of triacylglycerols from the
liver to the other tissues. Reaction with the extrahepatic tissues results in the loss of most of the
triacylglycerols in the VLDL. The resulting remnant is called intermedistsity lipoprotein(IDL).

The liver takesup about half of the IDLwhile the other half is converted to lodensity
lipoprotein (LDL, which is rather rich in cholesteroBljagavan, 2002

Because LDLs are the remnants of the remnants of the VLDLs in the blood, the density o
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 uptakeesf fatty acids from the circulation.

Highdensity lipoproteingHDL)are synthesized and secreted from the liver and intestines.
HDL hasipart in the removal of excess unesterified cholesterol from lipoproteins and tissues. The
class B scavenger recep®t (SHB1) 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 SBB1 mediates the acceptance of cholesterol from the cells to the 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 ems/erse cholesterol transport, or R@Wurray, 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. Thusncreased levels of HDL or HDL choleterol have an indirect effect on LDL cholesterol
stocks in the bloodFigure 2.2 depicts the stocks and flothat correspond to the main agents
involved in the cholesterol metabolism described above.

Though the most sigficant 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 stres®iet has a direct effect on blood cholesterol levels. Taking too mualesterol
and saturated fatty acids instead of taking polyunsaturated and monounsaturated fatty acids
tends to increase blood LDL levéBietschy, Turley, & Spady, 1993)Bile acids, which are
secreted from cholesterol of liver origin, as#so a determiring factor on the blood levels of
cholesterol. 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



There are several types of medicatifor cholesterol disorders. The mastmmontype is
statin related drugs. Statminterfere with the ability of the liver to synthesize cholesterol by
blocking some necessary enzym8&stins increase the uptake of blood cholesterols to the liver
by increasing LDleceptor activity.(Bhagavan, 2002; Murray, Granner, & Rodwell, 200&ut
these drugs come with their cosfoxicity is an issue in statin therapy and its laagm dynamics
is not known(Bhagavan, 2002)

Because atherosclerosis is related KDL 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 defined for LDL as 130 mg/dL and for
HDL as 40 mg/diMa, 2006) Also, the ratio of LDL to HDBthe higher the riskieris regarded as a
risk factor in some studiegMurray, Granner, & Rodwell, 2006)

People who have cholesterol levels in the uppet46 of the whole population are
considered to have a lipoptein - associated disorder(Bhagavan, 2002) 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. FH
heterozygotes havearmal levels of HDL and triacylglycerol, yet their LDL cholesterol levels are
generally between 320 and 500 mg/(Bhagavan, 2002Residence time of LDL may increase up
to 2.5 times the normal values

There aremanymodeling studies about the cholestenmletabolism in the literature. Their
purpose, generally, is either identifying/quantifying some parameters, or testing alternative
hypothess about the underlying structure of the cholesterol mechanism/metaboliSahwartz,
Zech, VandenBroek, & Cooper, 1298 terms of methodology, there are simulation models and
mathematicallyanalyzable model¢August, Parker, & Barahona, 200Bimulation models are
mostly at the cellular level and generally lack a systemic point of view. On the other hand,
mathematicaly analyzable modelsmake 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 ngircmise
model realism for the sake of mathematical tractability.

The purpose of this study is to construct and analyze a dynamic model of cholesterol
balance in the blood stream in order to redutiee risk of atherosclerosis. The person who is
assumed to be in the borderline or higisk 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 thes. Though medication has favorable results on the blood cholesterol levels,
they come with some side or unknown effects both in the short and lemm. Difficulty of
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the genetic disorders that may result in higher cholesterol levels.

2. OVERVIEW OF THE MODEL

The relationships between important factors that affect cholesterol levels in blood can be
seen inFigure2-1 andFigure2-2 at a macro level.
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Figure2-1 Interactions oMain Factors Affecting Blood Cholesterol Levels

There is not a direct feedback loop controlling the blood cholesterol level, yet other
feedback loops or dynamics indirectly plajthwblood 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 choksterol 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 ifFigure2-3. HP stand for hepaticin this figure.A very similar feedback
mechanism also exists in the extrahepatic cells.

Apart from the cholesterol pal feedback loops in the hepatic and extrahepatic cells,
though indirect orpatientintervened, other feedback loops can be defindthere are loops
which include the effects of dietary elements on blood cholesterol levels. The effect of saturated
fat intake on LDLC can be seerFigure2-4.

Exercise tends to increase HDLC, and decrease body weight after a delay, but becoming
fatter decreases HDLC aimtreases LDLC. Having healthier HDLC, LDLC, and body weight levels
tend people to have less willingness to pursue the exercise progfigse2-5 summarizes this
feedback or control mechanism.

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 delayedsponse 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 complexitynaiddleeven
in the absence of the effect of weight change on blood cholesterol levels.
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For simplicity the model is divided into six sectors. These ane biaod, extrahepatic tissues
digestive system, and body weight sectors. All of these sectors are analyzed in detail in the next
section 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. Begatic 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 includesat&inships about absorbed nutrients and their effects
on blood cholesterol levels and reverse cholesterol transport. And finally body weight sector
represents dynamics of weight chang#iet, exerciseand their effects on the blood cholesterol
levels.



3. DESCRIPTION OF THE MODEL
3.1.Blood Sector

3.1.1. Background and Assumptions

VLDL is secreted from the liver. VLDL turns intan@te blood Nearly half othe IDLs are
taken up by the liver and extrahepatic tissues, whereas the other half is converted to 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 IDIdCfatahe level of cholesterol bound to
VLDL and IDL respectively. (Bhagavan, 2a0&ay, Granner, & Rodwell, 2006)

HDLis secreted from the steroidogenic tissues; mostly from the liver and the intestines.
Main responsibility of HDL is to transfer chaikerol from extrahepatic cells to other lipoproteins,
liver, and intestine. Movement of cholestesgs$ter to VLDL, IDL, and LDL is due to the activity of
cholesterylester transfer protein or CETP. Half of the cholesterol bound to HDLs (HDLC) is taken
up hy steroidogenic tissues while the other half goes to the other lipoproteins via the stimulation
by CET®Murray, Granner, & Rodwell, 2006)

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

3.1.2. Description of the Blood Sector Structure

There are four stocks in this sectoVLDLCIDLC and LDLChave a relationship as a
cascading process, whildDLds related to these stocks via the flGBETP Regulated C Transfer
(Stockflow diagram is shown in Figure 3.HIDLC is short for cholesterol bound to HDL particles.
HDLC has one inflow and two outflows. HDLC is increased with the HDL particles collecting
cholesterol from extrahepatic tissues via-BR regulated pathways or with other methods. This
increase is re@sented with the inflonCholesterol Uptake by HRahd analyzed in below in more
detail. Because life of HDL particles is 4 dBgster, Kastelein, Nunn, & Richard, 2Q03pLCGre
assumed to have the same clearance rate from the liver and this is modgsliOLC Transport to
Liveroutflow in the model. The other outflow IEETP Regulated C Trans@ETP 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. Becaus@ -CEegulated cholesterol transfer is nearly equal to the
amount of cholesterol transferred to the liver by HXwiterovich, 200Q)it should be equal to
the reciprocal of the life of an HDL particle. So, it is equal to 0.23. déigo the initial level fo
HDLC is set to 31.5 mg/dL. The relationship of HDLC with its flows can be seeBdnatien 31
as an exampleComplete set of equations can be foundhe onlineAppendix.
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HDLC(t) = HDLC(t - dt) + (Cholesterol Uptake by HDL - HDLC Transport to Liver -

CETP Regulated C Transfer) * dt
31
Cholesterol bound to VLDWVI(DLYE has two inflows and one outflow. Its first inflow is
VLDLC Secretioihis inflow is the outflow of thelepatic Cholesterol Posilock which is located
in the liver sectiorand 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\dfDLds CETP Regulated C Transfer
Cholesteryl ester transfer protein is responsible in the process of cleavirgstémo| form HDL
particles and letting VLDL to capture these cholesterols. BeddDé£ls set to be 31.5 mg/dL at
the beginning andCETP Regulated C Trangguals toHDLC * CETP Activity Ratleen the
normal value of this transfer equals to 31.5*0.2%, nearly 7.88 mg/dL per day. The outflow of
VLDLGs VLDL Turnoveand is equal to/LDL@imes VLDL Turnover Rat&he latter rate is set to
be 5.5 day in the model(Packard, et al., 2000)

Cholesterol bound to IDUOLQ has one inflow, which is thenly outflow of VLDLQGust
mentioned above, and three outflows. Two of the outflows &fepatic Uptake of IDiand
Extrahepatic Uptake of IDIChe first uptake is done by the liver receptors while the latter is done
by the receptors of the extrahepatic ¢&l Nearly two thirds of the IDL are taken up by these
pathways 70% by liver and 30% by extrahepatic tiss(dsirray, Granner, & Rodwell, 2006)
Hepatic uptake equals ttDLC*Effect of ET Receptor Activity on IDL Uptakd extrahepatic
uptake equals tdDLC*Effect of HP Receptor Activity on IDL Uptislikee 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 degradedLibtoGvhich isrepresented by theéDL
Turnoveroutflow. This outflow equals tdDLC*IDL Turnover Rati®L Turnover Ratis 2.4 day
(August, Parker, & Barahona, 200aind the initial level of IDLC is set to 18.6 mg/dL. So the initial
value of thelDL Turnover Raisaround 44.6 mg/dL per day.

IDL Turnover Rais the only input of the stockDLCor cholesterol bound to LDLDLGlso
has three outflowsHepatic Uptake of LDL, Extrahepatic Uptake of LDL by Receptor Dependent
Activity, Extrahepatic Uptake of LDL byc&wor Independent Activity DLC is taken up by liver
and extrahepatic tissues via both receptor dependent and receptor independent activities. The
first of the outflowsHepatic Uptake of LDiepresents the degradation of LDL in liver. It equals to
LDLC *ffect 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 equBILG * Effect of
ET Receptor Activity on LDL Uptakel LDLC * Receptor Indep ET Upt&taterespectively. 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 person, whm 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.
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3.2.Liver Sector

3.2.1. Background and Assumptions

Liver has control overblood 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, wiidhe 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 cholesikis 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 VLDLlicsearat
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 deterrimes how much cholesterol in the liver will be utilized for new bile production.
Because hepatic cholesterol pool determines the receptor dependent cholesterol uptake and
VLDEcholesterol secretion, bile metabolism is an indirect mechanism by which grepliays 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. Actiigs 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 (lesgstdial to be taken
up from blood. This is another mechanism which involves liver and blood cholesterol interaction.

Bile and bile acids are secreted and absorbed 4 to 10 times a day in the body, which is
called enterohepatic circulation, and some portiohthem is lost in the fece@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 cholesgrol while it is secreted in the liver, some cholesterol, which amounts to be about
0.4 gr, is also lost to the fecé&uyton, et al., 1991)This loss is assumed to be compensated by
the liver. Any other cholesterol use or loss, like structural use deshkerol, is also assumed to be
regulated by the liver. This compensation is to be represented with the flepatic Synthesis
Controlin the model.

3.2.2. Description of the Liver Sector Structure

There are two stocks in this sectiodP Receptor Activitgnd Hepatic CholThe 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 Activitgas only one bilow namedHP ReceptoAdaptation If the Hepatic
Cholpool is less (more) than its base level, then more (less) receptors are utilized in the liver
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surface. According to the ratio of hepatic cholesterol to its base level, HP Receptor Goal is
calculated asn Figure3-2.

=T B e R E I e e Hepatic
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Figure3-2 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 15,008,000 LDL receptof&oldsein & 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 lmpmparing the goal with the current level of the stodl
Receptor ActivityAccording to the resulting surplus or need the activity is decreased or increased.
The adjustment time of this process is 2.5 déysldstein & Brown, 1997 herefore the formula
for HP Receptor Adaptatidsecomes:

HP_Receptor_Adaptation = Receptor_Swsptua_Need_in_Liv
/HP_Receptor_Adaptation_Time

3-2
The second stock of this sectoHgpatic Chollt has two outflows, two inflows, and one-bi
flow. Its outflows, inflows, and Hiow are VLDLC SecretipBile SecretionUptake from Blood
Chol from DietandHepatic Synthesis Contraspectively. The normal or base levpatic Chol
is taken to bel 700 mg(Schwartz, Zech, VandenBroek, & Cooper, 1993)

VLDLC Secretiomthe cholesterol loss rate in which cholesterol is bound to VLDL patrticles.
This flow has a complicated formula which depends on Kepatic Choktock, saturated and
unsaturated fatintake, and body weight.

Base VLDLC Secretisradjusted to be about 130 mg/dL a day in its normal or initial level
(August, Parker, & Barahona, 200Hepatic Chohas effect on how much VLDL cholesterol is
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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 Figure 33.

The biflow of Hepatic Chols named asiepatic Synthesis Contrdl 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 I¢veh 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 Hiow. This flow has @onstant 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_Gh
/Hepatic_Synthesis_Control_Rate

3-3
‘1'15‘0" Hepatic Effect of Hepatic
s Chol/Normal Chol Pool on
Chol Levelin.. VLDLC Secretion
0.750 0.900
Effect of 0.800 0.900
Chol Pool 0.900 0.920
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1.050 1.050
1.100 1.103
1.150 1.130
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Figure3-3 Effect of HepaticCholesterol Pool on VLDLC Secretion

Chol from Dieaind Uptake from Bloodire the inflows of the stocklepatic CholChol from
Dietis merely the absorbed cholesterol from the diet. The latter represents the total receptor
dependent uptake of cholesterordm IDL and LDL particledptake from Bloodalso includes
receptor independent cholesterol uptake from LDL particles.

Hepatic Uptake of IDik IDLGimes Effect of HP Receptor Activity on IDL Upitdkes effect
formula is calculated adP Receptor Actilyitimes 0.0583, with the help of the papéPackard, et
al., 2000) after assuming that the effect is linear in HP Receptor Activity, and 70 per cent of the
total IDL uptake from the blood occurs in liv@oldstein & Brown, 1997; Murray, Granner, &
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Rodwell, 2006Hepatic Uptake of LDihcludes receptor dependent and independent uptake of
LDLC.

Hepatic Uptake of LDL = LDLC*Effect of HP Receptor Activity on LDL Uptake
+LDLC*Receptor_Indep HP Uptake Rate

34
After taking the same assumptions as in the case of IDL upEdtkest of HPReceptor
Activity on LDL Uptakequals toHP Receptor Activittimes 0.0035(Packard, et al., 2000)
Receptor Indep HP Uptake Ridaken to be 0.0TMurray, Granner, & Rodwell, 2006; Dietschy,
Turley, & Spady, 1993)

Stock- Flow diagram can be seenkiigure3-4. Complete set of equations can be found in
the onlineAppendix.

3.3. Extrahepatic Tissue Sector

3.3.1. Description of the Extrahepatic Tissue Sector Structure

Extrahepatic tissue represents all of the tissues or parts of the body that receive cholesterol
from IDL and LDL; and give away cholesterol to HDL.This sector is very similar to the liver sector.
Some assumptions made in the liver sector amoahade in this sector. These are using daily
average values for the parameters, and assuming a linear relationship between receptor number
and receptor activity.

Extrahepatic tissue sector has two stodkdracellular Cholester@nd ET Receptor Acttyi
The first represents the amount of cholesterol in the extrahepatic tissues, and the second
represents the activeness or efficiency of the receptors in taking up cholesterol from blood.
Intracellular Cholesterdias a base level of 1450 ni§chwartz, @ch, VandenBroek, & Cooper,
1993)The same mechanisms and assumptionsH&f Receptor Activitgpply for ET Receptor
Activiyz 'y R Ad KlFa | o6FlasS tS@St 2F cnod LG R2SayQ

Intracellular Cholesterdhas one inflowtwo outflows, and one bflow. Its only inflow is
cholesterol taken up from blood o€ from Blood It includes receptor dependent uptake of
cholesterol from IDL and LDL particles together with receptor independent cholesterol uptake
from LDL particles.

C_from_Blood = Extrahepatic_Uptake _ @bLl
+Extrahepatic _Uptake of LDL by Recepipendent Activit
+Extrahepatic Uptake of LDL by Recepbodependent Activit

35
Extrahepatic Uptake of ID& IDLCtimes Effect of ET Receptor Activity on IDL Uptdkes
effect formula is calculated dST Receptor Activitimes 0.025, with the same assunmms as in
its hepatic counterpartPackard, et al., 2000hamely assuming that the effect is linear in ET
Receptor Activity, and 30 per cent of the total IDL uptake from the blood occurs in extrahepatic
tissues(Goldstein & Brown, 1997)
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Extrahepatic Uptake of LDhcludes receptor dependent and independent uptake of LDLC.
Extrahepatic Uptake of LDL by Receptor Dependent Actigitgls tolDLCtimes Effect of ET
Receptor Activity on LDOlUptake Extrahepatic Uptake of LDL by Receptor Independent Activity
equals toLDLQimesReceptor Indep ET Uptake RaMdter taking the same assumptions as in the
case of IDL uptakdsffect of ET Receptor Activity on LDL Uptiuals toET Receptor Actly
times 0.0015Receptor Indep ET Uptake Raeaken to be 0.03Murray, Granner, & Rodwell,
2006; Packard, et al., 2000; August, Parker, & Barahona,.2007)

Cholesterol Uptake by HDand IC Cellular Usagare the outflows of Intracellular
Cholesteraol The first is the determining factor for the HDLC level in the blood. It is affected by
dietary elements, body weight, and exercise. Its formedan be seen in the online Appendix
Normal HDL Efficienagpresents the uptake that should be made in normahditions. That
means if all of the parameters that affect this flow are kept constant at their base levels in the
model, then there would be no change in the value of the flow and it would be equal to this base
or normal level which is set to be about {August, Parker, & Barahona, 200Rprmal HDLC
Uptake Raterepresents the diminishing rate of HDL cholesterol in the blood which is 0.5 days
(Barter, Kastelein, Nunn, & Richard, 20080 of the effects are analyzed in more detail at their
correspondingsections.

Cholesterol is synthesized in virtually every living cell which has nucleus, yet cholesterol
taken up from blood is a vital source. About 60 per cent of the cholesterol taken up from blood is
used in cellgAidels, 2002)Therefore in a given gaabout 41 mg of cholesterol is taken up from
blood, 25 mg of it is used in metabolic activities in the cell and about 16 mg is taken away by HDL.
Assuming other cholesterol synthesis within the cells equal their usage throughout the simulation
means thei net effect is always zero. So in the beginning of the simulation the above 25 mg is
taken to belC Cellular Usagar the intracellular cholesterol used in the cell within a day. But this
flow is also dependent on the relative level of the intracellulanlesterol to its base level in an
assumed linear fashion. Therefot€ Cellular Usagequals toBase IC Cellular Usadines
Intracellular Cholesterdlivided byNormal Chol Level in Extrahepatic Tissues

If there is a difference between intracellular désterol and its normal level 1450 mg,
Metabolic Chol Effedbi-flow works to diminish this gap. A similarfluw is also present in the
liver sector, but this one is assumed to have a rather slow speedieatabolic Chol Effect
Adjustment Timeas 2 daysompared to 0.5 days iits liver counterpart.Stock- Flow diagram of
this sector can be seen Figure 35. All of the equations can be found ithe onlineAppendix.

3.4.Digestive System Sector

3.4.1. Background and Assumptions

Bile salts are used in the absorption of fats and cholesterol from the Aist, theyare
produced from cholesterol in the liver and most of them are recycled to the liver from the
intestines. This is called enterohepatic circulation. The loss of lmla the intestines, thus,
affects how much new bile will be produced and, though indirectly, how much cholesterol will be
taken up from bloodStein & Stein, 1999

Absorbed cholesterol indirectly plays with blood cholesterol levels. It increases the
cholesterol pool in the liver and causes hepatic receptor activity to decrease which in turn causes
blood cholesterol levels to risdietary fats increase HDL cholesterol. Saturated fats increase,
polyunsaturated fats decrease, and monounsaturated fats doafffect LDL cholester§gHegsted,
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Ausman, Johnson, & Dalla, 1998)gh fibers in the diet promote bile loss in the feces. Loss in the
absorption of bile and bile salts mean lesser absorption of cholesterol and dietary fats in the diet
(Cohen, 2007)

3.4.2. Description of the Digestive System Sector Structure

The only stock in this sectorBsle Chol Its normal or base level is 3000 ig@phen, 2007)
Its inflow isBile Secretiomnd outflow isBile Loss in FeceBhe latter flow is taken to have a base
level of 500 mg a dayBhagavan, 2002; Cohen, 200This base level is affected by dietary high
fibers so thaBile Loss in Feceguals toBase Bile Loss Rateultiplied byEffect of High Fibers on
Bile LossHigh fibers cause less bile to be absorbed in tiestines. So they increase bile loss in
feces. Their contribution to lower blood cholesterol is about 5 per ¢€itkowitz, 2007)So the
graphical functiorEffect of High Fibers on Bile Lissdjusted to cause this level of change in
blood cholesterolevel. Figure3-6 shows this effect formula in detail.

1195 High :

h 22 Fibers/Base F.bEﬁECt of II-I igh
Lvelrf Highe, ibers on Bile Loss
0.500 0.939
0.600 0.941

Effect of 0.700 0.946

High Fibers }--- 0.800 0.955

on Bile Loss 0.900 0.975
1.000 1.000
1.100 1.035
1.200 1.062
1.300 1.087

T 1.400 1.093

10:300 1.500 1.100

High_Fibers/Base_Level_of_High_Fibers Data Points: 11

Edit Qutput:
Figure3-6 Effect of High Fibers on Bile Loss

Bile is strictly monitored in the liver and intestinesd the liver takes action to return the
bile pool to its normal level accordingly. Normal Bile Secretion equals to normal bile loss level 500
mg.Bile Discrepandg defined to be normal level of bile minus the current level of bilé&amal
Bile - Bile_Chol AlsoHepatic Cholthe cholesterol stock in the liver, has control over how much
new bile will be produced from cholesterol in the liv@ine formula forBile Secretiors:

Bile Secretion = Normal Bile Secretiorffieet of Hepatic Chol on Bile Secret
+Bile Discrepancy/Bile Adjustment Time
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Effect of Hepatic Chol on Bile Secretaam be seen irthe online Appendix Normal
Cholesterol Absorption Ratis 0.55.Absorbed Cholesterdd also assumed to be affected by the
level of bile in the sector. So the formula #absorbed Cholester@ Cholesterol Intak& Normal
Cholesterol Absorption RattoEffect of Bile on Cholesterol Absorption per céhe latter effect
formulation is asumed to be equal td@ile_Chol Normal Bile Absorbed Cholesterd an inflow
to the hepatic cholesterol pool, which is discussed in the liver sector in detail.

Fat Absorption per censg affected from the level of bile. The normal absorption of fats is
about 95 per centDetails of the parameteiFat Absorption per certan be seen in the online
Appendix The absorbed saturated, monounsaturated, and polyunsaturated fats are defined to be
the multiplication ofFat Absorption per centith their corresponding dietary intakes.

Base levels of carbohydrate and protein absorption are taken to be 99 and 90 per cent
respectively. They are assumed to be constant throughout the simulatidosorbed
Carbohydratesand Absorbed Proteinare defired to be equal to these per cent values of the
corresponding caloric intakes of the nutrients.

1 gr of fat has 9 kcal, whereas 1 gr of carbohydrate and protein has 4 kcal. Of all the
available dietary calories, 10 per cent is lost in the processes oftidigesainly in the intestines
and it is called’hermic Effect of Food@otal Available Dietary Energg/thus equals to:

Total Available Dietary Energy = ((Absbed Polyunsaturated Fats
+Absorbed Saturated Fats
+Absorbed Monounsaturated Fats)
*energy per gr fat
+Absorbed Carbohydrates
*energy per gr carbodydrate
+Absorbed Préeins*energy per gr proteir
*(1-Thermic Effect per cent of Foods)

3-7
Effects of dietary nutrients on LDL and HDL cholebtlenvels are calculated from the
information given orn(Hegstedgt.al., 1993)and (Mensink,et.al., 2003) Exact values can be found
in the online Appendix

The incorporation of these effect formulations into the flow formulas are adjusted such
that the namal or initial amount of dietary intakes does not affect the level of the flows. For
example Effect of Saturated Fats on VLDLC Secretjoals to 0.774 (cholesterol mg) / (fat gr) in
the model. This effect appears in the formulation\dfDLC Secreti@s: VLDLC SecretienBase
VLDLC Secretion-9.18 + Effect of Saturated Fats on VLDLC Secrétidinsorbed Saturated Fats
The number9.18is chosen such that Absorbed Saturated Fats (11.875 gr) times the effect (0.774
mg / gr) is equal to 9.18 and the net effect in the base level of the parameters is zero- Biowk
diagram of this sector can be seenFigure 37. Complete set of equatins can be found ithe
online Appendix.
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3.5.Body Weight, Diet and Exercise Sector

3.5.1. Background and Assumptions

Body weight dynamics are well studied in the literature. In the widely shared mental model, it is
transparent enough that if daily energy intake is more (less) than daily energy expenditure, then daily
energy surplus (deficit) causes body maassincrease (decrease) (Whitney & Rolfes, 199Bnhergy
expenditure can be divided into three. Resting energy expenditure is defined as the energy need of an
individual who is awake and at rest. This component is the biggest of all the energy expenditure
components in a sedentary individu@lbdeltHamid, 2002) The second one is energy used for muscular
activities or thermic effect of exercise. The last one is thermic effect of, fehith is mentioned in the
digestive system sector.

Body gains weight mainly in the form of fat or adipose tissue independent of the form of dietary
components: fat, carbohydrates, or proteins. There are about 7716 kcal in human fat. Therefore, 7716
kcal of deficit in energy balance is considered to be iogu$ kg of body weight loss. The assumption in
this estimate is that, energy need of the body remains stable even when the body weight changes
(Weinsier, Bracco, & Schultz, 1993)

The complexity in body weight change dynamics is represented in the nwaldbking the
viewpoint of (Westerterp, Donkers, Fredrix, & Boekhoudt, 19%)st it is assumed that if there is an
energy surplus that is going to be converted to body mass, there is a cost in converting these nutrients
to fat. Secondly, if there is engy deficit, then basal metabolism is reduced by 10 per cent by the body
for the purpose of not losing its energy deposits rapidly.

Moreover, basal metabolism is changed with the body weight. In the normal range of weight
values, it is assumed that weigblhange is linear as in the case of the basal metabolism approximation
F2NNdzE FGA2y 2F CNASRSNBIfRQad LG Aa |aadzySR dGKIF
normal level, basal metabolism increases more than that would increase imta Icase. Also when
the body weight drops to about 80 per cent of its base level, basal metabolism decreases more than it
g2dzft R 0S Ay (GKS CNASRSNDIfRQa F2NNdzZ FGA2y (2 y2i

3.5.2. Description of the Body Weight Sector Structur e

The mentioned conceptual model is used with the added complexities with the help of the paper
energy intake, physical activity and body weightY R G KS CA SR $VeRidrter Qdnkers,S (i K 2 R
Fredrix, & Boekhoudt, 1994Asexplained in the digestive system sectdaotal Available Dietary Energy
is the calories taken from the blood minus the thermic effect of fobotal Energy Needs defined as
Basal Metabolisnplus Exercise and Normal ActivitieBhe difference between #m isEnergy Surplus or
Shortage If there is energy surplus, the cost of converting nutrients to adipose tissue is added to this
auxiliary variable. This cost is represented in the model as the graphical formukfiect of Fat
Conversion to Energy balee which can be found in the online Appendix

There are two stocks in the model. The firsBzdy Weightand the second iBasal Metabolism
Body Weightas one bflow. Energy Surplus or Shortaigeused for calculating/eight Change
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Weight Change = Energy Surplus or Shgea
/ Adjustment Time for Weight Change/rgyekg converto

3-8
Adjustment Time for Weight Changetaken to be 1 day, arehergy kg convertess 7716 kcal per
gr. Base and initidody Weights taken to be 74 kg.

The other stociBasal Metabolismalso hasone BF f 2 ¢ ® L (i BMiChghbeY SRI Wad T2 Nydz | G S

BM Change = (Base Basal Metabolism *égff of Body Weight on Basal Metaboli
-Basal Metabolism)/BM Change Rate+Metdb@&djustment Effect

3-9
Base Basal Metabolisand the initial level of the stock is set to 1800 kcal. But this level gpe

on the body weight as described in the above secti@ffect of Body Weight on Basal Metabolifn
defined as:

Meoo Body Effect of Body
: : G i S : Weight/Base  “Weight on Basal
Body Weight Metabolism
0.600 0.563
Effect of 0.700 0.628
Body : 0.800 0.730
‘Weighton - 0.900 0.897
Basal 1.000 1.000
Metabolism 1.100 1.053
1.200 1.105
1.300 1.158
1.400 1.211
menn | S S S S 1.500 1.233
|0.500 2 HS S BEE EE EE 1.600 1.397
| 1.700 1.534
[. ] oso0 | [1eon |80 1.703
Body_Weight/Base_ Body_Weight DataPoints: |13
Edit Qutput: [

Figure3-8 Effect of Body Weight on Basal Metabolism

BM Change Ratés set to 0.5, assuming the speed of chang®8asal Metabolisnis 0.5 days.
aSitilo2fA0 ' R2dzAGYSYy G 9FFSOG NBLINBaSyilda (GKS o02ReéeQa
there is energy shortage in a given day.

Body weight has effect on LDL aHdL cholesterol levels. Its effect on LDL is modeled as an
adjustment in the production of VLDL cholesterol or VLEff€ct of Body Weight on VLDLC Secresion
formulated as Body WeighiBase Body Weight) * 1.9®attilo & KrisEtherton, 1992)Its effect on HDL
cholesterol level is represented witkffect of Body Weight on HDLC EfficigncyL (0 Q&4 B&FAY SR |
WeightBase Body Weight) * 0.351
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At the base level the person is assumed to be doing 150 kcal of exercise and daily activities each
day so tha he has a sedentary life style. There is one graphical function that represents the effect of
exercise on HDL cholesterdffect of Exercise on HDLC Efficieaadefined asan Sshaped curve and
can be seen in the online AppendixejoGutierrez & Flather, 2007)

Converters about diet and their base levels in parentheses are: Cholesterol Intake (510 mg/d),
Saturated Fat Intake (12.5 gr/d), Monounsaturated Fat Intake (50 gr/d), Polyunsaturated Fat Intake (25

gr/d), Carbohydrate Intake (281.25 gr/drotein Intake (84.375 gr/d), High Fibers (10 gr/d), and Base
Level of High Fibers (10 gr/d).

Stock- Flow diagram of this sector can be seerfFigure3-9. Complete set of equations can be

found inthe onlineAppendix.
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Figure3-9 Stock Flow Diagram of Body Weight Sector

4. BASE BEHAVIOR OF THE MODEL and VALIDITY TESTS

4.1.Base Run

The patient hadorderline high blood cholesterol values. He weighs 74 kg. If he keeps his diet
and exercise constanphe gets the same blood levels throughout time and a total to HDL cholesterol
ratio of 5.9. Since this ratio is quite high, he should consider some walgsver his total cholesterol
level and this ratio. His base level of VLDLC, IDLC, LDLC, and HDLC are 25 mg/dL, 18.57 mg/dL, 111.45
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mg/dL, and 31.56 mg/dL. His total blood cholesterol is 186.5 mgiilof the stocks stay in their
equilibrium levelsif they aresoinitialized

Randomness in the model parametéarigh FibersCholesterol IntakeSaturated Fat Intake
Polyunsaturated Fat Intakdonounsaturated Fat IntakeCarbohydrate IntakeProtein Intake Exercise
and Normal ActivitiedNormal BileSecretionBase VLDLC Secretion, Hepatic Synthesis Control Rate, HDL
Removal Time, Normal HDL Efficiency, CETP Activityré&aiés in stable oscillations around the
equilibrium levels, as would be expected in real life.

4.2. Validity Tests

Sectorwise validity checkare made for each sector in isolatiom this section, the paper by
Burkeet al (2006) is used as a reference point to check the validity of the whole model. #tuthg, the
& dzo 2 d@etaty int@kesare reduced The experimet was done for 6 months.

The mean and standard deviation, (mean, standard deviation) of the parameters and initial
values in the real case are: body weight (94.4, 14.23 kg), total cholesterol (206.31, 41.3 mg/dL), HDLC
(52.26, 12.1 mg/dL), and LDLC (1875 oc ®1 Y3IKkR[ 0P . SF2NB GKS SELISN
(2023.76, 660.66 kcal). This intake was reduced to (1487.78, 475.23 kcal). Also the fat percentage of the
diet is reduced: saturated fat from (11.96, 3.27) to (8.20, 3.53), monounsaturaterbfat(i3.42, 2.94)
to (9.23, 3.54), and polyunsaturated fat from (7.20, 2.21) to (6.22, 2.30). Carbohydrate percentage of the
diet is increased from (50.31, 7.72) to (61.37, 9.25). Protein percentage remains fairly the same (15.15,
3.41) at first, and (151 3.46) in the experiment.

In simulation, theinitial levels of the stocks are set to real casgquilibria by changingthe
necessanflows from their base leveldll of the parameters and equations can be seethi online
Appendix.As seen in the iniil phase of Figures 4.1 and 4.2, all stocks stay at their equilibria, if they are
so initialized.Onday 10, all of the dietary parameters are decreased to the mean levels stated above
and simulated for another 6 months or 180 days as in the real expetiri@eresultingdynamics can
be seen irFigure4-1 and Figure4-2.

The starting body weight was 94.40 kg in the simulation and this value also wasdtaga
body weight in the real case. In the real case, body weight is reported to decrease to (86.90, 15.55 kg),
while in the simulation it became 89.44 kg. In the real case total cholesterol decreased to (197.73, 39
mg/dL) from its average value 206.42 fdlg In the simulation it decreased to 179.05 mg/dL from
206.42 mg/dL. The reported LDLC in the paper is (121.29, 33.54 mg/dL), whereas in the simulation (LDLC
+ IDLC) it is 111.88 mg/dl. The base level in both cases is about 130 mg/dL. HDLC is rededetto
little compared to other factors: it decreased by 1.56 mg/dL with a standard deviation of 7.41 mg/dL.
HDLC decreased by 7.1 mg/dL in the simulation.
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The reported values have high standard deviations. This may not be due to random error since
GKS ydzYoSNJ 2F adzoeSOda Aa yn yR A0Qa FFLANI & |
variations may be due to the nonlinearities in control parametevs uncontrolled/ unobserved
situations like the stress level of the subjects, deviations from the controlled diets, decreasing level of
SESNDA&S: avy2lAy3dzr 3ISyRSNI SGiOX ¢KS YvYzald O2yiNAOC
variables like total bdy weight, and total blood cholesterol is probably due to genetics of the people.
Different people respond differently to changing factors like the body weight and diet. The amount of
reaction may differ in body weightMensink, Zock, Kester, & Katan, 3))JOwhereas the reaction to
some dietary elements like monounsaturated fats may even be positive in some people while negative
in the others(Dattilo & KrisEtherton, 1992)

Though there are variations in the response variables in the real case witthlpossasons
stated above, the simulation model predicts the behavior in the correct direction and in reagmadidl
ranges. The response values are estimated within from 0.3 standard deviation error (LDLC), to one
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standard variation error (HDLC). Takawgerything into consideratigrdue to the different genetics of

people, it is impossible to build a model that predicts the cholesterol dynamics of each persoibyoint

point, yet a model can be designed and calibrated such that it represents the chéldsterR& y' I YA Oa
ALISOATAOE LISNE2Y | RSljdzr 6 St ed { dzOK reseaichi®iCdd ek O OF
have access to any such individual experimental data. We can nevertheless state based on the validity
dynamics shown above that our mlel can capture the fundamental dynamics and levels of the main
cholesterol variables adequately.

5. Scenario Analysis

5.1.Normal Subjects

5.1.1. Hazelnut Diet

In the first experimentthe patient adds hazelnuts to his diet, which are argued to decrease
blood cholesterol levels, without any change in his lifestyle. The subject eats a handful, or 25 gr, of nuts
a day.The extra dietary elements fror®5 gr of hazelnig are: 4.25 gr arbohydrates 2.5 gr detary
fibers, 1 gr aturatedfats, 11.5 gr mnounsaturatedats, 2 gr plyunsaturatedfats, 3.75 gr mteins.

If he starts to add 25 gr of hazelnut to his diet, does not change any other practice in his life, and
considers only the first month of his ctgad diet, he should think that adding hazelnuts really works.
His total cholesterol decreased to 185 mg/dL from 186.6 mg/dL. There is also a slight decrease, 3.2
mg/dL, in LDLC; and 0.5 mg/dL decrease in IDLC. But, HDLC increased by 1.81 mg/dL. This caused
total to HDL cholesterol ratio to decrease to 5.5 from 5.9. But within this first month he gained nearly a
half kg, and he should bear his mind that body weight has effect on LDLC and HDLC. To see the long
term dynamics, the model is run till da@@). The results can be seerFigure5-land Figure5-2.

Histotal cholesterolwas better for about 2.5 months, while histal to HDL cholesterol ratio
was less than normal, meaning better, for about 8 months. But, as said before, he should keep in mind
that he is gaining weight. He only gains about 4 kg at the time his ratio was back to 5.9, though he had
seen 5.5 in his first onth after starting to eat hazelnuts! At the end of the simulation he gains a total
of 10 kgs, and his hastal cholesteroland histotal to HDL cholesterol ratigses to 202 mg/dL and 6.8,
from 186.6 mg/dL and 5.9 respectively. Therefore, in the shartthis diet is healthful but in the long
run it deteriorates his health.

5.1.2.  More Hazelnuts, Less Carbohydrates - Unchanged caloric Intake

In the second scenario, he compensates the extra calories from hazelnut by reducing his
carbohydrate intake. Sbe should cut about 40 gr of carbohydrates not to gain weiglig.body weight
stays constant at 74 kg and his total cholesterol decreased to 184 mg/dL from 186.6 mg/dL. There is a
3.9 mg/dL reduction in LDLC; and 0.4 mg/dL decrease in IDLC. But, HBas2dhby 2.0 mg/dL. This
caused his total to HDL cholesterol ratio to decrease to 5.5 from 5.9. Therefore, in this scenario hazelnut
recipe works in the short and long run, because body weight does not change throughout the
simulation.
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5.1.3. Weight Loss

In this caséne will have a 150 kcal deficit in his energy balance via either reduced dietary intake,
or increased exercise.

ReducedDietary Intake
In this case he cuts fats, carbohydrates, and proteins proportionally. All of the ingredients in his
diet are decreasedyb7.67 per cent to make a total of 150 kcal energy reduction. He starts his new diet
at day 10. In the first two months he does not see much improvement in his body weight and blood
cholesterol levels as seenhigure5-3 and Figure5-4.
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In the long run, he sees improvements in his blood cholesteveldeand body weight. There is a
sharper decrease in HDLC than LDLC, so at firtdthlsto HDL cholesterol ratimcreases. But, as he
begins to lose weight, his HDLC increases while his LDLC increases and this ratio begins to decrease. At
the end of the simulation, he loses about 6 kg, his total to HDLC ratio decreases to 5.35 from 5.9, and his
total cholesterol decreases to 173.5 mg/dL from 186.6 mg/dL, whereas his HDLC level increases to 32.4
mg/dL from 31.5 mg/dL. These results can be seen in thewilg figures. Also the initial reduction in
the level of HDL cholesterol is reported on the literature as the decrease in HDLC in the period of
actively losing weighfDattilo & KrisEtherton, 1992) This reduction is also ee in the simulation, but it
is due to the reduced intake of fats. If fat content of the diet was not reduced than this initial reduction
should not be observed.
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Increased Exercise

In this scenario, he increases his daily activities by practicing more to burn 150 more kcal per day.

In the first 10 days of the exercise, there is a sharp change in the blood cholesterol levels. After this
time, the effect of losing weight on blood clesterol begin to show up and help decreasetbisl to
HDL cholesterol ratieven further.At the end of the simulation, he loses about 6 kg, his ratio decreases
to 4.9 from 5.9, and his total cholesterol decreases to 179.5 mg/dL from 186.6 mg/dL, whexéH3LC
level increases to 36.3 mg/dL from 31.5 mg/dL. Keeping in mind that 1 per cent increase in HDLC level
means 23 per cent less chance of hearth stroke; it is possible to argue that doing exercise is highly
beneficial to the health of the subject.
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Atheroprotedive properties of HDL increase with exercise, but this is out of the model boundary
YR A& y23G Y2RStSR® .dzi AdQa It NBIFIRe LlRaairofts
merely eating less by comparing the figures and numbers of the twogdogeight scenarios. Exercise
lowers the ratio to 4.95 and total cholesterol to 179.5 mg/dL, whereas diet decreases the ratio and total
cholesterol to 5.35 and 173.5 mg/dL respectively. Total cholesterol in the second scenario is 6 mg/dL
higher than the ifst one, yet it would be erroneous to jump to the conclusion that exercise is not a
better solution than diet, because 4 mg/dL of this number adds to the HDLC level of the subject and only
about 2 to the other cholesterol stocks in the blood and lookorglie total to HDL cholesterol ratis a
more appropriate way of assessing the healthiness in terms of cholesterol levels.
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5.1.4. More Exercise, Increased Dietary Intake z Constant Weight

In this case the subject exercises 150 kcal more than the basewhilelincreasing his diet by
the same calories. He is assumed to be increasing his entire dietary intake proporiomatelely by
7.67 per centThe resultan be seen ifrigure5-9 and Figure5-10. It can beargued from the figures
and numbers that losing weight by any of the two methods inéhdier scenarios is more efficient in
getting healthier numbers than this scenario, after noting that this scenario is better thasothething
or the base run In this constant weight scenario his total to HDLC cholesterol ratio decreases to 5.43
from 5.9; total cholesterol increases by 5 mg/dL of 4 mg/dL of which was in HDLC.
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5.2. Hypercholesterolemic Subjects

As an extension to the model, familial hypercholesterolemia (FH) can be simulated. In this type of
cholesttNE f RAA2NRSNE GKS [5[] NBOSLIWi2NJ FOGA@gAGeE 2F (K
the receptors are not functionin{Bhagavan, 2002; Citkowitz, 200Reducing the LDL receptor activity
resultsin lowerIDLC and LDLC uptakes by hepaticihtii N» KSLI GA O GA&aadzSao 15[/
to change but IDLC and LDLC rise to 28.0 mg/dL and 269.3 mg/dL from 18.5 mg/dL, and 111.5 mg/dL
respectively. The total blood cholesterol increases to 353.9 mg/dL from 187 mg/dL. The total cholesterol
levels2 ¥ FF YAfAFET KeELISNOK2fSaluSNREtSYAO LI GASydaqQ | NB
to reflect this change. Moreover total to HDL cholesterol ratio increases to 11.2 from 5.9. All of the
equations and the parameters can be seethia onlineAppendix.

5.2.1. Increased Exercise, Reduced Dietary Intake

In this scenario, the patient tries to do more exercise and eat less. He does 150 kcal worth of
exercise each day and has motivation to cut his diet by 50 kcal a day. The results can be seen in the
Figureb-11 andFigure5-12.

By this diet and exercise program he loses about 8 kg. His totldstaml level decreased to
324 mg/dL and his HDLC level increased 4 mg/dLiotdisto HDL cholesterol ratidecreased to 8.9
from 11.2. Though there is a significant decrease, 8.9 is still a risky nuiaerard Health Letter,
2004) it should be lowethan 7.0 to count as not risky.
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5.2.2. Medication

Reducing the dietary intake and doing more exercising may not be not enough to reach to
healthy cholesterol levels. Medicine is another option and the patient is assumed to take statins for this
purpose. Statins lower or block the synthesis of cholestwiithin liver and extrahepatic tissues by
inhibiting HMGCoA reductase which is an enzyme in the production of cholestdithagavan, 2002)

The effect of statin in the model is by four factors. It is assumed that the given dose decreases
the cholesterokynthesis in the liver and extrahepatic tissues by 300 mg/dL, and 100 mg/dL respectively.
Also the metabolic adjustment times in these compartments to reach desired levels of intracellular
cholesterol is increased to 2 and 4 days from 0.5 and 2 days livélnend extrahepatic tissues.

The model as in the real case works like the following. First, statins lower the cholesterol
synthesis in these tissues. So, the receptor activities of these tissues increase to compensate this loss. As
a final result, morecholesterol is taken up by these tissues and blood cholesterol is thus decreased. This
argument can be seen Figure5-13.

The total effect of statia is observed after about 4 weeks. This is reported in literatsehe
time to see the full potential of statins is 4 weglGitkowitz, 2007; Statins, FM, 2008he remarkable
thing here is that we did not include any delay formulation to our modekféect this 4 week period.
Our model successfully gave this result with its parameters and structure unchanged for this purpose.
This is sort of a validity check which is successfull but not intended.
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Total cholesterol level decreased to 265 mg/dL, wtdtal to HDL cholesterol ratidecreased to
8.4 from 11.2. Though this decrease is better than the lifestyle change in the previous experiment, it is
still not sufficient alone. These findings can be found in the following figures.
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5.2.3. Medication, Increased Exercise, and Reduced Dietary Intake

As seen in the above two scenarios, neither taking medication nor changing the lifestyle alone
provide sufficient results. So in this case, these two practices will be tried together as it is recommended
to familial hypercholesteriemia patients by practitioners in the real world. So he will practice more that
his daily exercise is increased by 150 kcal, dietary intake is reduced by 50 kcal, and he takes the same
dose of statins as in the above scenario.

This combination is able fower total cholesterol to 244 mg/dL and the total to HDL cholesterol
NFGA2 (42 codt1d ¢KSaS ydzYoSNBE |NB NBIIFINRSR a 062NRS
run values: 354 mg/dL and a ratio of 11.2. The following figures depict thimargu
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6. Conclusion

As stated in the introduction, cholesterol has been the subject of many simulation modeling
and mathematical modeling studies. Simulation studies generally try to answer questionscatlthar
level, whereas most mathematical models sacrifice model realism for the sake of analytical tractability
(August, Parker, & Barahona, 200@ur model is built using system dynamics methodology and it has a
systemic a viewwhich takes diet, exerse, and the genetics of the person into account.

Reference simulation run for a healthy patient generates a stabtk realisticpattern for the
variables of interest: HDL cholesterol, IDL cholesterol, LDL cholesterol, VLDL cholesterol, and body
weight. Vdidity checks on a sector by sector basis and on the whole model give no signal of modeling
flaws. Moreover all sectors and the whole model are shown to be robust to random errors in the
parameters. Likewise, the simulation run for the hypercholesteratematient case successfully
generates the behavior of the disorder dynamics.

For healthy subjects, scenario runs include different settings like adding hazelnuts to the
LI 6ASy(iQa RASGXI NBLX FOAy3 OF Nb 2 K& RNding defary intaké, K K T S
weight loss by increasing the amount of exercise, and adding calories to the diet together with increased
exercise to keep constant body weight. When hazelnuts are added to the,dietter cholesterol levels
are first observed in th short run, while in the long run this situation is reversed since the patient gains
weight. If the total caloric intake is kept constant while adding hazelnuts to the diet, the patient reaches
healthier cholesterol levels both in the short and long terméhen the subject loses weight by reducing
the caloric intake, we first observe a higher (worse) total cholesteréiDL cholesterol ratio. This is due
to sharper decrease in HDLC compared to other blood cholesterol pools as a response to decreased fat
intake and is consistent with the literatuf@ensink, Zock, Kester, & Katan, 20083 the subject loses
weight, HDLC increases while LDLC decreases, so the ratio reduces to values lower than the initial case.
If the subject Ises weight by increasing his daily exerclse obtains even healthier results than the
reduced dietary intake case. If the subject does more exercise but compensates this energy loss by
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eating more, she gets healthieh@esterol measures than the ewthing case pase rur, but worse
results than any of the weight losing scenarios.

In the case of hypercholesterolemic subjects, the scenarios include the subject losing weight by
increased exercise and reduced caloric intakedication faking stating), and the combination of
medication, reduced caloric intake, and increased exercise. In the medication scenario, the subject takes
statinsto lower her cholesterol. The full effect of statins is observed after 4 weeks of starting the
medication and this is inggeement with what is observed in the real wor{8tatins, FM, 2008;
Citkowitz, 2007)A remarkablepoint here is that we did not include any delay formulatiorour model
to reflect this 4 week period. Our model successfyliglded this result with its parameters and
structure unchanged for this purpose. This isadural and strongalidity checkAlthough statins result
in healthier cholesterol levels than the first scenario (only losing weight), by themdékesare not
enough b attain acceptable blood cholesterol levels. In the third scenario, the combination of
medication, diet, and exercise are employed, yielding acceptable cholesterol levels which are clearly
healthier than theresults of all of the other scenarios

Our modé can be used to test other scenarios on both healthy and hypercholesterolemic
subjects. The model can also be used as a foundation for a more comprehensive model that takes stress
on both behavioral and physiological grounds into account. The subjectsenbodily dynamics are
modeled in this study, is sort of a representative individual. His parameter values are average values of
various individualswhich are extracted from the literature. So, as an extension to this study, our model
could be calibratedn a wayto representti KS OK2f SaiSNRPf Reéyd NMmaQdour2 T dal
model can be a starting point of an interactive simulation game which focuses on the managdment o
hypercholesterolemic patients, where users can experiment with alternaliee exercise & medication
combinations.
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