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ABSTRACT

DYNAMICS OF LONG-TERM ESSENTIAL
HYPERTENSION AND PHARMACOTHERAPY OPTIONS

Hypertension is a preventable and treatable disease however; blood pressure
control remains insufficient in many countries. An incomplete understanding of the
highly complex mechanism of blood pressure regulation is one of the reasons for poor
hypertension management. Physiological differentiation in individuals causes optimal
antihypertensive treatment strategies to vary for patients. Consequently, instead of one
fits all treatments, personalized treatments can offer improved results on therapeutic
goals. Due to the sheer number of feedback loops and interconnected mechanisms, we
developed and validated a system dynamics model for understanding and interpret-
ing relationships within hypertension treatment. We aim to demonstrate the use of
simulation modeling to study inter-patient physiological variations and their effects on
hypertension treatment outcomes. The model includes the central nervous system and
renal control mechanisms, vascular elasticity, and kidney function, capturing long-term
dynamics of blood pressure. Three pathogenesis mechanisms of primary hypertension
(the over-active nervous system, the over-active renin-angiotensin-aldosterone system,
and low sodium excretion) are examined to represent different patient profiles. Later,
treatment outcomes are analyzed on the identified patient profiles by comparing the
decline in kidney and vascular functions under various treatment options. This study
presented the potential benefit of using dynamic simulation models to compare treat-
ment options for patients with physiological differences. Even though obtaining gran-
ular empirical data is challenging, they can be used for calibrating simulation models
such as these to get closer to individualized treatments in clinical settings. As a future
study, cost-effectiveness and value of information aspects can be incorporated to assess

the benefit of personalized treatments.



OZET

PRIMER HIPERTANSIYONUN UZUN DONEM
DINAMIKLERI VE FARMAKOTERAPI
SECENEKLERININ DEGERLENDIRILMESI

Hipertansiyon onlenebilir, tedavi edilebilir bir hastalik olmasina ragmen kontroli
bircok iilkede yetersiz kalmaktadir. Karmasik mekanizmasinin tam anlagilmamasi,
basarisiz hipertansiyon tedavisinin nedenlerinden biridir. Bireysel fizyolojik farklilagma,
ideal antihipertansif tedavi stratejileri degismektedir. Sonug olarak, tiim hastalar1 kap-
sayan tek bir tedavi yerine, kisisellestirilmis tedaviler, tedavi hedeflerinde daha iyi
sonuclar saglayabilir. Cok sayida geri bildirim doéngiisii ve birbirine baglh mekanizmalar
bulunduran hipertansiyon tedavisindeki iligkileri anlamak ve yorumlamak icin bir sis-
tem dinamigi modeli gelistirdik ve test ettik. Hastalar arasi fizyolojik cesitliliklerin
hipertansiyon tedavi sonucu tizerindeki etkilerini incelemede simiilasyon modelleme
kullanimini1 gostermeyi amacladik. Model, kan basincinin uzun vadeli dinamiklerini
yakalayan merkezi sinir sistemi ve bobrek kontrol mekanizmalarini, damar elastikiyetini
ve bobrek fonksiyonunu kapsamaktadir. Primer hipertansiyonun ii¢ patogenez mekaniz-
mas1 (aktif sinir sistemi, aktif renin-anjiyotensin-aldosteron sistemi ve diigiik sodyum
atilimi) farkli hasta profillerini temsil etmek tizere incelendi. Sonra, gesitli tedavi
segenekleri altinda bobrek ve damar fonksiyonlarindaki diigiis karsilastirilarak belir-
lenen hasta profillerinde tedavi sonuclari analiz edildi. Bu ¢alisma, fizyolojik farkliliklar:
olan hastalar tedavi seceneklerini kargilagtirmada dinamik simiilasyon modelleri kul-
lanmanin potansiyel faydasini sundu. Graniiler ampirik veriler elde etmek zor olsa da,
klinik kullanimda bireysellestirilmis tedavilere yaklagmak icin bu gibi simiilasyon mod-
ellerini kalibre etmek i¢in kullanilabilirler. Bu ¢alismanin devami olarak, kisisellegtirilmis

tedavileri degerlendirmek icin maliyet etkinligi ve bilgi degeri analiz edilebilir.
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1. INTRODUCTION

According to WHO, heart disease has remained the leading cause of death globally
for the last 20 years. An estimated 17.9 million people died from cardiovascular diseases
in 2019, accounting for 32% of global deaths [1]. Hypertension, also known as high
or elevated blood pressure, is a medical condition that increases the risk of developing
heart, brain, and kidney diseases. Therefore, it is considered the leading preventable

risk factor for cardiovascular disease, premature death, and disability worldwide [2].

Hypertension is an important determinant of quality of life and premature death
and is also highly prevalent. Estimates suggest that 1 in 3 adults has hypertension [3].
Moreover, the prevalence of the disease is rising globally due to the aging population
and increases in unhealthy diets and sedentary lifestyles [4]. The number of people that
suffer from hypertension has more than doubled globally during the last four decades,

from 594 million in 1975 to 1.13 billion in 2015 [3].

The change in hypertension prevalence is not uniform in all regions. The preva-
lence of the disease in developed countries has improved over time yet worsened in
low- and middle-income areas. Therefore, the burden of the disease has shifted from
high-income to low-income countries [5]. Possible disparities in healthcare access make
the problem all the more complicated, and the economic impact of hypertension can-
not be overlooked. Direct healthcare expenses such as medications, tests, clinic visits,
hospitalizations, and indirect costs of lost productivity due to premature mortality and
disability add up to the financial burden of the disease [6]. It is estimated that the

global financial toll of hypertension is 10% of overall global healthcare expenditure [7].

Hypertension is an ongoing problem in the modern world that significantly im-
pacts well-being. Due to its high prevalence, contribution to premature death, and
financial burden, it is an important global health challenge. Therefore in 2013, WHO

Member States agreed on a global action plan to reduce the burden of avoidable non-



communicable diseases [1]. Two among nine global targets defined in the program
directly focus on preventing and controlling cardiovascular diseases. One of them is
to reduce the prevalence of hypertension by 25% by 2025. The second target is to be
able to provide drug therapy and counseling to at least 50% of eligible people to avoid
cardiovascular events. Nonetheless, these goals seem far to be achieved based on more
recent reports, as the COVID-19 pandemic has disrupted hypertension management

services in half of the countries around the world [§].



2. PROBLEM DEFINITION AND RESEARCH
OBJECTIVES

According to the medical guidelines, hypertension is diagnosed when a person’s
systolic blood pressure is greater than 140 mm Hg; diastolic blood pressure is greater
than 90 mm Hg on repeated examinations [9]. After hypertension is diagnosed, it is
a treatable disease. There is a wide range of drugs used to treat high blood pressure,
such as diuretics, angiotensin-converting enzyme inhibitors (ACE-I), angiotensin II-AT
1 receptor blockers (ARB), beta-blockers, calcium channel blockers (CCB). Further-
more, lifestyle improvements can prevent or delay the onset of the disease and enhance

antihypertensive drug treatment [9].

Despite available treatment options, it is estimated that less than half of the
patients get a diagnosis and treatment [3]. However, achieving blood pressure control
is challenging even after being diagnosed and receiving treatment. A globally conducted
meta-analysis indicates that only 40% of diagnosed and treated hypertension patients
can reach therapeutic goals [10]. Even in the best-performing countries, target blood
pressure was achieved by less than 70% of the patients [11]. Successful treatment rates
in low-income and middle-income countries go as low as 9.6% [12]. As a result, it is

estimated that fewer than 1 in 5 people have their problem under control [3].

Reasons behind this suboptimal control rate can be listed as the patient’s non-
adherence to lifestyle modifications and medical treatments, therapeutic inertia, and in-
sufficient use of multiple drug combination strategies. Non-adherence, where a patient
intentionally refuses to receive treatment or does not follow the prescribed treatment,
is one of the main reasons for the poor control rate [9]. However, physician-related
barriers, particularly therapeutic inertia, were also identified as significant challenges

to achieving blood pressure control [13].



Therapeutic inertia occurs when a healthcare provider fails to initiate or intensify
drug therapy in a patient with suboptimal blood pressure. The factors for clinical
inertia include overestimation of possible care, insufficient training to achieve target
pressure, and clinicians’ avoidance of strengthening treatment [13]. Furthermore, it
was shown that avoiding intensification and multiple drug combination strategies can
harm patients’ adherence to the treatment and patient-physician trust [14]. Therefore,

adjusting therapy to a patient’s needs is critical for a good treatment outcome.

Recommended treatment algorithm in high-impact medical guidelines [15,16] is
presented in Figure 2.1. Lifestyle modifications such as following a healthy diet, weight
control, increased physical activity, and smoking cessation are the initial interventions
for hypertension management. Yet, lifestyle modifications were found to be challenging

to maintain, and often drug therapy is required [17].
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Figure 2.1. Hypertension treatment algorithm in medical guidelines (adopted from

[15, 16)).



For a long time, prescribing monotherapy, a treatment that involves a single
drug, has been considered the first treatment option for antihypertensive medications.
However, monotherapy is often insufficient to achieve adequate blood pressure control
in most patients. As a next step, previous guidelines suggested switching from one

monotherapy to another, which was often ineffective and time-consuming [9].

One-fourth to one-third of patients cannot achieve therapeutic goals even with
dual combination therapies, requiring more antihypertensive agents [18]. Recent studies
on low-dose triple combination therapy have shown benefits among severe hypertension
patients that could not be treated by dual therapy [19]. But the guidelines recommend
multiple drug combination strategies only in persistent hypertension scenarios with a

gradual increase [15,16].

On the other hand, recent studies have demonstrated the benefits of low-dose
drug combinations for first-line treatment over monotherapy. In a multi-year study,
initiating treatment with a triple pill containing low doses of 3 antihypertensive drugs
(ARB, CCB, diuretic) led to more patients achieving adequate blood pressure than
usual care [19]. Starting and following a combination of antihypertensive therapy is
associated with a more significant reduction of blood pressure, an earlier achievement

of control, and higher therapeutic success rates [18,20].

It can be concluded that there are alternative treatment strategies and various
factors to treat hypertension successfully. Additionally, studies show that patients are
more responsive to some classes of antihypertensive agents than others [21]. There is
no one-fits-all treatment, and the debate over the best treatment approaches remains.
These differential responses are observed due to inter-patient differences in hyperten-
sion pathophysiology [22]. Therefore, an incomplete understanding of the mechanisms
involved in blood pressure control plays a role in suboptimal hypertension manage-

ment [18].



Blood pressure control remains insufficient worldwide as the mechanisms regu-
lating blood pressure are incredibly complex. Various interconnected subsystems are
involved, including neural, hormonal, renal, cardiac, and vascular factors, operating
on different time scales. More than sixty years ago, the mosaic theory for hyperten-
sion was proposed to express this complexity [23]. The partial failure of one or more
control mechanisms can lead to suboptimal blood pressure as represented in Figure
2.2 [24,25]. Moreover, in 90-95% of the patients, the direct cause of the disease is not
identifiable [26], called primary hypertension. In this study, secondary hypertension,
where the cause of the disease can be attributed to another medical condition such as

renal artery stenosis, hyperthyroidism, or pregnancy, is left out of scope.

ENDOCRINE
(Adrenal and, kidney

NEURAL hormones, sex hormones)
(Central nervous system CARDIAC
activity and (Hearth rate,
neurochormones) contractility)
VOLUME REACTIVITY
(Blood volume, (oxidative stress,
urine volume) inflammation)
VASCULAR VISCOSITY
(Vessel diameter, total (Hemocrit)

peripheral resistance)

ELASTICITY
(Venous tone, arterial

compliance)

Figure 2.2. Systems responsible from blood pressure control (reproduced from

[24,25]).

Hypertension has been a persistent public health problem despite healthcare in-
terventions and research going back decades. Hypertension is manageable with simple

lifestyle adaptations and medical treatments; however, achieving therapeutic goals re-



mains challenging even in patients that receive diagnosis and treatment. The dynamic
hypothesis of this study suggests that the optimal antihypertensive treatment strategies
can vary for individuals due to inter-patient physiological variations. Consequently, in-
stead of one fits all treatments, personalized treatments can offer improved results on

therapeutic goals.

Modeling is an effective tool to evaluate different hypotheses, identify knowledge
gaps, and propose new theories. Models are essential in understanding complex sys-
tems’ quantitative relationships and feedback mechanisms. Modeling and computer
simulations offer valuable contributions for studying physiological systems, such as
demonstrating the system as a whole, providing a tool to be used in clinical settings
and experimental design, enabling software-based teaching aid, and many more. Mod-
els enable making health predictions and testing treatment policies where empirical

research on living beings is limited [25].

A hypertension physiological model can bring us closer to understanding regula-
tory mechanisms and help us improve treatment processes for patients. Also, it can
be used to assess the value of individualized treatment. Furthermore, the patient sub-
groups most likely to suffer from a one-fits-all treatment practice can be identified.
Hence, objective of this study is to build a physiological system dynamics model to
evaluate long-term hypertension management with pharmacotherapy alternatives and
their combinations. Furthermore, this study aims to demonstrate the potential use of

simulation models and highlight the advantages of using such models.



3. LITERATURE REVIEW

The literature review focuses on the studies that develop models of cardiovascular
mechanisms. Studies on these topics have addressed the problem in different method-
ologies and scopes. These studies are analyzed to identify important factors of the

system, improve understanding of the relationships, and identify research gaps.

The literature review section consists of two sections. Firstly, mathematical mod-
els of blood pressure control mechanisms and the pathophysiology of hypertension are

investigated. Later, system dynamics models on cardiovascular health are emphasized.

3.1. Mathematical Models

The cardiovascular system can be represented as a closed electrical circuit sys-
tem, and the blood circulation follows fluid dynamics principles [27]. Models can be
classified based on dimensions considered for the vessels. Zero-dimensional or lumped
parameter models represent cardiovascular dynamics as a whole. Higher dimensional
models consider factors such as capacitance, axial symmetry, and local flow in the ves-
sels [28]. As this study aims to build a model on cardiovascular dynamics as a whole,

lumped parameter models were focused on for the literature review.

Mathematical modeling in cardiology has a rich history, with the first known
model dating back to the nineteenth century [29]. A significant milestone in the math-
ematical modeling of the cardiovascular system was the physiological model developed
by Guyton et al. [30]. This comprehensive circulatory dynamics and regulation model
includes eighteen subsystems: kidneys, lungs, metabolism, and autonomics. The model
built by Guyton et al. has been the basis for numerous studies and is still used with

modifications and expansions.



In further studies, the authors used the model to study arterial pressure [31] and
its effects on hypertension [32,33]. Also, the model was developed further by other

authors [34-37].

Later, discoveries in physiology showed that in the Guyton model the role of
the central nervous system was lacking [38,39]. Also, one of the main assumptions
of the Guyton model is that arterial pressure solely determines the kidney’s ability to
remove sodium. However, later this idea was challenged by pointing out that other

physiological mechanisms also had involvement [40].

Based the paradigm shift from kidney focus, Averina et al. [41,42] and Karaaslan
et al. [43,44] developed mathematical models that emphasized the importance of the
central nervous system on blood pressure regulation. Furthermore, in recent years,
mathematical models started to focus on factors affecting arterial function loss, such

as inflammation, as hypotheses for hypertension pathophysiology [45—-47].

As this study aims to evaluate drug therapies for blood pressure regulation, math-
ematical models that include pharmacodynamics are analyzed [48,49]. Furthermore,
the scope of this study is hypertension dynamics over years of models. Therefore,
models that included related elements, such as arterial stiffening [50] and compliance

loss [51,52], were also reviewed.

Also, some mathematical models in the literature focus on more specific condi-
tions such as pulmonary hypertension [53,54], intracranial hypertension [55,56], and
portal hypertension [57,58]. Due to hormonal differences, blood pressure regulation
mechanisms vary among male and female patients. Even though most hypertension
models in the literature are gender-neutral, some mathematical models take sexual
dimorphism into account [59]. However, these factors were left out of the scope of this

study.
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3.2. System Dynamics Models

System dynamics applications in healthcare can be classified under three main
groups [60]. The first category includes models on administrative concerns of healthcare
management. The second model group is developed to challenge regional community
public health concerns. In the last group of studies, the models are focused on a
specific disease. While modeling a particular disease, the problem can be handled as a

population concern or at an individual physiological level. Based on this classification,

system dynamics models on cardiovascular health are examined in Table 3.1.

Table 3.1. System dynamics models on cardiovascular health.

Reference | Topic Model focus
[61] Myocardial infarction Population
[67] Heart failure Population
[71] Risk factors for cardiovascular health Population
[62-65,72] | Cardiovascular interventions and health outcomes | Population
[73] Weight related cardiovascular problems Population
[75] Hypertension and other chronic diseases Population
[69] Stroke Population
[66] Myocardial infarction Population
[74] Environment and cardiovascular problems Population
[76] Hypertension and chronic kidney disease Population
[77] Hypertension and cardiovascular outcomes Population
[78] Hypertension Physiological
[79] Hypertension and kidney damage Physiological
[80] Sleep apnea and blood pressure Physiological
[70] Blood cholesterol Physiological
[68] Heart failure Physiological
[81] Disorders of the body water mechanism Physiological
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System dynamics modeling is often used to address public health problems and
interventions, including cardiovascular diseases. The first applications of system dy-
namics on cardiovascular health date back to the 1980s [61]. Later, many other models
were developed to define risk factors, propose policies, and compare interventions based

on casualties and costs [62-65].

Some of the studies focus on a specific cardiovascular disorder such as; myocar-
dial infarction [61, 66], heart failure [67,68], stroke [69], and blood cholesterol [70].
In contrast, other studies in the literature analyze all cardiovascular diseases and risk
factors collectively [62-65,71,72]. Alternatively, cardiovascular diseases can be investi-
gated by focusing on specific risk factors such as unhealthy diet, overweight [73], and

environmental stress [74].

Hypertension is one of the common public health concerns; therefore, it has
been a popular element to be included in system dynamics models. Hypertension is
integrated into studies investigating chronic and cardiovascular diseases [75] as a group.
Some studies examine the relationship of hypertension [62-65] with other conditions

and risk factors such as diabetes and smoking [76, 77].

The first system dynamics model that considers hypertension from a physiological
perspective dates back to the 1980s [78]. Incioglu [79] modeled long-term hypertension
and its effect on kidney function. Even though it is the most comprehensive physio-
logical model that captures long-term blood pressure dynamics, it does not include the

central nervous system control mechanism.

Ozgun [80] built a physiological model to investigate sleep apnea’s impact on
hypertension over months. The model consists of the effects of both nervous and renal
system activities. Other physiological models of cardiovascular health include heart

failure dynamics [68] and body water mechanism disorders [81].
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3.3. Findings from the Literature Review

Because of the significance of hypertension, it has been a popular area of study
in mathematical modeling. However, proposed mathematical models on hypertension
often model the pathophysiology of hypertension rather than modeling the treatment
and management of the disease. Very few models include medical interventions [49],
yet they do not investigate the long-term dynamics of treatment. In Table 3.2, related

research in the literature are identified and compared with this study.

Table 3.2. Comparison of the study with the literature.

Study Time | Renal Nervous | Vascular | Treatment
system | system | function

This study | years v v v v

[30] days v

[44] days v v

[42] days v v

[50] years | v v v

[49] weeks | v/ v v

[68] weeks | v/ v v

[79] years | v/ v

[81] days v

[80] weeks | v/ v v

Due to the sheer number of feedback loops and interconnected mechanisms in-
volved in blood pressure regulation, the system dynamics modeling approach can
be beneficial. Most hypertension studies using system dynamics models tackle the
problem at the population level as a public health problem. Limited system dynam-
ics models consider cardiovascular diseases in the literature on an individual patient

level [68,70,79,80].
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Even though some of these cardiovascular models include common mechanisms
with blood pressure regulation [68,80], they focus on the short-term dynamics con-
sidering a time frame of days. System dynamics study in the literature focusing on
hypertension over the years only captures the renal regulation mechanisms and does

not consider treatment alternatives [79].

It can be concluded that there is a gap in the literature for a system dynamics
model that comprehensively includes physiological mechanisms of blood pressure reg-
ulation and treatment alternatives in the long run. However, previous models in the

literature will guide this study in formulation, parametrization, and validation aspects.
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4. OVERVIEW OF THE MODEL

The model consists of four sectors; cardiovascular, central nervous system, renal,
and treatment sector. In this section, the model development process is explained,
then the model overview is presented, and finally, the mathematical formulations of
the model and equations are described in detail. Furthermore, the physiological and

medical background for model assumptions and simplifications are elucidated.

Complete list of equations is provided in the Appendix A and the visualization

that includes all sectors and variables is given in the Appendix B.

4.1. Model Development

The purpose of this model is to capture physiological mechanisms that lead to
essential hypertension and long-term blood pressure dynamics in response to phar-
macological treatments. While building the model’s structure, physiology books were
initially used [82-84]. Later it was revised by two subject matter experts, one spe-
cializing in cardiology and the other in physiology. Based on the experts’ feedback,
the model structure was modified and presented to them in follow-up interviews. This
iterative process was followed until the experts confirmed that the model could capture

long-term essential hypertension feedback mechanisms observed in clinical practice.

In the model development process, guidelines set for system dynamics were fol-
lowed [85,86]. Unit consistency was considered during the model-building process in
all equations. Equations, parameter values, and graphical functions are defined ac-
cording to the information obtained from the literature and established mathematical
models [32,33,43,44]. A complete list of equations is given in Appendix A. The Vensim
DSS 9.3.3 software was used for modeling and simulation. The time unit of the model

is one day, and the time step is selected as 0.0625.
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4.2. Overview of the Model

Blood vessels carry blood from the heart to the body with each heartbeat. With
the contraction of the hearth, pumped blood applies a force into the vessels. Blood
pressure is the force applied by circulating blood against the walls of the arteries.
Mean arterial pressure, the average systolic and diastolic pressure over time represents
this force. Systolic blood pressure occurs when the heart contracts or beats, whereas

diastolic blood pressure occurs when the heart rests between beats.

Many mechanisms impact mean arterial pressure; however, two immediate factors
are total peripheral resistance and cardiac output. Total peripheral resistance is the
amount of force exerted on circulating blood by the vessels. Cardiac output, the amount
of blood pumped by the heart each minute, creates a pressure gradient between arteries

and veins that drives the flow through the vascular system.

Various factors are involved in regulating total peripheral resistance and cardiac
output. The central nervous and renal systems are the main systems responsible for
keeping blood pressure at desired levels. Therefore, the model includes two main

balancing feedback structures, Bl-a, B1-b, B2-a and B2-b, as given in Figure 4.1.

The variables in boxes represent stock variables in the model. These variables
have inertia and to change their values a there is a longer delay. Balancing feedback
loops Bl-a and B1-b include mechanisms of the central nervous system. Baroreceptors
detect blood pressure changes and deliver these signals to the central nervous system. If
the pressure is elevated, the parasympathetic system is activated, and the sympathetic

system is inhibited.

Loop Bl-a represents the effect of the nervous system on cardiac output. The
sympathetic nervous system can increase heart rate, causing an elevation in cardiac
output. It can also increase contractility, stretching the heart muscle and increasing

cardiac output with more vigorous contractions. Loop Bl-b represents the effect of
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the nervous system on total peripheral resistance. Activating the sympathetic nervous

system can increase peripheral resistance by constricting the vascular walls.
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Figure 4.1. Causal loop diagram of the model.

Balancing feedback loops B2-a and B2-b include mechanisms of the renal system.
The kidneys also detect changes in blood pressure. With higher blood pressure, the
perfusion pressure in the kidneys increases and causes the kidneys to filter more blood.
Also, based on perfusion pressure, specialized cells in the kidney regulate their activity
to produce an enzyme called renin. Activation of the renin enzyme triggers the renin-

angiotensin-aldosterone system (RAAS).
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Loop B2-a represents the effect of the renal system on cardiac output. Through
filtration rate and hormones that affect permeability, kidneys reabsorb or remove water
from the body. An increase in total body water cause expansion of blood volume,
delivering more blood to the heart, and thus also increasing cardiac output. Loop
B2-b represents the effect of the renal system on total peripheral resistance. When the
renin-angiotensin-aldosterone system is activated it produces hormones that constrict

vascular walls, thereby increasing peripheral resistance.

These balancing structures deteriorate with old age, and the body finds balance
at higher blood pressure levels. When hypertension is not treated, high blood pressure
causes the breakdown process to accelerate. The model includes three main reinforcing

feedback structures given R1, R2, and R3, as shown in Figure 4.1.

Loop R1 is called baroreceptor resetting, where receptors become desensitized to
elevation in blood pressure. Therefore, the mechanisms that lower blood pressure is not
activated. Loop R2 is the arterial stiffening. Due to endothelial dysfunction, vessels
remain constricted and lose their elasticity. Arterial stiffening increases total peripheral
resistance and further increases blood pressure. Loop R3 is the kidney function loss.
It decreases the kidney’s ability to remove water from the body and causes a further
increase in cardiac output and blood pressure. In Figure 4.1, hypertension medication
alternatives and their acting points have been demonstrated in a lighter color. Overall
there are five classes of medication: Calcium Channel Blockers (CCB), Angiotensin
receptor blockers (ARB), Angiotensin Converting Enzyme Inhibitors (ACE-I), Beta-

blockers, and Diuretics.

The diversity in pathophysiology occurs as the strength of the control loops is
not identical among patients. Therefore, response to the treatment differentiates by
individuals. Pharmacological interventions can be planned at multiple leverage points.
Because of inter-patient differentiation, optimal antihypertensive treatment strategies

can vary.
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4.3. Cardiovascular Sector

The cardiovascular sector of the model includes the mechanisms of the heart and
blood vessels. The stock-flow diagram of the cardiovascular sector is shown in Figure

4.2. Stock and flow variables in the cardiovascular sector are given in Table 4.1.
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Figure 4.2. Stock flow diagram of cardiovascular sector.

Table 4.1. Stock and flow variables in the cardiovascular sector.

Variable Type Unit

arterial tone change | Bi-flow | 1/Day
HR change Bi-flow | beat/min/Day

vascular function loss | Outflow | 1/Day

Hearth Rate Stock beat /min

Normal arterial tone | Stock Dmnl

Vascular function Stock Dmnl
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The heart’s contraction is called systole, and the relaxation of the heart is called
diastole. Blood pressure is at its highest in systole and lowest in diastole. Mean Arterial
Pressure (MAP) is the average force applied by circulating blood against the walls of
the arteries in one cardiac cycle. It is calculated with the formulation

_ Systolic BP + 2 x Diastolic BP

Mean Arterial Pressure (MAP) = 3 : (4.1)

The potential pressure difference in the hearth is the driving force that creates blood
flow. In physiology Ohm’s law is used to quantify this principle. Blood pressure is
determined by blood flow and the total resistance of the blood vessels. The blood
pressure at the systole is calculated considering the resistance differences and it can be

written as

Systolic BP = (Cardiac output) x (Resistance at systole). (4.2)

Similarly, the blood pressure at diastole stage is also calculated considering the resis-

tance differences and it can be written as

Diastolic BP = (Cardiac output) x (Resistance at diastole). (4.3)

Cardiac output can be explained as the amount of blood pumped by the heart in a
minute. It is defined by two factors: hearth rate and stroke volume. Heart rate is
the number of times the heart contracts in one minute. The volume of blood pumped
by the heart in each beat is called Stroke volume. The mathematical formulation for

cardiac output can be written as

Cardiac Output = (Hearth rate) x (Stroke volume). (4.4)

The heart rate can adapt to daily changes rather quickly. However, it takes longer
for the mean resting heart rate to change as it has inertia. The average resting heart

rate variability is three beats per week [87]. Therefore, in the model, the heart rate is
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represented with a stock with a bi-flow and , its formulation can be expressed as
Hearth Rate(t) = (initial HR) x (t — dt) + (HR change) x dt. (4.5)

The parasympathetic and sympathetic nervous systems regulate implied heart rate,
which will be explained in more detail in the central nervous system sector. The
change in heart rate is controlled by the difference in implied and actual heart rate.

This change is expressed as

implied heart rate — Hearth Rate)

(
HR ch =
It change HR adj time

. (4.6)

End diastolic volume is the amount of blood filled in the left ventricle during the
relaxation stage of the heart right before the contraction. End systolic blood volume is
the remaining blood in the left ventricle after the heart has contracted. The difference
in the volume before and after the contraction is pumped out of the heart into the

arteries. Hence, the Stroke Volume can be calculated as

Stroke Volume = (End Diastolic Volume) — (End Systolic Volume). — (4.7)

End diastolic volume depends on venous return, the amount of blood carried to the

hearth. It is a function of blood volume.

The effect of blood volume will be explained in more detail in the renal sector
section. The contractility of the hearth can control end-systolic volume. The sym-
pathetic nervous system acts on the heart to decrease systolic volume by increasing
the contractility of the heart. The effects of the sympathetic nervous system will be

explained in more detail in the central nervous system sector.

After the cardiac output, the total peripheral resistance is the second factor that

directly affects mean arterial pressure. The normal value of the resistance at systole
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changes with the effect of arterial tone which can be expressed as

resistance at systole = (ef f of arterial tone on resistance) (48)
4.8

X (normal systole resistance).

Similar to the systole, the normal value of the resistance at diastole also changes with

the effect of arterial tone. The resistance at diastole can be expressed as

resistance at diastole = (normal diastole resistance) (49)
4.9
X (ef f of arterial tone on resistance) x compliance.

Resistance has a positive relationship with the velocity and length of the vessels.
Resistance is inversely related to the fourth power of the arterial radius. The Ha-
gen—Poiseuille law in Equation (4.10) is adapted to quantify arterial resistance [83]

which can be expressed as

8 X velocity x length

Resistance = (4.10)

7w X A pressure x radius*’
The diameter of arteries is determined by smooth muscle constriction. The degree of
smooth muscle constriction exhibited at the basal state is referred to as normal arterial

tone. Arterial tone given at a given time is defined as implied arterial tone.

The relationship between implied arterial tone, normal arterial tone and other

factors effecting it can be expressed as

Implied radius = (Normal arterial tone)

eff of SNS on arterial tone)
(4.11)

x (
X (eff of AT2 on arterial tone)
x (

eff of ADH on arterial tone).
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Sympathetic nervous system activity, angiotensin II and antidiuretic hormones
affect the arterial tone. With the action of these mechanisms, arteries respond with
vasoconstriction or vasodilation. The effect of the sympathetic nervous system will be
explained in more detail in the central nervous system sector. The effect of angiotensin

IT and antidiuretic hormone will be presented in more detail in the renal sector.

When the arteries constrict and the implied radius decreases, the total peripheral
resistance increases as formulated in Equation (4.10). The velocity changes with the
number of blood cells, and length changes with an increase in body mass. Hypertension
caused by a difference in the velocity and length of the arteries is classified as secondary
hypertension. These factors are left out of the scope of this model for simplification.
The effect of the radius or arterial tone on resistance is emphasized as

1

ef f of arterial tone on resistance = —— —. (4.12)
implied radius*

Aging arteries undergo changes in diameter, wall thickness, stiffness, and endothelial
function [88]. These age-dependent changes increase the risk of the development and

progression of cardiovascular diseases [89).

Alterations in the functional and structural properties of arteries lead to impaired
vascular tone and reduced arterial compliance [90,91]. Arterial tone can be defined as
the degree of active constriction of vessels [92]. Arterial compliance refers to the change

in area, diameter, or volume of an artery in response to a change in pressure [93].

Whether endothelial dysfunction is a cause or an effect of hypertension is still
controversial, and possibly there is a bidirectional relationship [94]. However, emerg-
ing evidence indicates that age-dependent changes are accelerated in the presence of
hypertension [88]. The severity of hypertension is positively related to the degree of

impairment of endothelial function [95].
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Vascular function has inertia therefore, it is modeled as a stock variable. As
functional loss is irreversible, there is only an outflow from the stock. The relationship

of vascular function and its loss over time can be expressed as

Vascular function(t) = (initial vascular function) x (t — dt) (4.13)

— (vascular function loss) x dt.

With aging, vascular function is lost at a certain deterioration rate. Vascular function
loss is equal to the deterioration rate, and the deterioration rate is effected by the

systolic blood pressure which can be expressed as

vascular deterioration rate = (normal vascular deterioration per day) (4.14)
4.14

X (ef f of SBP on dysfunction).

The rate of deterioration is increased by elevated blood pressure. The graphical func-
tion of the effect of systolic blood pressure on dysfunction is given in Figure 4.3. This

function is presented based on the relationship identified in the literature [96,97].
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Figure 4.3. Graphical function for the effect of systolic blood pressure on dysfunction.
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The graph in Figure 4.3 is drawn by normalizing systolic blood pressure to its

reference value which can be computed as

Systolic BP

eff of sbp on dys function = f(—— s

). (4.15)
Increased vascular smooth muscle tone is one of the primary factors of age-associated

blood pressure elevation [98].

The smooth muscle tone or normal arterial tone has inertia and takes a long time
to change. Therefore, in the model, normal arterial tone is represented with a stock
with a bi-flow. The value of normal arterial tone can be calculated by its initial value

and change over time; which can be expressed as

Normal arterial tone(t) = initial normal tone x (t — dt) (4.16)
4.16

+ (‘arterial tone change) x dt.

The change in normal arterial tone is controlled by the difference between a reference
value for a healthy person value and the implied value at a given vascular function.

The relationship can be formulates as

reference tone X ef f of function on tone

arterial tone change = —
tone adj time

Normal arterial tone (4.17)

tone adj time

The effect of vascular function loss on normal arterial tone is represented in graphical
function based on literature and expert opinion. The graphical function of the effect

of vascular function on normal tone is given in Figure 4.4.

The graph in Figure 4.4 is drawn by normalizing the vascular function to its value

which can be calculated as

Vascular function

eff of vascular function on tone = f( (4.18)

normal vascular function’
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Figure 4.4. Graphical function for the effect of vascular function on normal arterial

tone.

Due to the rise in arteriolar resistance, both systolic and diastolic pressure in-
crease. However, diastolic blood pressure tends to decrease later in life. The large
artery stiffening in older ages causes to decrease in compliance. As less elastic recoil
supports the diastolic pressure, stiff arteries result in lower diastolic pressure with old

age [99].

A decrease in compliance reduces resistance at the diastole hence the blood pres-
sure. This effect is formulated in Equation (4.9). The change in compliance is observed

over the long term due to vascular function loss.

The relationship of compliance depending on the its normal value and the effect

of vascular function can be expressed as
compliance = (healthy compliance) x (ef f of function on compliance).  (4.19)
The effect of vascular function loss on compliance is represented in graphical function

based on literature and expert opinion. The graphical function of the effect of vascular

function on compliance is given in Figure 4.5.
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The graph in Figure 4.5 is drawn by normalizing the vascular function to its

normal value which can be expressed as

eff of vascular func. on compliance = f(
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Figure 4.5. Graphical function for the effect of vascular function on compliance.

At the beginning of the simulation the stock variables have initial values. Fur-

thermore some of the formulations use constant values. The constants and initial values

used in the cardiovascular sector are given in Table 4.2.

4.4. Central Nervous System Sector

This section examines the blood pressure regulation mechanism controlled by

the central nervous system. The central nervous system sector of the model includes

the mechanisms of baroreceptors, sympathetic and parasympathetic nervous system

activities, and their effects on the cardiovascular sector. Stock, and flow variables in

the central nervous system sector are given in Table 4.3.
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Table 4.2. Constants and initial values in cardiovascular sector.

Variable name Unit Value
HR adj time Day 3
normal compliance Dmnl 1
normal diastole resistance mmhg*min/ml | 0.0133
normal EDV ml/beat 120
normal ESV ml/beat 40
normal HR beat/min 75
normal SBP mmhg 120
normal systole resistance mmhg*min/ml 0.02
normal vascular function Dmnl 1
referance tone Dmnl 1
reference MAP mmhg 93.3
tone adj time Day 60
initial HR beat /min 75
initial normal tone Dmnl 1
initial vascular function Dmnl 1
EDV adjustment time Day 1
yearly vascular function deterioration | Dmnl/year 0.0035

The central nervous system plays a vital role in regulating blood pressure. This
mechanism is triggered by sensors that monitor blood pressure called baroreceptors.
Baroreceptors are located on blood vessels. When pressure increases, the arteries
stretch and stimulate the nerve fibers that connect to the central nervous system. The
activity of these nerve fibers is monitored and compared with a set point for arterial
pressure [83]. However, baroreceptors can become desensitized to chronic elevation in
pressure and reset to higher pressure [83]. Resetting reduces the firing rate at normal
levels of mean arterial pressure. Hence, to reach the previous firing rate, higher blood

pressure is required.
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Table 4.3. Stock and flow variables in the central nervous system sector.

Variable Type | Unit

baroreceptor activity change Bi-flow | burst/ms/Day

change in baroreceptor operating point | Bi-flow | mmhg/Day

Baroreceptor activity Stock | burst/ms

Baroreceptor operating point Stock | mmhg

The resetting can happen in an acute phase, such as exercise or chronic phase
hypertension, heart failure, and other disease states [100]. Baroreceptor operating point
for mean arterial pressure is modeled as a stock variable due to its intertia. The normal
arterial pressure for the baroreceptors has an initial set value called the operating point
that can change over time. The change of baroreceptor operating point over time can

be expressed as

Baroreceptor operating point(t) = (initial operating point) x (t — dt) (4.21)
4.21
+ (change in operating point) X dt.

The change in baroreceptor operating point is represented with a bi-flow as it can

increase or decrease over time through the same mechanism.

The gap between the mean arterial pressure and baroreceptor operating point
closes over time. This relationship between the change in baroreceptor operating point

and mean arterial pressure can be calculated as

, , , Mean Arterial Pressure
change in operating point =

operating point adj time

. . 4.22
Baroreceptor operating point ( )

operating point adj time

An increase in blood pressure increases the baroreceptor firing rate at a given mean

arterial pressure. Maximal sensitivity occurs near the normal mean arterial pressure.
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The stock-flow diagram of the central nervous system is shown in Figure 4.6.
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Figure 4.6. Stock flow diagram of the central nervous system sector.

Deviations from this operating point change the baroreceptor firing frequency and
result in the activation or deactivation of control systems [83]. The graphical function
for the effect of mean arterial pressure on baroreceptor activity is given in Figure 4.7.
The effect of mean arterial pressure is represented in a graphical function based on the
literature [101,102]. The graph in Figure 4.7 is drawn by normalizing the mean arterial

pressure to its reference value. This value can be calculated as

Mean Arterial Pressure)
Normal M AP ’

eff of MAP on baroreceptor = f( (4.23)

Baroreceptor activity is modeled as a stock variable with a bi-flow as it can increase

or decrease over time through the same mechanism.
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The baroreceptor activity change from its baseline value over time can be calcu-

lated as

Baroreceptor activity(t) = (initial baroreceptor activity) x (t — dt) (1.24)
4.24
+ (baroreceptor activity change) x dt.

The gap between the implied baroreceptor and base activity levels closes over time.

This process happens over an adjustment which can be expressed as

implied baroreceptor activit
baroreceptor activity change = (imp b y)

(baroreceptor activity adj time) (4.25)
(Baroreceptor activity) ’

(baroreceptor activity adj time)

The baroreceptor activity regulates implied parasympathetic system activity at a given

time.
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Figure 4.7. Graphical function for the effect of mean arterial pressure on baroreceptor

activity.

The implied parasympathetic at a given time depending on its normal value and the
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baroreceptor activity can be calculated as

implied PN S activity = (normal PNS activity)

(4.26)
x (ef f of baroreceptor on PNS).

The graphical function representing the effect of baroreceptor activity on parasym-

pathetic nervous system activity is given in Figure 4.8. The effect of baroreceptor ac-

tivity represented in the graphical function is based on expert opinions. The graph in

Figure 4.8 is drawn by normalizing baroreceptor activity to its reference value which

can be calculated as

eff of baroreceptor on PNS = f(

Baroreceptor activity

——). (4.27)
normal baroreceptor activity

With the activation of the parasympathetic control center, the vagus nerve is stim-

ulated to decrease the heart rate [83]. Studies showed that the heart rate decreased

progressively with increased intensity of parasympathetic system activation [103].
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Figure 4.8. Graphical function for the effect of baroreceptor activity on

parasympathetic nervous system activity.
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The graphical function for the effect of parasympathetic nervous system activity
on heart rate is given in Figure 4.9. The effect of nervous system activity on heart rate

is represented by findings in the literature [103,104].
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Figure 4.9. Graphical function for the effect of parasympathetic nervous system

activity on heart rate.

The graph in Figure 4.9 is drawn by normalizing baroreceptor activity to its reference

value which can be calculated as

implied PN S activity
normal PN S activity’

effof PNSon HR = f( (4.28)
Similarly to the parasympathetic system, baroreceptor activity regulates the implied
sympathetic system activity. The implied sympathetic at a given time depending on

its normal value and the baroreceptor activity can be calculated as

implied SN S activity = (normal SNS activity) (4.20)

x (ef f of baroreceptor on SNS).
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The graphical function for the effect of baroreceptor activity on sympathetic
nervous system activity is given in Figure 4.10. The effect of baroreceptor activity
represented in the graphical function is based on expert opinions. The graph in Figure
4.10 is drawn by normalizing baroreceptor activity to its reference value which can be

calculated as

Baroreceptor activity

eff of baroreceptor on SNS = f( (4.30)

normal baroreceptor activity’
At higher levels of blood pressure, the activity of the sympathetic control center is
inhibited. However, when blood pressure drops below a certain level, the sympathetic
nervous system acts to increase the heart rate. However, in certain types of hyper-
tension, the central nervous system becomes over-active and appears to seek a higher
blood pressure level [105]. Therefore, the activity of the sympathetic nervous system

is included in the model.
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Figure 4.10. Graphical function for the effect of baroreceptor activity on sympathetic

nervous system activity.

The sympathetic nervous system works opposite to the parasympathetic system. It
has a positive chronotropic effect on the heart, meaning that it can act to increase the

heart rate.
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The graphical function for the effect of sympathetic nervous system activity on
heart rate is given in Figure 4.11. The effect of nervous system activity on heart rate is
represented by findings in the literature [103,104]. The graph in Figure 4.11 is drawn

by normalizing baroreceptor activity to its reference value which can be calculated as

implied SN S activity

eff of SNSon HE = f(normal SNS activity

). (4.31)

Both parasympathetic and sympathetic systems stimulate SA and AV nodes in the
heart to regulate heart rate. Moreover, the sympathetic nervous system also has nerve
endings at the left ventricle of the heart; hence it also controls the contractility of the

heart [106].
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Figure 4.11. Graphical function for the effect of sympathetic nervous system activity

on heart rate.

The graphical function for the effect of sympathetic nervous system activity on con-
tractility is given in Figure 4.12. The graph in Figure 4.12 is drawn by normalizing

baroreceptor activity to its reference value which can be calculated as

implied SNS activity

eff of SNS on contractility = f(normal SNS activity

). (4.32)
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As a result of increased contractility, the heart’s ability to pump blood increases, more
blood is ejected at the end of systole, and end-systolic volume decreases, as given in
Equation (4.33). With decreased end-systolic volume, the hearth has more space for
blood carried from the body. As a result, cardiac output increases, leading to an
elevation in blood pressure.
) 1
End systolic volume = —————— X normal ESV. (4.33)
contractility

Sympathetic nervous system activity plays an important role in vasomotor function

and regulation of arterial tone.
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Figure 4.12. Graphical function for the effect of sympathetic nervous system activity

on contractility.

The graphical function for the effect of sympathetic nervous system activity on arterial
tone is given in Figure 4.13. Findings in the literature [107] represent the effect of
nervous system activity on heart rate. The graph in Figure 4.13 is drawn by normalizing

baroreceptor activity to its reference value which can be calculated as

implied SN S activity

cff of SNS on tone = f(normal SNS activity”

(4.34)
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At the beginning of the simulation the stock variables have initial values. Fur-

thermore some of the formulations use constant values. The constant and initial values

used in the central nervous system sector are given in Table 4.4.
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Figure 4.13. Graphical function for the effect of sympathetic nervous system activity

Table 4.4.

on arterial tone.

Constants and initial values in central nervous system sector.

Variable name Unit Value
normal contractility Dmnl 1
operating point adj time Day 3
baroreceptor activity adj time | Day 3
normal baroreceptor activity | burst/ms 1000
normal PNS activity Dmnl 1
normal SNS activity Dmnl 1
initial baroreceptor activity burst/ms 1000
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4.5. Renal Sector

This section examines blood pressure regulation mechanisms controlled by the
renal system. The renal sector of the model includes two control mechanisms: fluid
regulation and hormonal regulation. These two functions of the renal system are ex-

plained under two sub-sections.

4.5.1. Fluid Regulation

The fluid regulation structure of the model includes the mechanisms of glomerular
filtration, dynamics of total body water and salt, and other fluid volumes, including
extracellular and blood volumes. The stock-flow diagram of the renal sector responsible
for fluid regulation is given in Figure 4.14. Stock and flow variables in the renal sector

responsible for fluid regulation are shown in Table 4.5.

Table 4.5. Stock and flow variables in the renal sector for fluid regulation.

Variable Type Unit
Na intake Inflow | mEq/Day
water intake Inflow | L/Day

kidney function loss | Outflow | Dmnl/Day

Na removal Outflow | mEq/Day
water removal Outflow | L/Day
Kidney function Stock Dmnl
Total body salt Stock mkEq

Total body water Stock L

Physiologic changes associated with aging also affect the kidneys [108]. Longi-
tudinal studies show that renal function declines with age. In the model, the kidney
function is included as a stock variable. As the functional loss of the kidney is irre-

versible, there is only an outflow from the stock.
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The kidney function at a given time can be expressed as

Kidney function(t) = (initial kidney function) x (t — dt) (435)
.35

— (kidney function loss) x dt.

With aging, kidney function is lost at a certain rate. This average kidney function loss
is accelerated by elevated blood pressure. Systolic blood pressure was found to be the

highest risk factor for the decline in kidney function [108].
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Figure 4.14. Stock flow diagram of renal volume control.
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Kidney function loss at a given time can be expressed as

kidney function loss = (normal daily kidney function loss) ( )
4.36

x (ef f of SBP on kidney damage).

The graphical function for the effect of systolic blood pressure on kidney damage is
given in Figure 4.15. This function is formed based on the relationship identified in the
literature [109-111]. The graph in Figure 4.15 is drawn by normalizing systolic blood

pressure to its reference value which can be calculated as

Systolic Blood Pressure

eff of SBP on kidney damage = f( Normal SBP

). (4.37)

Glomerular filtration rate (GFR) is the milliliter of plasma that flows over one minute.

Also, GFR is the primary indicator of the kidney’s function.
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Figure 4.15. Graphical function for the effect of systolic blood pressure on kidney

damage.

The maximum level of glomerular filtration that can be achieved depends on the func-
tionality of the kidney. The graphical function for the effect of kidney function on GFR
is given in Figure 4.16. This function is formed based on the relationship identified in

the literature [68].
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Figure 4.16. Graphical function for the effect of kidney function on glomerular

filtration rate.

The main factor that controls GFR per unit of time is arterial pressure. With
higher blood pressure, more fluids are filtered in the kidney. Therefore, GFR at a given

time can be expressed as

Glomeruler filtrationrate = (normal GF R per min) (4.38)
.38

X (kidney function) x (eff of MAP on GFR).

The kidney has the ability to auto-regulate, which is a homeostatic mechanism to
protect the kidney from injury. Auto-regulation allows kidneys to maintain the GFR
over a wide range of renal perfusion pressures. Therefore, GFR is constant while mean
arterial pressure is in the range of 75mmHg and 165 mmHg [84]. The graphical function
for the effect of mean arterial pressure on GFR is given in Figure 4.17. The graph in
Figure 4.17 is drawn by normalizing mean arterial pressure to its reference value which

can be calculated as

Mean Arterial Pressu'r’e)
normal M AP i

eff of MAP on GFR = f( (4.39)

Urine output plays a vital role in hypertension regulation. Urine removal includes the

removal of two main components: sodium and water. The body’s sodium regulation
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plays a critical role in determining the amount of water removed from urine. There-
fore, first, the body salt regulation mechanism will be explained, and later the water
regulation will be discussed. Total body salt is modeled as a stock variable as it has
inertia. The total body salt can be adjusted with an inflow of sodium intake and an
outfow of sodium removal. The formulation for the total body salt at a given time can

be expressed as

Total body salt(t) = initial Na x (t — dt)
(4.40)
+ (Na intake — Na removal) X dt.

Daily sodium intake is regulated by two mechanisms: daily average consumption and
control mechanism of the body to increase the desire to consume higher salt. The

sodium intake cannot be subzero; therefore, a maximum function is used.
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Figure 4.17. Graphical function for the effect of mean arterial pressure on glomerular

filtration rate.

Based on the explained relationship the sodium intake can be formulated as

Na intake = M AX (desired Na + average daily Na intake). (4.41)
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Desired sodium is the amount the patient requires to keep the total body sodium levels
at an average level. This mechanism enables the body to remain balanced and recover

lost ions. This relationship is formulated as

desired Na = (Total body salt — normal TBW)/(Na adj time). (4.42)

The implied Na removal depends on the effects of GFR and sodium concentration in
the body. Depending on the normal Na removal and the effect of GFR the implied Na

removal can be expressed as

implied Na removal = (normal Na removal)
X (ef f of GFR on Na removal) (4.43)

x (ef f of concentration on Na removal).

With higher GFR, the sodium amount filtered in the kidney increases. This relationship

is linear which can be calculated as

Daily GFR
normal daily GFR

eff of GFR on Na removal = f( ). (4.44)

Also, the concentration of filtered sodium in the kidneys increases with higher sodium

concentration in the body. This relationship is linear which can be calculated as

Na concentration

eff of concentration on removal = f( ). (4.45)

normal Na concentration
Total body water is modeled as a stock variable as it has inertia. Total body water
can be adjusted with an inflow of water intake and an outflow of water removal. The

formulation for total body water at a given time can be expressed as

Total body water(t) = (initial TBW) x (t — dt) (4.46)
.46

+ (water intake — water removal) X dt.
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Daily water intake is regulated by the daily average water consumption of a person
which is Daily water intake is regulated by a person’s daily average water consumption,
which is assumed to be constant in the absence of osmolality’s effect. The body’s
control mechanism increases the desire to intake higher water to recover lost fluids. As
water intake cannot be subzero, a maximum function is used while formulating this

relationship as

Na intake = M AX (desired Na + average daily Na intake) (4.47)
4.47

X (ef f of osmality on water intake).

Desired water is the amount of water a patient requires to keep the total body water
levels at an average level. This mechanism allows the body to remain in homeostasis
and to recover lost water. The relationship between desired water and total body water

can be expressed as

desired water = (Total body water — normal TBW) /(water adj time).  (4.48)

Daily average water intake can be increased or decreased by osmolality, representing
the body’s overall sodium concentration. Average daily water intake depending on its

normal value and osmolality can be formulated as

average daily water intake = (normal daily water — intake) ( )
4.49

x (ef f of osmolality on water intake).

Higher osmolality stimulates the hypothalamus, increasing thirst feeling and the aver-

age daily water consumption.

The graphical function for the effect of osmolality on water intake is given in
Figure 4.18. This function is formed based on the relationship identified in the literature

81).
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Figure 4.18. Graphical function for the effect of osmolality on water intake.

The graph in Figure 4.18 is drawn by normalizing sodium concentration to its

reference value which can be calculated as

Na concentration

ef f of osmolality on water intake = f( ). (4.50)

normal Na concentration
As given in Equation (4.49), the implied water removal is regulated by Na removal and
urine sodium concentration. Higher sodium excretion causes the body to remove more
water with delay. The relationship between water removal and sodium concentration

can be expressed as

water removal = implied water removal =
(4.51)

_ DELAY1(Na removal, daily water removal adj. time)
B (urine Na concentration) '

The urine concentration plays a role in determining the amount of water removed from
the body. The urine concentration is regulated by the ADH hormone and GFR. With

higher GFR, the sodium amount filtered in the kidney increases, increasing the sodium
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concentration in the urine. The urine Na concentration can be calculated as

urine Na concentration = (urine normal concentration)
x (eff of ADH on urine Na concentration) (4.52)

x (ef f of GFR on Na concentration).

The graphical function for the effect of GFR on urine concentration is given in Figure

4.19. This function is formed based on the relationship identified in the literature [68].
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Figure 4.19. Graphical function for the effect of GFR on urine Na concentration.

The graph in Figure 4.19 is drawn by normalizing GFR to its reference value as which

can be calculated as

Daily GFR
normal Daily GFR

eff of GFR on urine Na concentration = f( ). (4.53)
Two-thirds of the total body water is intracellular, and one-third is extracellular fluids.
The fluids in the cardiovascular system are considered in this second compartment.
The graphical function for the effect of extracellular fluid volume on blood volume is
given in Figure 4.20. This function is formed based on the relationship identified in

the literature [30].
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Figure 4.20. Graphical function for the effect of extracellular fluid volume on blood

volume.

The graph in Figure 4.20 is drawn by normalizing extracellular fluid volume to its

reference value which can be calculated as

Extracellular fluid volume

eff of ECF on blood volume = f( ol BOF

). (4.54)

When extracellular increases, the blood volume increases. However, after a saturation
point, blood volume does not increase with an increase in extracellular volume and
causes edema. Furthermore, the conversion of extracellular fluids into blood volume is

delayed. The blood volume over time can be expressed as

blood volume = DELAY 1(normal blood volume (4.55)
.55
x ef f of ECF volume on blood vol.,blood vol. adjustment time).

End diastolic volume depends on venous return, the amount of blood carried to the
heart. It is a function of blood volume. The graphical function for the effect of blood
volume on end-diastolic volume is given in Figure 4.21. This function is formed based

on the relationship identified in the literature [30].



47

Input Output
0.7943 0.5592
0.9124 0.8346
1 1

1.096 1.188
1.185 1.35
1.242 1.435
1.303 1.484
1.365 1.541

Figure 4.21. Graphical function for the effect of blood volume on end diastolic

volume.

The graph in Figure 4.21 is drawn by normalizing extracellular fluid volume to its

reference value which can be calculated as

blood volume

eff of blood volume on EDV = f( (4.56)

normal blood volume’
An increase in blood volume increases end-diastolic volume increases. However, af-
ter a saturation point, the end-diastolic volume does not increase with blood volume

expansion. Yet, this increase is observed with a time delay which can be expressed as

End diastolic volume = DELAY 1(normal EDV (457)
4.57
x eff of blood volume on EDV, EDV adjustment time).

The difference in the volume before and after the contraction is pumped out of the
heart into the arteries. End diastolic volume is the amount of blood filled in the
heart before the contraction. As more blood is delivered to the heart, cardiac output
increases, elevating the blood pressure. Furthermore some of the formulations use
constant values. The constant and initial values used in the renal sector responsible

for fluid regulation are given in Table 4.6.



Table 4.6. Constant variables for renal sector fluid regulation.

Variable name Unit Value
blood volume adjustment time Day 3
daily filtration conversion (ml*Day)/(min*L) | 0.694
daily water removal adjustment time | Day 1
ECF volume ratio Dmnl 0.333
Na adj time Day 3
normal blood volume L )
normal daily fitration L/Day 180
normal daily GFR L/Day 180
normal daily water intake L/Day 2
normal ECF volume L 14
normal GFR per min ml/min 125
normal Na mEq 2160
normal Na concentration mEq/L 154
normal Na removal mEq/Day 180
normal TBW L 42
urine normal concentration mEq/L 90
water adj time Day 3
yearly kidney function loss Dmnl/year 0.008
initial kidney function Dmnl 1
initial Na mEq 2160
initial TBW L 42

48
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4.5.2. Hormonal Regulation

The hormonal regulation structure of the model includes the dynamics of renin,
angiotensin II, aldosterone, and antidiuretic hormones and their effects on fluid regu-

lation as well as the total cardiovascular sector.

The stock-flow diagram of the renal sector responsible for hormonal regulation is
given in Figure 4.22. The stock and flow variables in the renal system sector responsible

for hormonal regulation are given in Table 4.7.
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Figure 4.22. Stock flow diagram of the renal hormonal control.



20

The first response of kidneys to blood pressure change was observed as a change
in the glomerular filtration rate. Another regulation mechanism is the change in renin
production in the juxtaglomerular cells through renal sympathetic nervous system ac-
tivity (RSNS) stimulation. Like the baroreceptors, a blood pressure increase in the
kidney arteries stimulates the nerve fibers that connect to RSNS. The activity of these
nerve fibers is monitored and compared with the operating point for the corresponding

arterial pressure which can be expressed as

M Arterial P
implied RSN S activity = ean Arieriat I-ressure

RSNS operating point (4.58)
X (normal RSNS activity).

However, RSNS can become desensitized to chronic elevation in pressure and reset to
higher pressure [112], similar to the central nervous system behavior. This resetting
reduces the RSNS activity at normal levels of mean arterial pressure. Therefore, to

reach the previous response, higher blood pressure levels are required.

Table 4.7. Stock and flow variables in the renal sector for hormonal regulation.

Variable Type | Unit

change in ADH Bi-flow | pg/ml/Day
change in aldosterone Bi-flow | ng/ml/Day
change in AT2 Bi-flow | pg/(ml*Day)
change in RSNS operating point | Bi-flow | mmhg/Day
renin change Bi-flow | pg/ml/hr/Day
Aldosterone Stock | ng/ml
Angiotensin 2 concentration Stock | pg/ml

Anti Diuretic Hormon Stock | pg/ml

Renin activity Stock | pg/ml/hr

RSNS operating point Stock | mmhg
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RSNS operating point is modeled as a stock variable with a bi-flow. The normal
arterial pressure where the RSNS responds has an initial set value that can change over

time. The RSNS operating point at a given time can be expressed as

RSN S operating point(t) = (initial normal M AP) x (t — dt) (450)

+ (change in RSN S operating point).

The mean arterial pressure and operating point gap close over time. This relationship

on RSNS operating point can be expressed as

Mean Arterial Pressure

normal M AP adjtime
Normal M AP

"~ normal MAP adj time’

change in RSN S operating point =
(4.60)

The RSNS activity regulates the implied renin activity at a given time. Therefore,

implied renin at a given time is formulated as

implied renin activity = normal renin activity X ef f of RSNS on renin. (4.61)

The graphical function for the effect of RSNS on renin activity is given in Figure 4.23.
Findings in the literature represent the effect of the RSNS on renin activity [43,68].

The graph in Figure 4.23 is drawn by normalizing mean arterial pressure to its

reference value which can be calculated as

impled RSN S activity

eff of RSNS on renin = f(normal RSNS activity’

(4.62)

Renin activity is modeled as a stock variable as it has inertia. The stock can be adjusted

via a bi-flow as renin activity can increase or decrease through a similar mechanisms.
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Figure 4.23. Graphical function for the effect of RSNS on renin activity.

The change in renin activity over time can be expressed as

Renin activity(t) = initial renin activity x (t — dt) + (renin change) x dt. (4.63)

The gap between the implied and actual renin activity closes over time. The change

in renin activity happens over an adjustment time which can be expressed as

implied renin activity — Renin activity

renin change = (4.64)

renin adj time

The graphical function for the effect of renin activity on angiotensin II is given in

Figure 4.24.

The graph in Figure 4.24 is drawn by normalizing renin activity to its reference

value which can be calculated as

J tivit
eff of renin on AT2 = f( Renin activity

). (4.65)

normal renmin activity



23

Input Output

0 0.4825
0.3503 0.4895
0.5214 0.5385
0.6477 0.6084
0.7617 0.6853
0.8554 0.7552
0.945 0.8881

1 1

Figure 4.24. Graphical function for the effect of renin activity on angiotensin II.

Implied angiotensin II concentration at a given time is regulated by the renin activity.

Therefore, implied angiotensin II concentration at a given time can be expressed as
implied AT2 = normal AT2 x ef f of renin on AT?2. (4.66)

Angiotensin II concentration is modeled as a stock variable as its concentraion in the
body has inertia. The concentration can be adjusted with a bi-flow that can increase

or decrease the concentration. This relationship can be expressed as

Angiotensin 2 concentration(t) = (initial AT2) x (t — dt) + (change in AT?2) x dt.
(4.67)
The gap between the implied angiotensin II concentration and actual angiotensin II

closes over time. This relationship can be expressed as

(tmplied AT2 — Angiotensin 2 concentration)

h n AT2 =
change in AT?2 adj time

(4.68)

The graphical function for the effect of Angiotensin II concentration on aldosterone is

given in Figure 4.25.
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Figure 4.25. Graphical function for the effect of angiotensin II concentration on

aldosterone.

The graph in Figure 4.25 is drawn by normalizing angiotensin II concentration

to its reference value which can be calculated as

Angiotensin 2 concentration
normal AT?2

eff of AT2 on aldosterone = f( ). (4.69)
Implied aldosterone concentration at a given time is regulated by the angiotensin II con-
centration. Therefore, the implied aldosterone depending on the effect of angiotensin

IT can be calculated as

implied aldosterone = normal aldosterone x ef f of AT2 on aldosterone. (4.70)
Aldosterone concentration is modeled as a stock variable as its concentration in the
body has inertia. The aldosterone concentration can be increased or decreased over
time through a bi-flow. The relationship between aldosterone concentration and its

change over time can be expressed as

Aldosterone(t) = (initial aldosterone) x (t—dt)+(change in aldosterone) xdt. (4.71)
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The gap between the implied aldosterone and actual aldosterone concentration

closes. This process happens over an adjustment time which can be expressed as

, (implied aldosterone — Aldosterone)
change in aldosterone =

4.72
(aldosterone adj time) (4.72)

The graphical function for the effect of angiotensin II concentration on the an-

tidiuretic hormone is given in Figure 4.26.
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Figure 4.26. Graphical function for the effect of angiotensin I concentration on anti

diuretic hormon.

The graph in Figure 4.26 is drawn by normalizing angiotensin II concentration

to its reference value can be calculated as

Angiotensin 2 concentmtion)
normal AT?2 '

effof AT2 on ADH = f( (4.73)

The angiotensin II concentration regulates implied antidiuretic hormone concentration

at a given time.
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The implied antidiuretic hormone at a given time is formulated as

implied ADH = (normal ADH) x (eff of AT2 on ADH). (4.74)

Antidiuretic hormone concentration is modeled as a stock variable as its concentration
in the body has inertia. ADH concentration can be increased or decreased over time

through a bi-flow which can be expressed as

Anti Diuretic Hormon(t) = (initial ADH) x (t —dt)+ (change in ADH) x dt. (4.75)

The gap between the implied antidiuretic hormone and actual antidiuretic hormone
concentration closes over time. This process happens over an adjustment time which

can be expressed as

(tmplied ADH — Anti Diuretic Hormon)
ADH adj time

change in ADH = : (4.76)

The graphical function for the effect of angiotensin II concentration on arterial tone is

given in Figure 4.27.
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Figure 4.27. Graphical function for the effect of angiotensin II concentration on

arterial tone.
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The graph in Figure 4.27 is drawn by normalizing angiotensin II concentration

to its reference value which can be calculated as

eff of AT2 on arterial tone = f(

Angiotensin 2 concentration

normal AT?2

)

(4.77)

The graphical function for the effect of the antidiuretic hormone on arterial tone is

given in Figure 4.28.
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Figure 4.28. Graphical function for the effect of anti diuretic hormone on arterial

tone.

The graph in Figure 4.28 is drawn by normalizing antidiuretic hormone concen-

tration to its reference value which can be calculated as

eff of ADH on arterial tone = f(

Anti Diuretic Hormon

normal AADH

)

(4.78)

At the beginning of the simulation the stock variables have initial values. Furthermore

some of the formulations use constant values. The constants and initial values used in

the renal system sector responsible for hormonal regulation are given in Table 4.8.
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4.6. Treatment Sector

The treatment sector of the model includes the dynamics of drug dosing, their

plasma concentration, and their effects on the body. The stock-flow diagram of the

cardiovascular sector is shown in Figure 4.29. Stock and flow variables in the treatment

sector are given in Table 4.9.
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Figure 4.29. Stock flow diagram of the treatment sector.

There are six classes of hypertensive drugs: diuretics, angiotensin-converting en-
zyme inhibitors (ACE-I), angiotensin II-AT 1 receptor blockers (ARB), beta-blockers,
and calcium channel blockers (CCB). This study includes the dynamics of three drugs

commonly prescribed in hypertension treatment: amlodipine, telmisartan, and chlorthali-
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done. These drugs were chosen as their mechanism of action is different from each other.
Furthermore, in clinical practice, they are used as combination treatment options to
complement each other. Based on the interview with clinical experts, these drugs were

found to be suitable for the purpose of the study.

Table 4.8. Constant variables for renal sector hormonal regulation.

Variable name Unit Value
ADH adj time Day 3
Aldosterone adj time Day 3
AT2 adj time Day 3
normal ADH pg/ml 5
normal aldosterone ng/ml 250
normal AT?2 pg/ml 250
normal renin activity pg/ml/hr 5.5
normal RSNS activity Dmnl 1
RAAS operating point adj time | Day 3
renin adj time Day 3
initial ADH pg/ml 5
initial aldosterone ng/ml 250
initial AT2 pg/ml 250
initial renin activity pg/ml/hr 5.5

Amlodipine is a calcium channel blocker that helps lower blood pressure by de-
creasing heart rate, contractility, and vasodilating blood vessels. Telmisartan is an
Angiotensin II receptor blocker that inhibits this hypertensive enzyme from binding to
the receptors. Chlorthalidone is a diuretic that increases sodium removal and excess

body water with urination.

Amlodipine concentration in plasma is modeled as a stock variable as it has

inertia. The drug concentration can change with an inflow of dosing and an outflow
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removal. The plasma concentration for amlodipine can be calculated as

Amlodipine concentration in plasma(t) = initial amlodipine concentration ( )
4.79

X (t — dt) 4+ (amlodipine dosing — amlodipine removal) X dt.

Telmisartan concentration in plasma is modeled as a stock variable as it has inertia.

The drug concentration can change with an inflow of dosing and an outflow removal.

Table 4.9. Stock and flow variables in the treatment sector.

Variable Type Unit

change in average amlodipine Bi-flow | (ng/ml)/Day
change in average chlorthalidone Bi-flow | (ng/ml)/Day
change in average telmisartan Bi-flow | (ng/ml)/Day
amlodipine dosing Inflow | (ng/ml)/Day
chlorthalidone dosing Inflow | (ng/ml)/Day
telmisartan dosing Inflow | (ng/ml)/Day
amlodipine removal Outflow | (ng/ml)/Day
cholorthalidone removal Outflow | (ng/ml)/Day
telmisartan removal Outflow | (ng/ml)/Day
Amlodipine concentration in plasma Stock ng/ml
Average free amlodipine in plasma Stock ng/ml
Average free chlorthalidone in plasma | Stock ng/ml
Average free telmisartan in plasma Stock ng/ml
Chlorthalidone concentration in plasma | Stock ng/ml
Telmisartan concentration in plasma Stock ng/ml

The plasma concentration for telmisartan can be calculated as

Telmisartan concentration in plasma(t) = init. telmisartan concentration ( )
4.80

X (t — dt) + (telmisartan dosing — telmisartan removal) X dt.
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Chlorthalidone concentration in plasma is modeled as a stock variable as it has inertia.

The drug concentration can change with an inflow of dosing and an outflow

removal. The plasma concentration for chlorthalidone can be calculated as

Chlorthalidone concentration in plasma(t) = chlorthalidone concentration (4.81)
4.81

X (t — dt) + (chlorthalidone dosing — chlorthalidone removal) X dt.

When a new amlodipine dose is taken daily, the concentration can change from its base
value over time by its inflow. The amlodipine dosing changes over an adjustment time

which can be expressed as

implied amlodipine concentration

amlodipine dosing = (4.82)

amlodipine adj time

When a new telmisartan dose is taken daily, the concentration can change from its
base value over time by its inflow. The telmisartan dosing changes over an adjustment

time which can be expressed as

implied telmisartan concentration

telmisartan dosing = (4.83)

telmisartan adj time

When a new chlorthalidone dose is taken daily, the concentration can change from
its base value over time by its inflow. The chlorthalidone dosing changes over an

adjustment time which can be expressed as

implied chlorthalidone concentration

chlorthalidone dosing = (4.84)

chlorthalidone adj time
After the drug is taken, its concentration in the body can change over time by its
outflow. The drugs modeled in this study follow first-order kinetics [113-115] meaning
that a constant proportion of the drug is eliminated per unit of time. In drugs with

zero order kinetics, the amount of drug eliminated per unit of time is constant.



62

The amount of amlodipine removed over time depends on its concentration in the

body and fractional amlodipine removal rate.

The first-order kinetics of amlodipine removal can be expressed as

amlodipine removal = (Amlodipine concentration in plasma) ( )
4.85

X (amlodipine removal rate).

The amount of telmisartan removed over time depends on its concentration in the body

and fractional telmisartan removal rate.

The first-order kinetics of telmisartan removal can be expressed as

telmisartan removal = (Telmisartan concentration in plasma) (4.86)
4.86

X (telmisartan removal rate).

The amount of chlorthalidone removed over time depends on its concentration in the

body and fractional chlorthalidone removal rate.

The first-order kinetics of chlorthalidone removal can be expressed as

chlorthalidone removal = (Chlorthalidone concentration in plasma) (4.87)
8

X (chlorthalidone removal rate).

Based on the dose of amlodipine the concentration implied in the body changes. The
implied amlodipine concentration at a given time is calculated by multiplying its con-
centration at standard dosing to the effect of dosing on concentration. Implied con-

centrations of amlodipine, can be calculated as

implied amlodipine concentration = (amlodipine concentration at std.dose) ( )
4.88

x (ef f of amlodipine dose on concentration).
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Based on the dose of amlodipine the concentration implied in the body changes.

The implied amlodipine concentration at a given time is calculated by multiplying
its concentration at standard dosing to the effect of dosing on concentration. Implied

concentrations of amlodipine, can be calculated as

implied telmisartan concentration = (telmisartan concentration (4.89)
4.89

at std.dose) x (ef f of telmisartan dose on concentration).

Based on the dose of amlodipine the concentration implied in the body changes. The
implied amlodipine concentration at a given time is calculated by multiplying its con-
centration at standard dosing to the effect of dosing on concentration. Implied con-

centrations of amlodipine, can be calculated as

implied chlorthalidone concentration = (chlorthalidone concentration (4.90)
4.90

at std.dose) x (ef f of chlorthalidone dose on concentration).

Due to the drug’s bioavailability property, the amount of drug taken does not have
a linear relationship with the concentration of free drug in the body. The bioavail-
ability, the amount that enters into circulation when the drug is introduced to the
body, depends on the drug’s characteristics and the route of administration. If the
concentration of the drug is low, it can be cleared by the liver before it can enter

circulation.

Furthermore, drugs have different plasma binding properties, and not all drug
dose is free to bind target receptors. Therefore, increasing the drug dose after a certain
point does not increase the free drug concentration, and the drug effectiveness remains
constant. The drug doses are formulated with nonlinear graphical functions using fuzzy
max and fuzzy min, as given in the Figure 4.30 to represent the free drug concentration

in the plasma.
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The effect graph of amlodipine is drawn by normalizing the drug dose taken daily
to its reference value. The effect of amlodipine concentration based on the normalized

doses can be calculated as

amlodipine daily dose

eff of amolodipine dose on concentration = f( ). (4.91)

std. amlodipine dose

The effect graph of telmisartan is drawn by normalizing the drug dose taken daily to
its reference value. The effect of telmisartan concentration based on the normalized

doses can be calculated as

telmisartan daily dose

eff of telmisartan dose on concentration = f( (4.92)

std. telmisartan dose

The effect graph of chlorthalidone is drawn by normalizing the drug dose taken daily

to its reference value.

The effect of chlorthalidone concentration based on the normalized doses can be

calculated as

chlorthalidone daily dose
std. chlorthalidone dose

eff of chlorthalidone dose on concentration = f( ).
(4.93)
Average free concentration of the amlodipine in plasma is modeled as a stock variable
due to the inertia of drug concentration in the body. The average free amlodipine
concentration has a bi-flow as the concentration can increase or decrease through similar

mechanism. The average free concentration of amlodipine concentration based on its

flow can be calculated as

Avg. free amlodipine in plasma(t) = (amlodipine concentration) (4.04)
4.94

X (t — dt) 4+ (change in avg. amlodipine) x dt.
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Figure 4.30. Graphical function for the effect of drug doses on concentration.
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Average free concentration of the telmisartan in plasma is modeled as a stock
variable due to the inertia of drug concentration in the body. The average free telmis-
artan concentration has a bi-flow as the concentration can increase or decrease through
similar mechanism. The average free concentration of telmisartan concentration based

on its flow can be calculated as

Avg. free telmisartan in plasma(t) = (telmisartan concentration) (4.95)
4.95

X (t — dt) + (change in avg. telmisartan) x dt.

Average free concentration of the chlorthalidone in plasma is modeled as a stock vari-
able due to the inertia of drug concentration in the body. The average free chlorthali-
done concentration has a bi-flow as the concentration can increase or decrease through
similar mechanism. The average free concentration of chlorthalidone concentration

based on its flow can be calculated as

Avg. free chlorthalidone in plasma(t) = (chlorthalidone concentration) (4.96)
4.96

X (t — dt) + (change in avg. chlorthalidone) x dt.

When a new amlodipine dose has been taken every day the amlodipine average daily
concentration can change over time by a biflow. This change occurs over an adjustment

time which can be expressed

change in avg. amlodipine = [(Amlodipine concentration in plasma) (4.97)
4.97

— (Avg. free amlodipine in plasma)|/avg. amlodipine adj time.

When a new telmisartan dose has been taken every day the telmisartan average daily
concentration can change over time by a biflow. This change occurs over an adjustment

time which can be expressed

change in avg. telmisartan = [(Telmisartan concentration in plasma) ( )
4.98

— (Avg. free telmisartan in plasma)]/avg. telmisartan adj time.



67

When a new chlorthalidone dose has been taken every day the chlorthalidone average
daily concentration can change over time by a biflow. This change occurs over an

adjustment time which can be expressed

change in avg. chlorthalidone = [(Chlorthalidone concentration in plasma) (4.99)

— (Awg. free chlorthalidone in plasma)|/avg chlorthalidone adj time.

The Graphical functions for the effect functions of amlodipine is given in Figure (4.31).

The graph is drawn based on normalized dose of amlodipine.

To represent the effects of amlodipine on arterial tone, first, the average weekly
free amlodipine concentration was normalized by its standard dose value. The effects

of amlodipine at normalized doses to arterial tone can be expressed as

amlodipine weekly average dose

eff of amolodipine on arterial tone = .
J]of ® f<std. free amlodipine at std. dose)
(4.100)
To represent the effects of amlodipine on contractility, first, the average weekly free
amlodipine concentration was normalized by its standard dose value. The effects of

amlodipine at normalized doses to contractility can be expressed as

amlodipine weekly average dose

ef f of amolodipine on contractility = f(std Free amlodipine at std dose>'

(4.101)
To represent the effects of amlodipine on hearth rate, first, the average weekly free
amlodipine concentration was normalized by its standard dose value. The effects of

amlodipine at normalized doses to hearth rate can be expressed as

amlodipine weekly average dose

eff of amolodipine on heart rate = f( ). (4.102)

std. free amlodipine at std. dose

Based on these effect functions of amlodipine in Figure 4.31, it amplodipine effects

radius of blood vessels.
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Graph Lookup - eff of amlodipine on arterial tone

Graph Lookup - eff of amlodipine on contractility
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Figure 4.31. Graphical function for the effect of amplodipine on the related structures.
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The implied value of radius based on the effect of amplodipine and other factors

can be calculated as

Implied radius = (Normal arterial tone)

X (eff of SNS on arterial tone)

(
x (ef f of AT2 on arterial tone) (4.103)
X (eff of ADH on arterial tone)

(

X (ef f of amolodipine on arterial tone).

Based on these effect functions of amlodipine in Figure 4.31, it amplodipine effects

hearth rate.

Therefore the implied hearth rate based on the effect of amplodipine and other

factors can be calculated as

Implied heart rate = (normal heart rate)
eff of SNS on heart rate)

x (4.104)
X (eff of PNS on heart rate)
(

x (ef f of amolodipine on heart rate).

Based on these effect functions of amlodipine in Figure 4.31, it amplodipine effects

contractility.

Therefore the implied contractility based on the effect of amplodipine and other

factors can be calculated as

Contractility = (normal contractility)

x (eff of SNS on contractility) (4.105)

x (eff of PNS on contractility)

X (eff of amolodipine on contractility).
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To represent the effects of telmisartan on Angiotensin II, first, the average weekly

free drug concentration was normalized by its standard dose value can be calculated as

telmisart kl .d
ef f of telmisartan on AT2 = f( elmisartan weekly avy. aose

4.106
std. free telmisartan at std. dose) ( )

The graphical function for this effect relationship is given in Figure (4.32).
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Figure 4.32. Graphical function for the effect of telmisartan on AT2.

Based on these effect functions of telmisartan in Figure 4.32 the implied Angiotensin

IT values is calculated as

Implied AT2 = (normal AT2) x (ef f of telmisartan on AT2). (4.107)

To represent the the effects of the chlorthalidone on sodium removal first the average

weekly free drug concentration was normalized by its standard dose value as

ef [ of chlorthalidone on Na removal = f( amlodipine weekly avg. dose

std. free amlodipine at std. dose)'
(4.108)
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Graphical function for this effect function is given in Figure 4.33. Based on these

effect functions of telmisartan in Figure 4.33, the implied Angiotensin II values are

calculated as

Implied Na removal = (normal N A removal)
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Figure 4.33. Graphical function for the effect of chlorthalidone on Na removal.

After patients start on a hypertensive treatment, they receive their medication daily,

every day. Each drug takes its own time to reach its peak concentration, and then it is

removed from the body. For drugs with extended clearance longer than one day, time

average plasma concentration increases with each drug intake.

Parameters for the drug doses are adjusted to replicate the behavior observed

in the pharmacodynamic studies. Simulated amlodipine plasma concentrations and

pharmacokinetics in the literature are compared.
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Figure 4.34 presents the dynamics of the amlodipine concentration when it is

administered once compared with the data in literature [116].

Amlodipine concentration in plasma Concentration

0 2 4 6 8
Time (Day) Time (Day)

Figure 4.34. Amlodipine plasma concentration in model run, compared to the data

in literature (reproduced from [116]).

Whereas, Figure 4.35 presents the dynamics of the amlodipine concentration when

it is administered daily compared with the data in literature [117].

Amlodipine concentration in plasma Plasma concentration of amlodipine (ng/mL)
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Figure 4.35. Amlodipine long term plasma concentration in model run, compared to

the data in literature (reproduced from [117]).



73

Simulated telmisartan plasma concentrations and pharmacokinetics in the liter-

ature [118] are compared in Figure 4.36.

Telmisartan concentration in plasma Plasma concentration of Telmisartan (ng/mL)
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Figure 4.36. Telmisartan plasma concentration in model run, compared to the data

in literature (reproduced from [118]).

Simulated chlorthalidone plasma concentrations and pharmacokinetics in the litera-
ture [119] are compared in Figure 4.37. As both telmisartan and chlorthalidone clear

from the body in less than a day daily concentration of these drugs show the same

dynamics every day.
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Figure 4.37. Chlorthalidone plasma concentration in model run, compared to the

data in literature (reproduced from [119]).
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At the beginning of the simulation the stock variables have initial values. Fur-
thermore some of the formulations use constant values. The constant and initial values

used in the treatment sector are given in Table 4.10.

Table 4.10. Constant variables for treatment sector.

Variable name Unit | Value
amlodipine adj time Day 2
amlodipine concentration at standard dose ng/ml 30
amlodipine removal rate Day 2
average amlodipine adj time Day 7
average chlorthalidone adj time Day 7
average free amlodipine at standard dose ng/ml 25
average free chlorthalidone at standard dose | ng/ml 0.8
average free telmisartan at standard dose ng/ml 200
average telmisartan adj time Day 3
chlorthalidone adj time Day 7
chlorthalidone concentration at standard dose | ng/ml S
chlorthalidone removal rate Day 10
standard amlodipine dosing mg )
standard chlorthalidone dosing mg 7
standard telmisartan dosing mg 40
telmisartan adj time Day 3
telmisartan concentration at standard dose ng/ml 800
telmisartan removal rate Day 1.2
time to take weekly avg dose Day 7
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5. MODEL BEHAVIOR AND VALIDATION

In order to build confidence in the structure of the model, the model behavior
is evaluated under extreme conditions [86]. To assess the structure of the model,
the following extreme condition tests are conducted: removing aging factors, water
loading, sodium loading, hemorrhagic shock, and acute kidney damage. After building
confidence in the structural validity of the model, its behavioral validity is tested by

comparing it with studies that reflect real-life dynamics.

5.1. Removing Ageing Factors

Under normal circumstances, the human body maintains homeostasis. Therefore,
the model is expected to stay in equilibrium when the aging factors are removed and

without any disturbances.

To verify this, the model is run by parameter values for a healthy individual and
neutralizing the effects of aging as the first step in validation. Hence, the equilibrium
run assumes that physiological mechanisms such as kidney and vascular function do

not deteriorate over time.

The expected outcome for parameters is to stay constant. Model runs show that

parameters remain in healthy equilibrium levels, as seen in Figure 5.1.

When the vascular function is preserved, the resistance does not increase over
time, and when kidney function is stable, the total body water is maintained. The
sympathetic nervous system is not triggered with stable blood pressure, and the resting
heart rate remains in equilibrium. This demonstrates that without the aging and

exogenous factors, all other feedback loops balance each other in equilibrium.
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Figure 5.1. Removing ageing factors and equilibrium.

5.2. Water Loading

This test evaluates the effect of increasing total body water to an extreme level by
adjusting water intake to ten times the average for one day. Consequently, total body
water, extracellular fluid, and blood volume increase, and cardiac output increases
with more blood delivered to the heart. As a result of this test, an elevation in blood
pressure is expected. This behavior was tested with animal trials and then modeled
by calibrating to humans by Guyton et al. [84]. Therefore, projections of this study in
Figure 5.2 can be compared to findings in the literature [84] given in Figure 5.3. The
increase in blood pressure triggers baroreceptors, and the sympathetic nervous system
is deactivated. As a result, the arterial tone is increased. However, baroreceptors adjust
to higher blood pressure levels due to resetting after a certain point. This causes the
sympathetic nervous system to become active despite elevated blood pressure. Hence,
the total peripheral resistance starts to increase after the initial drop. For this reason,
despite the fluid levels turning back to the initial point, the blood pressure remains
elevated for a longer time. In conclusion, the simulation runs align with the expected

dynamic behavior for the volume loading test.
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Figure 5.2. Volume loading run and blood pressure dynamics.
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5.3. Sodium Loading

This test evaluates the effect of increasing sodium intake to ten times of average
daily sodium intake for one day. A high sodium load increases total body salt and os-
molality. The expected behavior of this extreme condition test is observing an increase

in body volume and blood pressure.

The increased sodium concentration causes water to be retained in the body
through the following mechanisms. With the higher osmolality, the antidiuretic hor-
mone secretion increases, causing urine concentration to be higher in salt. Thus, water
is reabsorbed and retained in the body, which can be observed as the water removal

initially decreases over time.

Higher osmolality also causes thirst and increases the water intake to balance
sodium concentration in the body. Therefore, total body water increases, followed by
an increase in extracellular fluid volume, blood volume, and cardiac output. These

relationships are given in Figure 5.4.
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Figure 5.4. Sodium loading and body fluid dynamics.
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An increase in blood pressure inhibits central nervous system activities and ac-
tivates parasympathetic. However, with time the operating point of baroreceptors
increases and adjusts to the higher-pressure levels. Therefore, even though the blood

pressure is reduced, it remains slightly elevated compared to the initial pressure shown

in Figure 5.5.
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In the Figure 5.5 and, Figure 5.4, it can be seen that even though it takes a
long time for fluid levels to return to normal, the blood pressure is regulated quickly
as the sympathetic nervous system acts faster than hormonal regulatory mechanisms
responsible for fluid regulation. Consequently, total body water, extracellular fluid,
and blood volume increase, and cardiac output increases with more blood delivered to

the heart similar to water load experiment [84].

Increased blood pressure also inhibits renal sympathetic nervous system activity
and renin activity. With a decrease in renin production concentration, angiotensin
IT in the blood decreases. Angiotensin II is a vasoconstrictor, and with a lower con-
centration, the arterial smooth muscles relax and reduce peripheral resistance. The
antidiuretic hormone is regulated by osmolality and renin. Therefore, antidiuretic hor-
mone production increases initially and decreases later as osmolality acts faster than

the hormonal control mechanism.

Furthermore, decreased angiotensin II reduces the release of the aldosterone hor-
mone. With declined aldosterone concentration, epithelial cells of the kidneys are not
stimulated, reducing the reabsorption of salt and water. The behavior of these feedback
loops that represent the compensation mechanisms of the kidney hormones is given in

Figure 5.6.

However, the operating point of baroreceptors increases and adjusts to the higher-
pressure levels. Therefore, even though the blood pressure is reduced, it remains slightly

elevated compared to the initial pressure.

Later, these findings were compared with animal experiments [120]. Literature
shows that with an increased sodium diet, the blood pressure increases, and after
the high sodium diet is stopped, blood pressure decreases. It can be concluded that
simulation runs align with the expected dynamic behavior for the high sodium diet
test. In conclusion, the simulation runs align with the expected dynamic behavior for

the sodium loading test.



mmhg

pg/mi

pg/mi

RSNS operating point

98
%
94
92
80

0 5 10 15 20

Time (Day)
Angiotensin 2 concentration
280
260
» v/

220
200

0 5 10 15 20

Time (Day)
Anti Diuretic Hormon

8
6
4
2

0 5 10 15 20

Time (Day)

82

Renin activity
6
£
% 85
5
0 5 10 15 20
Time (Day)
eff of AT2 on arterial tone
14
1.2
E Y R e RN
E 1
0.8
06
0 5 10 15 20
Time (Day)
Aldestron
280
_ 260
g, —
240
220
0 5 10 15 20
Time (Day)

Figure 5.6. RSNS activity after Na load and hormonal control mechanisms.



83

5.4. Hemorrhagic Shock

This extreme condition test is opposite to the volume loading as hemorrhage or
bleeding decreases the cardiac output and blood pressure. The expected outcome of
this test is for mean arterial pressure to drop suddenly. As given in Figure 5.7 , the

model was able to capture this behavior.
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Figure 5.7. Blood loss and sudden drop in blood pressure.

The Figure 5.7 shows that blood volume takes a long time to recover as it is regulated
by fluid intake, and adjustment is slower. However, an average blood pressure level is
achieved before blood volume can recover. In this case, blood pressure regulation is

achieved by the activation of other control mechanisms.

Renin produced in the kidneys gets transformed into angiotensin II. angiotensin II
is a potent vasoconstrictor that acts on arterial muscles, increases peripheral resistance,
and elevates blood pressure. Angiotensin II also triggers the release of the aldosterone
hormone. Aldosterone stimulates the epithelial cells of the kidneys to increase the

reabsorption of salt and water.

When blood pressure drops, the central nervous system responds, and the sym-
pathetic nervous system is activated. This increases heart rate and contractility of

the heart. As a result, cardiac output is increased. Furthermore, activation of the
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sympathetic nervous system stimulates blood vessels to constrict. With vasoconstric-
tion, total peripheral resistance increases and boosts blood pressure. This process is

demonstrated in Figure 5.8.
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Figure 5.8. Bloos loss compensation mechanisms.

Later, these findings were compared with animal experiments [121]. Literature shows
that after a hemorrhagic shock, the heart rate increases, and the blood pressure re-
covers to its normal values. It can be concluded that simulation runs align with the

expected dynamic behavior for the hemorrhagic shock test.

5.5. Acute Kidney Damage

This extreme condition test evaluates the effect of acute kidney damage and
70% kidney function loss in one day. As a result of kidney damage, the glomerular
filtration rate and the amount of sodium that can be filtered out of the body decrease.
Sodium filtration is slightly increased through control mechanisms; however, this effect
is weaker than kidney damage. Therefore, total body salt would accumulate if the
patient does not change their sodium intake. The increased total body salt causes
water to be retained to regulate sodium concentration in the body. Total body water
increases when sodium concentration increases and water removal decreases. As given

in Figure 5.9, the model was able to capture this behavior.
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Figure 5.9. Effects of acute kidney damage on water regulation systems.
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Consequently, extracellular fluid and blood volume increase, and cardiac output
increases as more blood is delivered to the heart. Therefore, as a result of this test, el-
evation in blood pressure is expected to increase. Even though the total body increase
rises over time, the blood volume and stroke volume saturate after a certain value.
Excess total water causes edema in the body. This relationship can be seen in Figure

5.10.
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Figure 5.10. Fluid dynamics and blood pressure after kidney damage.

An increase in blood pressure also inhibits renal sympathetic nervous system activity
and renin activity with a decreased renin production concentration of angiotensin II in
the blood decreases. The arterial smooth muscles relax with a drop in angiotensin II,
and peripheral resistance decreases. Furthermore, decreased angiotensin II reduces the
release of the aldosterone hormone. With declined aldosterone concentration, epithelial
cells of the kidneys are not stimulated, reducing the reabsorption of salt and water.
The antidiuretic hormone is regulated by osmolality and renin; therefore, its production
increases initially and reduces later as osmolality acts faster than the hormonal con-
trol mechanism. The behavior of these feedback loops representing the compensatory
mechanisms of kidney hormones is given in Figure 5.11. Similarly, an increase in blood
pressure triggers baroreceptors and the nervous system. Then the sympathetic nervous
system is deactivated, and the parasympathetic system is activated. As a result, the
arterial tone is increased, and the heart rate is reduced in parallel with expectations

explained in the literature [122,123].
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6. HYPERTENSION DEVELOPMENT DYNAMICS FOR
DIFFERENT PROFILES

By definition, in essential hypertension underlying cause of the disease is un-
known. However, there are several hypotheses on the pathogenesis of the disease. With
the help of the model that covers the relevant sub-systems this study can demonstrate
three mechanisms leading to primary hypertension: the over-active nervous system,
the over-active renin-angiotensin-aldosterone system (RAAS), and low sodium excre-

tion (salt retention).

In this section, five scenarios are defined to represent inter-patient physiological
differences: healthy individual, patient with an over-active nervous system, patient
with over-active RAAS, patient with low sodium excretion, and patient with all three
pathophysiological mechanisms. Firstly, the blood pressure trends are presented for a
healthy individual for the baseline run. Then, three pathogenesis scenarios are analyzed
exclusively. Finally, a scenario considering a combination of these pathophysiological

mechanisms is simulated.

These scenarios representing patient profiles are summarized in Table 6.1. The
columns present the pathophysiological mechanism, and the rows show the scenario.
The plus representing the existence of the related pathogenesis mechanism, whereas

the minus sign shows the normal function of the corresponding mechanism.

6.1. Healthy Individual: Baseline

First, the model is set to normal values to represent an average person. Then it is
run for 16500 days, roughly equal to 45 years, representing a patient’s life between 30
and 75 years. The objective of this run is to compare the model’s behavior to real-life

observations.
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Table 6.1. Inter-patient physiological differences for scenario analysis.

Scenario | Overactive SNS | Overactive RAAS | Low sodium excretion

1 (base) - - N

_|_ — -

- —+ -

2

3

4 - - -
5 - + -

Data have been scarce for an individual’s blood pressure over the years. There-
fore, population data is used to compare the baseline of the model. Simulated blood
pressure results are compared with the longitudinal blood pressure data collected for
the US National Health and Nutrition Examination Survey [124]. This data focuses

on individuals who are not receiving any hypertension treatment.
Average blood pressure measuring in the population is given together with sim-

ulation runs in Figure 6.1. The green line presents the diastolic blood pressure. The

red line shows the systolic blood pressure of the model projections.

Long Term Blood Pressure (Men 30-75y) Long Term Blood Pressure (Women 30-75y)

Non-Hispanic black
Non-Hispanic white
» - Mexican American

0 1000 200 3000 4000 500 6000 7000 800 %00 10000 11000 12000 13000 14000 15000 16000 0 100 200 3000 4000 500 600 7000 B0 900 10000 11000 12000 13000 14000 15000 16000

Time (Day) Time (Day)

Figure 6.1. Blood pressure dynamics in long term compared to US NHANES data
(reproduced from [124]).
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The Figure 6.1 shows that the average population’s diastolic blood pressure tends
to decrease, whereas systolic pressure constantly increases. When the model is set to
the baseline parameter for a healthy individual, the projection present similar blood

pressure dynamics.

Figure 6.2 shows the dynamics of vascular function and its effects on other fac-
tors. Endothelial function is lost with aging, and vascular function decreases over time.
Hastening in vascular function loss occurs due to a reinforcing loop between systolic
blood pressure and vascular function loss. With vascular function loss, average blood
pressure increases, and higher blood pressure causes the deterioration process to accel-

erate further, increasing blood pressure.
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Figure 6.2. Dynamics of vascular factors for a patient over ages 30-75.

There are two effects of vascular function loss on another factor. First, increase in the
smooth muscle constriction at the vessels. In a healthy patient, when blood pressure
increases parasympathetic nervous system is deactivated, and vascular muscles relax.
However, with vascular function loss, vascular muscles remain constricted when the

blood pressure rises. This decreases their normal tone, and as the radius of the arteries
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becomes narrower, the total peripheral resistance increases.

The second effect of vascular function loss is the decline in compliance. As a
result, vessels lose their ability to recoil. This effect is observed when the heart is at its
diastole state. In Figure 6.2, it can be observed that resistance at systole constantly

increases resistance at diastole decreases after a point.

Figure 6.3 shows the dynamics of kidney function and its effects on other factors.
Kidney function is lost with aging, and the glomerular filtration rate decreases over
time. Therefore, the amount of water and salt that can be filtered out of the body de-
creases, and extracellular fluid and blood volumes increase. As more blood is delivered

to the heart, cardiac output increases, elevating the blood pressure.

Kidney function loss accelerates over time due to a reinforcing loop between sys-
tolic blood pressure and kidney function loss. With kidney function loss, average blood
pressure increases, and higher blood pressure causes the deterioration process to accel-

erate further, increasing blood pressure.

In the short term, the baroreceptors are triggered by increased blood pressure. As a
result, the sympathetic nervous system is deactivated, and the parasympathetic system
is activated. Furthermore, the renal sympathetic nervous system activity is inhibited,
leading to a decrease in renin production. These processes aid in keeping the blood
pressure under control. However, as this change in blood pressure is slow, the barore-

ceptors reset and become desensitized to chronic elevation in pressure.

The operating point of baroreceptors and renal sympathetic nervous system in-
creases and adjusts to the higher-pressure levels. Resetting reduces the response of
these control systems at high levels of mean arterial pressure. Figure6.4 shows that
the operating point of baroreceptors and the renal sympathetic nervous system change

over time, and baroreceptor and renin activity remain constant.
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It can be concluded that simulation runs align with the expected long-term dynamic
behavior. The model can capture increased systolic blood pressure and resistance at

systole, decreased compliance and diastolic pressure, and baroreceptor resetting.

Furthermore, even in an extended run, model parameters remain in a realistic
value. However, to compare different scenarios, a shorter-term analysis will be used.
Therefore, after setting the model to normal values for an average individual, it is run

for 3000 days.

6.2. Patient 1: Over-Active Sympathetic Nervous System (SNS)

Chronic stress or mental exhaustion can increase the basal sympathetic nervous
system activity through persistent disturbing impulses [125]. To observe the effect of
SNS over-activity effects of periodic stress and constant stress are analyzed. In Figure
6.5, the patient is introduced to high stress at different time intervals. In each trial,

the intensity of the stimulation is the same; however, the repeating time is different.
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Figure 6.5. Effect of periodic stress on mean arterial pressure.

In the graph on the left, the interval between impulses is long enough for recovery;
therefore, arterial pressure can return to its initial value. In the middle graph interval
between impulses is not long enough, and the stress response accumulates over time,

elevating the blood pressure.
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However, after a certain point, blood pressure does not increase further. The
right graph can be interpreted as the frequency of the stimulation increasing elevation
in blood pressure is higher. Later, the stress factor was removed after a certain point,
as given in Figure 6.6. In the left graph, the blood pressure can return to its initial
value; however, in trials with higher stress frequency, the bold pressure does not return

to its initial value.
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Figure 6.6. Effect of removing periodic stress on mean arterial pressure.

The main reason for blood pressure to sustain high after removing stress factors
is due to the damage that occurs in the blood pressure control structures. There is a
positive feedback structure with blood pressure and regulatory mechanism. Vascular
function loss causes blood vessels to remain constricted and increase blood pressure.
Kidney function loss hinders the body’s ability to remove salt and water, and the excess
volume increases pressure. Higher blood pressure causes even more damage to these
mechanisms. In Figure 6.7, the effect of periodic stress on kidney function is given,

and in Figure 6.8, the impact of periodic stress on vascular function is presented.

In Figure 6.9, the effect of constant stress is presented. In this scenario, the sym-
pathetic nervous system activity gradually increases for one year and remains constant
at the over-active level. Based on the level of overactivity, the blood pressure sets at
different severities from bottom to top: baseline, upper normal, hypertension grade 1,

hypertension grade 2, and hypertension grade 3.
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In Figure 6.9, it can be observed that the slope for blood pressure increase over
time is low for the less severe blood pressure levels. However, in more severe cases, this
increase is more significant. This is the result of the acceleration in the deterioration

of control mechanisms.

An over-active sympathetic nervous system leads to an increase in heart rate,
contractility, and peripheral resistance. With increased contractility, the blood can
pump larger volumes of blood, and cardiac output increases with increased heart rate.
Increased sympathetic nervous system activity also constricts vessels and increases to-
tal peripheral resistance. Both increases in cardiac output and resistance elevate blood

pressure. Figure 6.10 shows different grades of hypertension patients to represent this

dynamic.
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Figure 6.10. Response to increase in SNS activity.

When the sympathetic nervous system is activated, other control mechanisms are ac-
tivated to bring down mean arterial pressure. In Figure 6.11, it can be observed that

GFR increases and end diastolic volume decreases with more sodium filtered out of the

body.

However, with a sustained elevation in blood pressure, kidney function deteri-
orates and with a drop in GFR body cannot bring blood pressure down. Hence for

hypertension grade 4 patient a change in dynamic is observed.
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Figure 6.11. Compensation mechanisms to regulate blood pressure in patient with

over active SNS.

6.3. Patient 2: Over-Active Renin-Angiotensin Aldosterone System

(RAAS)

Renin produced in the kidneys is transformed into angiotensin II. Angiotensin II
is a potent vasoconstrictor that acts on arterial muscles, increases peripheral resistance,
and elevates blood pressure. Angiotensin II also triggers the release of the aldosterone
hormone. Aldosterone stimulates the kidneys’ epithelial cells to increase salt and water
reabsorption. This feedback loop leading to raised blood volume and high blood pres-
sure is called the renin-angiotensin-aldosterone system (RAAS). Some of the patient

groups experience elevated blood pressure because of overactive RAAS [125].

In Figure 6.12, the effect of the increase in RAAS activity is presented. In this
scenario, the renin activity gradually increases for one year and remains constant at
the over-active level. Based on the level of overactivity, the blood pressure sets at
different severities from bottom to top: baseline, upper normal, hypertension grade
1, hypertension grade 2, and hypertension grade 3. An over-active RAAS leads to an
increase in renin production, angiotensin II production, aldosterone production and,
antidiuretic hormone production. With increased angiotensin II concentration, blood

vessels constricts and, increases the total peripheral resistance.
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Due to increase in aldosterone, more salt is reabsorbed in kidneys and, sodium

is retained in the body. The increase in antidiuretic hormone affects the urine concen-

tration and, causes more water to be remained in the body. The expansion in total

body water increases the cardiac output and increases blood pressure. Figure shows

different grades of hypertension patients to represent this dynamic 6.13.
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When the renal sympathetic nervous system activates other control, mechanisms
are activated to bring down mean arterial pressure. In Figure 6.14, it can be observed
that parasympathetic systems activity increases and sympathetic systems activity is

inhibited. As a result of this heart rate is decreased.

However, with a sustained elevation in blood pressure, the baroreceptor operating
point resets and cannot bring blood pressure down. Despite the regulatory effects of the
central nervous system, blood vessels remain vasoconstriction due to the angiotensin
IT on arterial tone. Overall, the total peripheral resistance remains high and increases

blood pressure.
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Figure 6.14. Compensation mechanisms to regulate blood pressure in patient with

over active RAAS.



100

6.4. Patient 3: Low Sodium Excretion

In healthy people with high salt intake, glomerular filtration increases, and sodium
balance is maintained when blood pressure increases through the pressure-natriuresis
mechanism. This hypertension pathogenesis mechanism suggests that high blood pres-
sure occurs as the kidney is not able to excrete the sodium load imposed by the patient’s

diet [125].

In Figure 6.15, the effect of an increase in salt retention is presented. In this
scenario, the salt removal capability gradually decreases for one year and remains
constant at a lower level. Based on the level of overactivity, the blood pressure sets at
different severities from bottom to top: baseline, upper normal, hypertension grade 1,

hypertension grade 2, and hypertension grade 3.
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Figure 6.15. Sodium removal and blood pressure.

In Figure 6.15, it can be observed that the slope for blood pressure increase over
time is low for the less severe blood pressure levels. However, in more severe cases, this
increase is more significant. This is the result of the acceleration in the deterioration
of control mechanisms. With a high sodium diet, total body salt increases. Excess
sodium in the body causes hypertension through two mechanisms. Firstly, the excess
sodium that cannot be removed with glomerular filtration rate capabilities causes more
water to be retained in the body. Secondly, higher sodium concentration in the body

increases thirst through osmolality control mechanisms, and the water intake increases.
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As a consequence of these two feedback loops, extracellular fluid volume and blood
volume increase. With more blood delivered to the heart, cardiac output increases, and
blood pressure is raised. Figure 6.16 shows different grades of hypertension patients to

represent this dynamic.
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Figure 6.16. Response to increase in salt retention.

Elevation of blood pressure inhibits central and renal sympathetic nervous system
activity and activates the parasympathetic system. These processes help in keeping
blood pressure under control. However, with aging, the variation in blood pressure
is slow; hence baroreceptors reset and become desensitized to chronic elevation in
pressure. However, with a persistent high sodium diet, these mechanisms can reset

and become desensitized to chronic pressure elevation.

The operating point of baroreceptors and renal sympathetic nervous system in-
creases and adjusts to the higher-pressure levels. Resetting reduces the response of

these control systems at high levels of mean arterial pressure.
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6.5. Patient 4: Over-Active SNS, Over-Active RAAS and Salt Sensitivity

In this scenario, the sympathetic nervous system and renin activity gradually

increases for one year and remains constant at the over-active level. The salt removal

capability gradually decreases for one year and remains stable at a lower level. For this

scenario analysis, the effects of over-active SNS, over-active RAAS, and salt sensitivity

are considered with equal weights.

Figure 6.17 shows different grades of hypertension patients to represent this dy-

namic, from bottom to top: upper normal, hypertension grade 1, hypertension grade

2, and hypertension grade 3.
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Figure 6.17. Increase in SNS and RAAS activity, decrease in sodium removal and

change in mean arterial pressure.
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Figure 6.18 blood pressure regulation dynamics that include all pathogenesis are

presented with other scenarios for comparison. Even though the dynamics of the pa-

rameters responsible for pressure regulation are different, all 4 scenarios result with a

hypertension grade 3 in a patient.
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7. ANALYZING DIFFERENT TREATMENT OPTIONS

In this chapter we explore different treatments options or drug prescription pat-
terns and analyze their effects on the various patient profiles defined in Chapter 6. For
each patient, the related pathogenesis starts at time zero, and its impact gradually
increases for one year and remains at a constant level after. As the factor causing the
elevation in blood pressure changes from its base value, the blood pressure sets to a
new equilibrium. After the initial transition, the blood pressure stabilizes at a higher

level at day 600, where the individuals are classified as hypertension grade 3 patients.

Treatment option analysis will examine interventions on grade 3 hypertension
patients, which is the case where the systolic pressure is higher than 180 mmHg [16].
Treatment option analysis considers that after patients have an established hyperten-
sion problem at the time, they visit the doctor at day 900 and receive initial treatment.
The treatment varies based on the class of medication and the prescription method. It

is assumed that the patient takes their medications daily based on their prescription.

Policies for hypertension treatment are separately examined for four pathogen-
esis hypotheses: over-active SNS, over-active RAAS, low sodium excretion, and co-
existence of all three pathogenesis mechanisms. There are three classes of medication
considered for the treatment option analysis: Calcium channel blocker (Amlodipine),
Angiotensin Receptor Blocker (Telmisartan), and diuretic (Chlortalidone). The fol-
lowing prescription policies are analyzed for these medications: monotherapy, dual
therapy, dual-therapy with adjustment, dual therapy with treatment inertia, gradual

increase, and triple therapy.

These policies are briefly explained in Table 7.1. An example for patient 4 is

given in Figure 7.1 to represent blood pressure dynamics in each treatment option.
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Table 7.1. Descriptions of the treatment options.

Treatment option

Description

Mono therapy

At day 900, one medication is prescribed.

Dual therapy

At day 900, two medications are prescribed

Dual therapy with

adjustment

At day 900, two medications are prescribed; at

day 1500, third medication is added.

Dual therapy with

treatment inertia

At day 900, two medications are prescribed; at

day 2100, third medication is added.

Gradual increase

At day 900, one medication is prescribed; at
day 1200 second medication is added; at day
1500, the third medication is added.

Triple therapy

At day 900, three medications are prescribed.
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Figure 7.1. Responses of a patient to the different treatment options.
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Medical guidelines make recommendations based on cohorts, such as recommend-
ing initiating treatment with a combination of two medications and intensifying drugs
if it is found to be necessary during follow-up visits [126]. However, in essential hyper-
tension, the underlying pathogenesis of the disease is unknown for individual patients.
Therefore, in a standardized treatment where all patients receive diuretics as initial
treatment, patients with low sodium excretion and over-active SNS pathophysiology
will have different responses. This relationship is demonstrated with an example of the

monotherapy given in Figure 7.2.
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Figure 7.2. Responses of patients to different medications used as monotherapy.

The figure shows that even though all patients receive the same dose at the same
time, blood pressure reduction varies. For this reason, a drug’s selection can influence
the treatment outcome. Furthermore, when a treatment option with gradual increase

is used, the order the drugs are prescribed can influence the treatment’s performance.

Therapeutic inertia is a significant barrier for patients to achieve blood pressure
control. It can occur when a healthcare provider fails to intensify drug therapy in a

patient with suboptimal blood pressure. One example of this was when the doctor asked
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their patients to do a follow-up visit before strengthening the treatment. In treatment
option analysis, therapeutic inertia describes when healthcare providers avoid adding

combination therapy for a patient with suboptimal blood pressure [13].

In dual therapy with adjustment stategy, at the day 900, the doctor prescribes two
of the three medications as initial therapy. If the blood pressure is above the threshold
in an annual checkup at day 1500, the treatment is gradually intensified. However,
for the treatment with inertia, there is an extended duration before an additional
medication is introduced and the therapy is intensified at day 2100. In the gradual
increase treatment option, the doctor prescribes one of the three medications as initial

therapy.

Later, if the blood pressure is above a certain threshold in the one-year checkup,
one more medication is added to the previous treatment plan. This way, the patients

start by taking one medication a day and, at the end day they take three medications.

High blood pressure causes damage to blood vessels and kidneys. There is a
positive feedback structure with blood pressure and regulatory mechanism. Vascular
function loss causes blood vessels to remain constricted and increase blood pressure.
Kidney function loss hinders the body’s ability to remove salt and water, and the excess

volume increases pressure.

World Health Organization developed a list of treatment outcomes and grading
system for managing hypertension treatment [126]. On a scale from 1 to 9 rating 7-9
is classified as critical in for decision-making. Based on this grading, coronary artery
disease caused by vascular function loss has a rating of 8.1, and end-stage renal disease
caused by kidney function loss has a rating 7.8 . Therefore, to assess the performance
of the treatment option, the end-organ damage is used as it represents the cumulative

effect of high blood pressure on the body.

An example is presented in Figure 7.3 demonstrating kidney function dynamics
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under different conditions. Considering 4 patient profiles with physiological differences,
6 policies, and prescription orders of 3 medications, a total of 80 runs are simulated.
The outcomes of treatment options are compared for the average kidney and vascular

function loss at the end of the simulation run.
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Figure 7.3. Kidney function loss with different treatment options.

The end-organ damage is first assessed by comparing treatment outcomes for each
patient profile by taking the untreated run as the baseline. The percent gains from

following a specific treatment option are presented in Figure 7.4.

In the heat map, the highest benefit from treatment is represented with green,
average with white, and worse with red. Results shows that the triple dose option
was the most effective for each patient, and monotherapy was the least effective. Also,

adding a third medication to the dual therapy offers benefits.

The sooner an extra medication is initiated, the end organ damage prevention is
higher. As expected, faster blood pressure control leads to less organ damage. When
treatment outcomes are compared among patients based on the medications and the

prescription order, variations in treatment outcomes are observed.
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Policy Drugs Over-a?tive SNS Over-acfive RAAS | Salt re-tention p:t:r::::\ee:is
(Patient 1) (Patient2) (Patient 3) k
(Patient 4)
Mono A 5.54% 6.11% 7.60% 6.07%
Mono T 4.00% 6.25% 4.55% 5.31%
Mono C 4.05% 3.28% 5.38% 4.12%
Dual A&T 10.20% 11.75% 11.57% 11.89%
Dual T&C 8.96% 10.07% 10.44% 10.60%
Dual C&A 9.87% 9.58% 11.69% 10.80%
Dual adjusted A&T,C 11.48% 12.07% 12.10% 12.54%
Dual adjusted T&CA 11.21% 11.53% 11.74% 12.20%
Dual adjusted C&AT 11.38% 11.43% 12.12% 12.18%
Dual with inertia A&T,C 10.93% 11.93% 11.87% 12.26%
Dual with inertia T&CA 10.26% 10.93% 11.21% 11.56%
Dual with inertia C&AT 10.73% 10.67% 11.93% 11.62%
Gradual increase AT,C 10.79% 11.24% 11.46% 11.70%
Gradual increase T,C A 10.47% 10.99% 10.93% 11.42%
Gradual increase CAT 10.58% 10.55% 11.20% 11.29%
Gradual increase ACT 10.74% 10.93% 11.46% 11.53%
Gradual increase T,AC 10.61% 11.25% 11.10% 11.63%
Gradual increase CTA 10.50% 10.60% 11.03% 11.31%
Triple A&T&C 12.29% 12.48% 12.70% 13.13%

Figure 7.4. Treatment option comparisons with no treatment scenario.

When a monotherapy treatment option is followed, Amlodipine is the most ef-

fective drug for a patient with overactive SNS, and Chlortalidone is the least effective.

Whereas for a patient with an over-active RAAS, Telmisartan is the most effective drug

and Chlortalidone is the least effective. A patient with low sodium secretion benefits

most from Amlodipine and least from Telmisartan. For the patient with combined

pathogenesis, Amlodipine is the most effective drug, and Chlortalidone is the least

effective among monotherapy policies.

In a setting where Chlortalidone is prescribed as monotherapy treatment and is

not further intensified, patients with over-active SNS, over-active RAAS, and combined

pathogenesis suffer more than those with salt retention. In a setting where Telmisartan

is prescribed as a monotherapy treatment, patients with low salt retention benefit least
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among other patient groups. Among all patient groups, Amlodipine as monotherapy

had better outcomes than other monotherapy options.

In a dual therapy treatment option, there are three alternative prescriptions
for the three medications. Combining Amlodipine and Telmisartan, Telmisartan and
Chlortalidone, and, Chlortalidone and Amlodipine. Based on patient physiology, the
best response to these combinations varies; however, Amlodipine and Chlortalidone
combination was the most effective for patient 1, patient 2, and patient 4. Whereas
patient 3 benefited most from the Chlortalidone and Amlodipine combination. Also,
in a treatment option where Telmisartan and Chlortalidone combination is used, a
patient with overactive SNS would respond the least in all patient groups. Also, in the
dual adjusted therapy treatment option, the responses based on drug initiation orders

and responses are identical to the dual therapy.

In dual adjusted therapy, dual therapy with inertia, and gradual increase policies,
patients receive three medications at the end of the treatment implementation. How-
ever, the performance of the policies varies. In the dual-adjusted therapy treatment
option, prevention of end-organ damage is close to the triple therapy, which is the

best-case scenario.

Results of dual therapy with inertia outperformed the gradual increase treatment
option. This demonstrates at the start of the treatment initiating with an intensified
treatment and achieving greater blood pressure reduction offers benefit. After blood
pressure is lower than a certain threshold reducing the blood pressure adds less benefit.
Hence, starting dual therapy can be as effective as triple therapy has as long as patients

receive follow up.

Later, in Figure 7.5, organ damage in hypertension patients is compared with a
healthy individual. This represents organ damage caused by the disease in addition to
aging. It can be observed that with even with dual therapy, end organ damage can be

reduced by around 10%. Due to inter-patient differences in hypertension pathophys-
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iology, patients’ responses to antihypertensives and policies change. The medications
chosen and their effects on blood pressure management presented variations based on
the individual’s physiology. This effect is observed in the policies that modify treat-
ment over time, such as dual therapy with adjustment, dual therapy with inertia, and
gradual increase. However, the effect of medication orders on the outcome was less

significant than the effect of the treatment option.

i 3 i Combined
g | VeSS | Ove e S | ST | ptgene
(Patient 4)
Untreated None -14.15% -14.36% -14.79%
Mono A -9.39% -7.85% -9.61%
Mono T -10.72% -8.92% -10.46% -10.27%
Mono C -10.68% -11.46% -9.75% -11.28%
Dual A&T -5.39% -4.20% -4.45% -4.66%
Dual T&C -6.46% -5.64% -5.41% -5.75%
Dual C&A -5.68% -6.06% -4.34% -5.59%
Dual adjusted A&T,C -4.29% -3.93% -4.00% -4.11%
Dual adjusted T&CA -4.53% -4.39% -4.30% -4.39%
Dual adjusted C&AT -4.38% -4.48% -3.98% -4.41%
Dual with inertia A&T,C -4.77% -4.05% -4.19% -4.34%
Dual with inertia T&CA -5.34% -4.91% -4.76% -4.94%
Dual with inertia C&AT -4.94% -5.13% -4.14% -4.89%
Gradual increase ATC -4.88% -4.64% -4.54% -4.82%
Gradual increase T,CA -5.16% -4.85% -5.00% -5.06%
Gradual increase CAT -5.07% -5.23% -4.76% 5.17%
Gradual increase ACT -4,93% -4.91% -4.54% -4.97%
Gradual increase T,AC -5.04% -4.63% -4.85% -4.88%
Gradual increase C,T,A -5.14% -5.19% -4.91% -5.16%
Triple A&T&C -3.59% -3.58% -3.48% -3.60%

Figure 7.5. Treatment option comparisons with a healthy individual.

Even though the underlying mechanism of the disease is unknown, the patient
still can have a good treatment outcome. Avoiding to intensify treatment, such as
sticking to monotherapy or delaying the treatment, as in treatment inertia cause worse

results than not starting with the best-fit treatment.
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Therefore, treatment option analysis can conclude that even though the inter-
patient differences and the order of initiating the medicines have an effect, patients
still achieve similar outcomes with a close follow-up. Knowing the pathogenesis in
a patient and adjusting personalized treatment offers some value; however, it can be

compensated with close monitoring and making the adjustments necessary.
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8. CONCLUSION

Hypertension treatment is challenging, and the outcome varies by individual pa-
tient. This thesis aims to demonstrate the use of simulation modeling to study physio-
logical variations in blood pressure regulation and analyze their effects on hypertension
treatment. For this purpose, a system dynamics model is built representing the central
nervous system and renal control mechanisms. Furthermore, vascular elasticity and
kidney function capabilities are included to capture aging and the long-term effects of

hypertension on the body.

The model is initialized for a healthy individual. Later, extreme condition tests
are conducted to observe the model behavior when it is disturbed by external factors,
including removing aging elements, water loading, sodium loading, blood loss, and
acute kidney damage. Extreme condition tests allowed us to compare the results with

established models in the literature and assess the model’s structure and behavior.

Then, the model is modified to include the effects of three pathogenesis mecha-
nisms of primary hypertension: the over-active nervous system, the over-active renin-
angiotensin-aldosterone system (RAAS), and low sodium excretion (salt retention).
Pathophysiology variations allowed us to demonstrate that the model can represent
different individual patient profiles. Later, the hypertension development is simulated
to observe the model behavior for five profiles with inter-patient physiological differ-
ences: healthy individual, patient with an over-active nervous system, patient with
over-active RAAS, patient with low sodium excretion, and patient that has a combi-

nation of all three pathophysiological mechanisms.

Finally, treatment options are analyzed to explore various drug prescription
strategies and their outcomes on four identified patient profiles. Treatment option
analysis considers patients with established grade 3 hypertension, where their treat-

ment options vary based on the class of medication, the treatment option used while
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prescribing, and the order in which the medications are initiated. The drugs included
for the treatment option analysis were: Calcium channel blockers (Amlodipine), An-
giotensin Receptor Blocker (Telmisartan), and diuretics (Chlortalidone). The following
prescription policies are analyzed: monotherapy, gradual increase, dual therapy with

adjustment, dual therapy with inertia, gradual increase, and triple therapy.

The treatment option analysis evaluates the treatment outcomes by comparing
end-organ damage to kidneys and blood vessels at the end of ten years. The end-organ
damage is first assessed by comparing treatment outcomes for each patient profile by
taking the untreated run as the baseline, presenting the percent gains of following a
specific treatment option. Later, organ damage in hypertension patients is compared
with a healthy individual showing the harm caused by the disease. In this way, the
model helps develop insight into what alternative treatments can be expected for a

particular patient.

There are alternative treatment strategies and various factors involved in suc-
cessfully treating hypertension. Due to inter-patient differences in hypertension patho-
physiology, patients are more responsive to some classes of antihypertensive agents
than others, and there is no one-fits-all treatment. However, medical guidelines often
make recommendations based on cohorts. Yet, in essential hypertension, the underly-
ing pathogenesis of the disease is unknown for individual patients. Therefore, it is not
possible to identify patients that are most likely to suffer from a one-fits-all treatment
option. Because the system is complex, it is difficult to predict what to expect when a

non-standard patient deviates from standard treatment.

In the treatment option analysis, triple therapy was found to be more effective for
each patient profile, and monotherapy was least effective and aligned with expectations.
For monotherapy and dual therapy, the medications chosen and their effects on blood
pressure management presented variations based on the individual’s physiology. The
policies that modify treatment over time, such as dual therapy with adjustment, dual

therapy with inertia, and gradual increase in the order of initiating the medications,
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changed the treatment outcomes. However, this variation had a narrower range than

not intensifying or delaying the treatment.

Therefore, it was concluded that a close follow-up by the doctors plays an im-
portant role in a successful treatment. Even though the interpatient differences and
the order of starting the medications have an effect, patients still achieve similar out-
comes with a close follow-up. Furthermore, targeting lower blood pressure and adding
medications to lower blood pressure offers benefits in terms of preventing end-organ
damage. Faster blood pressure control leads to less organ damage; therefore, combina-
tion therapies as initial therapy offers benefits. These conclusions are in parallel with
the recommendations of current medical guidelines, where they recommend initiating
two medications and adding a third one in the follow-up visits. The study showed that
despite the variations in inter-patient physiologies, the current treatment guidelines

perform well where perfect information is unavailable.

This study was able to present the potential benefit of using dynamic simulation
models to analyze variations in treatment options for patients with physiological differ-
ences and assess the value of personalized treatment. This study used empirical data
from the literature to demonstrate treatment outcomes on hypertension patients, and
validation tests were conducted while building the model. However, to use such models
in a clinical setting, the models need to be calibrated with granular data, such as a
longitudinal study that includes biomarkers related to blood pressure control before
and after receiving hypertensive treatment. Obtaining such data can be challenging
and time-consuming; nonetheless, it holds promise to get closer to individualized treat-

ments.

Furthermore, for better decision-making, a more comprehensive medication port-
folio could be analyzed, different dosing strategies could be considered, and more diverse
patient profiles could be assessed. This study provides examples of potential patient
and treatment profiles and demonstrates an analysis to evaluate different outcomes.

However, it has its limitations. The study focuses on three widely recognized essen-
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tial hypertension pathogenesis: over-active SNS, over-active RAAS, and salt retention.
Secondary hypertension is excluded for simplification; comorbidities such as diabetes
and obesity are not captured. Furthermore, this study assumes that the side effects are
tolerated well. Nonetheless, the comorbidities and possible adverse effects complicate

the treatment and impact the doctor’s decision-making while prescribing medication.

As a future study, such models could be utilized to assess the cost-effectiveness
and value of information. In this study, the model is initialized for a healthy person;
however, when the patient already has comorbidities, variations on end-organ damage
could be more significant. Furthermore, medical guidelines recommend targeting dif-
ferent blood pressure levels for individuals based on their risk profiles. The intensity
of pharmacotherapy and follow-up requirements can change based on the blood pres-
sure targets. Therefore, considering risk profiles, frequency of check-ups, the number
of prescribed medications, and comorbidities, the cost-effectiveness of policies can be

analyzed.
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APPENDIX A: MODEL EQUATIONS

base renin activity = 1

Units: [pg/(ml*hr)]

overactive RAAS = (RAAS pulse + RAAS pulse train + RAAS ramp + RAAS step
+ RAAS step up down) * base renin activity
Units: [pg/(ml*hr)]

salt ramp slope = salt hp 1 intensity + salt hp 2 intensity + salt hp 3 intensity + salt
hp 4 intensity + Mixed salt
Units: [Dmnl]

mix salt frac= 1.3

Units: [Dmnl]

mix SNS frac= 1.3
Units: [Dmnl]

Mixed RAAS= RAAS base ramp intensity * mixed RAAS switch * mix RAAS frac
Units: [Dmnl]

ramp slope= SNS hp 1 intensity + SNS hp 2 intensity + SNS hp 3 intensity + SNS
hp 4 intensity + Mixed SNS

Units: [Dmnl]

Mixed salt= salt base ramp intensity * mixed salt switch * mix salt frac

Units: [Dmnl]

mixed salt switch= 0
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Units: [Dmnl] [0,1,1]

RAAS ramp slope= RAAS hp 1 intensity + RAAS hp 2 intensity + RAAS hp 3
intensity + RAAS hp 4 intensity + Mixed RAAS
Units: [Dmnl]

SNS ramp= RAMP( ramp slope , ramp start , SNS ramp finish )*SNS ramp switch
Units: [Dmnl]

mix RAAS frac= 1.3
Units: [Dmnl]

Mixed SNS= SNS base ramp intensity * mixed SNS switch * mix SNS frac
Units: [Dmnl]

mixed SNS switch= 0
Units: [Dmnl] [0,1,1]

mixed RAAS switch= 0
Units: [Dmnl] [0,1,1]

Salt retention= (salt pulse + salt pulse train + salt ramp + salt step + salt step up
down)

Units: [Dmnl]

implied Na removal= patient Na removal * eff of aldosterone on Na removal * eff of
GFR on Na removal * eff of concentration on removal

Units: [mEq/Day]

patient Na removal= healthy normal na removal * (1 + eff of chlorthalidone on na

removal) -retained salt
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Units: [mEq/Day]

retained salt= healthy normal na removal * Salt retention / (1+eff of chlorthalidone
on na removal)

Units: [mEq/Day]

implied heart rate= normal HR * eff of SNS on HR * eff of PNS on HR - (normal
HR*eff of amlodipine on HR*eff of SNS on HR)
Units: [beat/min]

RAAS ramp= RAMP ( RAAS ramp slope , RAAS ramp start , RAAS ramp finish )
* RAAS ramp switch
Units: [Dmnl]

RAAS ramp switch=0
Units: [Dmnl/Day] [0,1,1]

eff of SNS on HR= WITH LOOKUP (implied SNS activity /normal SNS activity,
([(1, 1)-(2, 3)], (0, 1), (1, 1), (1.01833, 1.13986), (1.04684, 1.34965), (1.08147,
1.59441), (1.12627, 1.85315), (1.19756, 2.2028),(1.26273, 2.42657), (1.33401, 2.62238),
(1.39919, 2.74825), (1.47047, 2.84615), (1.56008, 2.93007), (1.67821, 2.96503),
(1.87373, 2.97902), (1.99796, 2.98601) ))

Units: [Dmnl]

salt pulse start= 0
Units: [Day] [0,30]

salt pulse switch= 0

Units: [Dmnl] [0,1,1]

salt pulse train= SMOOTH ( PULSE TRAIN ( salt pulse train start , salt pulse train
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duration , salt pulse train repeat time, salt pulse train end ) , salt pulse smooth time
) * salt percent increase * salt pulse train switch

Units: [Dmnl]

salt pulse train duration= 1
Units: [Day] [0,7] salt pulse train end= 1500
Units: [Day] [0,7]

salt pulse train repeat time= 30

Units: [Day [0,7]

salt pulse train start= 1

Units: [Day] [0,?]

salt pulse train switch= 0

Units: [Dmnl] [0,1,1]

salt ramp= RAMP( salt ramp slope , salt ramp start , salt ramp finish ) * salt ramp
switch

Units: [Dmnl]

salt ramp start= 0

Units: [Day] [0,7]

salt ramp switch= 0

Units: [Dmnl/Day] [0,1,1]

salt step= SMOOTH( (STEP( salt percent increase step, salt step start )*salt step
switch), salt pulse smooth time)

Units: [Dmnl]
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salt step start= 30
Units: [Day]

salt step switch= 0
Units: [Dmnl] [0,1,1]

salt step up down= SMOOTH(((STEP( salt percent increase, salt step up down
start) - STEP( salt percent increase, salt step up down end))), salt pulse smooth

time)* salt step up down switch

Units: [Dmnl]

RAAS base ramp intensity= 0.000135
Units: [Dmnl] [0,0.0005,5¢-06]

RAAS hp 1 intensity= RAAS base ramp intensity™ 1* RAAS hp 1 switch ramp
Units: [Dmnl]

arterial tone increase at normal dose= 0.025

Units: [Dmnl] [0,0.1]

RAAS hp 1 percent step= base percent for RAAS step* 1* RAAS hp 1 switch step
Units: [Dmnl]

AT?2 decrease in normal dose= 0.025

Units: [Dmnl] [0,0.3]
RAAS hp 1 percent= base percent for RAAS activity increase®™ 1* RAAS hp 1 switch
pulse

Units: [Dmnl]

salt base ramp intensity= 0.00055



140

Units: [Dmnl] [0,0.0005,5¢-06]

RAAS hp 2 intensity= RAAS base ramp intensity * 2 * RAAS hp 2 switch ramp
Units: [Dmnl]

RAAS hp 2 percent= base percent for RAAS activity increase * 2 * RAAS hp 2
switch pulse

Units: [Dmnl]

RAAS hp 2 percent step= base percent for RAAS step * 2 * RAAS hp 2 switch step
Units: [Dmnl]

salt hp 1 percent step= base percent for salt step * salt hp 1 switch step
Units: [Dmnl]

salt hp 1 switch pulse= 0
Units: [Dmnl] [0,1,1]

HR decrease at normal dose= 0.1

Units: [Dmnl] [0,7]

RAAS hp 3 intensity= RAAS base ramp intensity * 3 * RAAS hp 3 switch ramp
Units: [Dmnl]

RAAS hp 3 percent= base percent for RAAS activity increase * 3 * RAAS hp 3
switch pulse

Units: [Dmnl]

RAAS hp 3 percent step= base percent for RAAS step * 3 * RAAS hp 3 switch step
Units: [Dmnl]



salt hp 2 percent step= 2 * base percent for salt step * salt hp 2 switch step
Units: [Dmnl]

salt hp 2 switch pulse= 0
Units: [Dmnl] [0,1,1]

salt hp 2 switch ramp= 0
Units: [Dmnl] [0,1,1]

RAAS hp 4 intensity= RAAS base ramp intensity*4*RAAS hp 4 switch ramp
Units: [Dmnl]

base percent for RAAS activity increase= 1

Units: [Dmnl]

base percent for RAAS step= 0.03
Units: [Dmnl]

base percent for salt retention increase= -0.03

Units: [Dmnl]

base percent for salt step= -0.02
Units: [Dmnl]

eff of amlodipine on contractility= eff of amlodipine on dose on contractility *
contractility decrease at normal dose

Units: [Dmnl] [0,0.1]

implied radius= Normal arterial tone * eff of SNS on arterial tone * eff of AT2 on

arterial tone * eff of ADH on arterial tone + (Normal arterial tone * (eff of

amlodipine on arterial tone/ eff of SNS on arterial tone))
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Units: [Dmnl]

implied renin activity= (normal renin activity+overactive RAAS)*(eff of RSNS on
renin)

Units: [pg/(ml*hr)]

implied RSNS activity= (Mean Arterial Pressure/RSNS operating point)*(normal
RSNS activity)
Units: [Dmnl]

salt hp 4 percent step= 4* base percent for salt step* salt hp 4 switch step
Units: [Dmnl]

salt hp 4 switch pulse= 0
Units: [Dmnl] [0,1,1]

salt hp 4 switch ramp= 0
Units: [Dmnl] [0,1,1]

salt hp 4 switch step= 0
Units: [Dmnl] [0,1,1]

salt percent increase= salt hp 1 percent+ salt hp 2 percent+ salt hp 3 percent+ salt
hp 4 percent
Units: [Dmnl]

salt percent increase step= salt hp 1 percent step+ salt hp 2 percent step+ salt hp 3
percent step+ salt hp 4 percent step

Units: [Dmnl]

salt pulse= SMOOTH (PULSE( salt pulse start , salt pulse duration )*salt percent



143

increase , salt pulse smooth time )*salt pulse switch

Units: [Dmnl]

salt pulse duration= 1

Units: [Day] [0,?]

eff of chlorthalidone on na removal= na removal increase in normal dose* eff of
chlorthalidone dose on Na removal

Units: [Dmnl]

salt pulse smooth time= 7

Units: [Day]

RAAS hp 4 percent step= base percent for RAAS step*4*RAAS hp 4 switch step
Units: [Dmnl]

salt hp 1 switch ramp= 0
Units: [Dmnl] [0,1,1]

salt hp 1 switch step= 0
Units: [Dmnl] [0,1,1]

salt hp 2 intensity= salt base ramp intensity * 2 * salt hp 2 switch ramp

Units: [Dmnl]

salt hp 2 percent= 2 * base percent for salt retention increase * salt hp 2 switch pulse

Units: [Dmnl]

contractility decrease at normal dose= 0.05

Units: [Dmnl}[0,0.2]
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iplied AT2= normal AT2 * eff of renin on AT2 - (normal AT2 * eff of telmisartan on
AT?2)
Units: [pg/ml]

eff of telmisartan on AT2= AT2 decrease in normal dose * eff of telmisartan dose on
AT?2
Units: [Dmnl]

salt ramp finish= 360
Units: [Day] [0,7]
* 3 *

salt hp 3 intensity= salt base ramp intensity salt hp 3 switch ramp

Units: [Dmnl]

salt hp 3 percent= 3* base percent for salt retention increase™ salt hp 3 switch pulse

Units: [Dmnl]

salt hp 3 percent step= 3* base percent for salt step™ salt hp 3 switch step
Units: [Dmnl]

eff of amlodipine on arterial tone= arterial tone increase at normal dose™ eff of
amlodipine dose on arterial tone

Units: [Dmnl}[0,0.1]

salt hp 3 switch step= 0
Units: [Dmnl}[0,1,1]

eff of amlodipine on HR= eff of amlodipine dose on HR * HR decrease at normal dose

Units: [Dmnl][0,0.2]

salt hp 4 percent= 4 * base percent for salt retention increase * salt hp 4 switch pulse
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Units: [Dmnl]

contractility= normal contractility * eff of SNS on contractility - (normal

contractility * eff of amlodipine on contractility * eff of SNS on contractility)

Units: [Dmnl]

salt hp 4 intensity= salt base ramp intensity * 4 * salt hp 4 switch ramp

Units: [Dmnl]

salt step up down switch= 0

Units: [Dmnl}[0,1,1]

healthy normal na removal= 180

Units: [mEq/Day]

salt hp 2 switch step= 0
Units: [Dmnl][0,1,1]

salt hp 1 intensity= salt base ramp intensity * salt hp 1 switch ramp

Units: [Dmnl]

salt hp 1 percent= base percent for salt retention increase™ salt hp 1 switch pulse

Units: [Dmnl]

salt step up down start= 1

Units: [Day]

RAAS hp 4 percent= base percent for RAAS activity increase®*4*RAAS hp 4 switch
pulse

Units: [Dmnl]
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salt hp 3 switch pulse= 0
Units: [Dmnl}[0,1,1]

salt hp 3 switch ramp= 0
Units: [Dmnl][0,1,1]

salt step up down end= 720
Units: [Day]

na removal increase in normal dose= 0.2

Units: [Dmnl}[0,1]

chlorthalidone daily dose= standard chlorthalidone dosing*chlorthalidone
pulse*chlorthalidone switch

Units: [mg]

amlodipine daily dose= standard amlodipine dosing * amlodipine pulse * amlodipine
switch

Units: [mg]

telmisartan daily dose= standard telmisartan dosing*telmisartan pulse*telmisartan
switch

Units: [mg]

eff of GFR on Na concentration= WITH LOOKUP (Daily GFR/ normal daily
fitration, ([(0,0)-(2,2)], (0.01222, 1.62937), (0.236253, 1.6014), (0.484725, 1.54545),
(0.651731, 1.37063), (0.810591, 1.1958), (1,1),(1.99593, 0.286713) ))

Units: [Dmnl]

SNS hp 4 intensity= SNS base ramp intensity * 4 * SNS hp 4 switch ramp
Units: [Dmnl]
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SNS hp 4 percent= 4*base percent for SNS activity increase®*SNS hp 4 switch pulse
Units: [Dmnl]

normal daily na consumed= 180

Units: [mEq/Day]

base percent for SNS step= 0.02
Units: [Dmnl]

SNS base ramp intensity= (1e-05)*2.5
Units: [Dmnl][0,0.0005,5¢-06]

SNS hp 1 intensity= SNS base ramp intensity * SNS hp 1 switch ramp
Units: [Dmnl]

SNS hp 1 percent= base percent for SNS activity increase * SNS hp 1 switch pulse
Units: [Dmnl]

SNS hp 1 percent step= base percent for SNS step * SNS hp 1 switch step
Units: [Dmnl]

eff of RSNS on renin= WITH LOOKUP ( implied RSNS activity/ normal RSNS
activity, ([(0,0)-(2,2)], (0.00407332, 1.99301), (0.0855397.2), (0.297352,1.94406),
(0.391039,1.9021 ),(0.476578, 1.83916), (0.602851, 1.67832), (1,1), (1.39715,
0.216783), (1.53564, 0.0979021), (1.73116, 0.034965), (1.99593, 0.00699306) ))
Units: [Dmnl]

na loading= (STEP ( na loading step height , na load start time ) - STEP( na
loading step height , na loading end time )) * normal daily na consumed * na intake

multiplication factor * na loading switch

Units: [mEq/Day]
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SNS ramp switch= 0
Units: [Dmnl/Day] [0,1,1]

SNS hp 2 intensity= SNS base ramp intensity * 2 * SNS hp 2 switch ramp
Units: [Dmnl

SNS hp 2 percent= 2 * base percent for SNS activity increase * SNS hp 2 switch pulse
Units: [Dmnl]

SNS hp 2 percent step= 2 * base percent for SNS step * SNS hp 2 switch step
Units: [Dmnl]

SNS hp 4 percent step= 4 * base percent for SNS step * SNS hp 4 switch step
Units: [Dmnl]

SNS hp 3 intensity= SNS base ramp intensity * 3*SNS hp 3 switch ramp
Units: [Dmnl]

normal SNS=1
Units: [Dmnl]

SNS hp 3 percent step= 3 * base percent for SNS step * SNS hp 3 switch step
Units: [Dmnl]

overactive SNS= normal SNS * (SNS pulse + SNS pulse train + SNS ramp + SNS
step + SNS step up down)
Units: [Dmnl]

SNS hp 3 percent= 3 * base percent for SNS activity increase * SNS hp 3 switch pulse
Units: [Dmnl]



base percent for SNS activity increase= 0.02

Units: [Dmnl]

RAAS hp 2 switch pulse= 0
Units: [Dmnl][0,1,1]

RAAS hp 2 switch ramp= 0
Units: [Dmnl][0,1,1]

RAAS hp 2 switch step= 0
Units: [Dmnl}[0,1,1]

RAAS hp 3 switch pulse= 0
Units: [Dmnl}[0,1,1]

RAAS hp 3 switch ramp= 0
Units: [Dmnl][0,1,1]

amlodipine pulse= PULSE TRAIN( amlodipine treatment start time , amlodipine

treatment duration , amlodipine treatment repeat time, amlodipine treatment end

time )

Units: [Dmnl]

chlorthalidone pulse= PULSE TRAIN( chlorthalidone treatment start time ,

chlorthalidone treatment duration, chlorthalidone treatment repeat time ,

chlorthalidone treatment end time )

Units: [Dmnl]

amlodipine treatment duration= 0.5

Units: [Day]
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amlodipine treatment end time= 3000

Units: [Day]

amlodipine treatment repeat time= 1

Units: [Day]

amlodipine treatment start time= 900

Units: [Day] [300,1500,30]

chlorthalidone treatment start time= 900

Units: [Day] [300,1500,30]

RAAS pulse= SMOOTH ( PULSE ( RAAS pulse start , RAAS pulse duration ) *
RAAS percent increase , RAAS pulse smooth time ) * RAAS pulse switch
Units: [Dmnl]

RAAS pulse duration= 1
Units: [Day] [0,7]

RAAS pulse smooth time= 7
Units: [Day]

RAAS pulse start= 0
Units: [Day] [0,30]

RAAS pulse switch= 0
Units: [Dmnl}[0,1,1]

RAAS pulse train= SMOOTH ( PULSE TRAIN( RAAS pulse train start , RAAS
pulse train duration , RAAS pulse train repeat time , RAAS pulse train end) , RAAS

pulse smooth time ) * RAAS percent increase™ RAAS pulse train switch
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Units: [Dmnl]

RAAS pulse train duration= 5
Units: [Day [0,7]

RAAS pulse train end= 3000
Units: [Day] [0,7]

Optimal blood pressure= 120
Units: [mmbhg]

RAAS pulse train switch= 0
Units: [Dmnl][0,1,1]

pulse blood loss= PULSE( blood loss start time , blood loss duration ) * blood loss
intensity * pulse blood loss switch

Units: [L]

RAAS ramp start= 0
Units: [Day] [0,7]

RAAS step= SMOOTH( (STEP( RAAS percent increase step, RAAS step start ) *
RAAS step switch), RAAS pulse smooth time)
Units: [Dmnl]

RAAS step start= 30
Units: [Day]

EDV adjustment time= 1
Units: [Day]
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RAAS step up down= SMOOTH(((STEP( RAAS percent increase, RAAS step up
down end ) -STEP( RAAS percent increase, RAAS step up down start))), RAAS
pulse smooth time) * RAAS step up down switch

Units: [Dmnl]

blood loss duration= 0.05
Units: [Day]

blood loss start time= 1

Units: [Day]

RAAS hp 1 switch pulse= 0
Units: [Dmnl][0,1,1]

RAAS hp 1 switch ramp= 0
Units: [Dmnl][0,1,1]

RAAS hp 1 switch step= 0
Units: [Dmnl}[0,1,1]

telmisartan treatment duration= 0.5

Units: [Day]

telmisartan treatment end time= 3000

Units: [Day]

telmisartan treatment repeat time= 1

Units: [Day]

telmisartan treatment start time= 900

Units: [Day] [300,1500,30]
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RAAS pulse train repeat time= 60
Units: [Day] [0,7]

daily water removal adjustment time= 1

Units: [Day]

End diastolic volume= DELAY1( normal EDV * eff of blood volume on EDV, EDV
adjustment time)

Units: [ml/beat]

implied water removal= DELAY1(Na removal, daily water removal adjustment

time) /urine Na concentration

Units: [L/Day]

RAAS ramp finish= 300
Units: [Day] [0,?]

RAAS hp 3 switch step= 0
Units: [Dmnl}[0,1,1]

na intake multiplication factor= 9

Units: [Dmnl

na load start time= 2

Units: [Day]

RAAS hp 4 switch pulse= 0
Units: [Dmnl][0,1,1]

chlorthalidone treatment duration= 0.5

Units: [Day]
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chlorthalidone treatment end time= 3000
Units: [Day]

chlorthalidone treatment repeat time= 1

Units: [Day]

RAAS hp 4 switch step= 0
Units: [Dmnl][0,1,1]

telmisartan pulse= PULSE TRAIN( telmisartan treatment start time , telmisartan
treatment duration , telmisartan treatment repeat time , telmisartan treatment end
time )

Units: [Dmnl]

RAAS percent increase step= RAAS hp 1 percent step + RAAS hp 2 percent step +
RAAS hp 3 percent step + RAAS hp 4 percent step
Units: [Dmnl]

RAAS percent increase= RAAS hp 1 percent + RAAS hp 2 percent + RAAS hp 3
percent + RAAS hp 4 percent
Units: [Dmnl]

RAAS step up down end= 20
Units: [Day]

RAAS step up down start= 35
Units: [Day]

RAAS step up down switch= 0
Units: [Dmnl}[0,1,1]
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na loading end time= 3

Units: [Day]

na loading step height= 1
Units: [Dmnl]

RAAS pulse train start= 1
Units: [Day] [0,?]

RAAS step switch= 0
Units: [Dmnl}[0,1,1]

RAAS hp 4 switch ramp= 0
Units: [Dmnl}[0,1,1]

SNS step up down switch= 0
Units: [Dmnl][0,1,1]

Upper normal blood pressure= 140
Units: [mmhg]

Hypertension grade 1= 150
Units: [mmhg]

Hypertension grade 2= 170
Units: [mmbhg]

Hypertension grade 3= 180
Units: [mmbhg]

SNS step up down end= 720
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Units: [Day]

SNS step up down start= 1
Units: [Day]

SNS step up down= SMOOTH(((STEP( SNS percent increase, SNS step up down
start) - STEP( SNS percent increase, SNS step up down end))), SNS pulse smooth
time) * SNS step up down switch

Units: [Dmnl]

acute kidney damage= (STEP( time for damage to occur , kidney damage start
time+ 1/time for damage to occur)-STEP( time for damage to occur, kidney damage
start time ))*kidney damage switch*percent of function loss

Units: [Dmnl/Day]

SNS hp 2 switch pulse= 0
Units: [Dmnl][0,1,1]

SNS hp 2 switch ramp= 0
Units: [Dmnl][0,1,1]

SNS hp 2 switch step= 0
Units: [Dmnl}[0,1,1]

SNS hp 3 switch pulse= 0
Units: [Dmnl}[0,1,1]

SNS hp 3 switch ramp= 0
Units: [Dmnl][0,1,1]

SNS hp 3 switch step= 1
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Units: [Dmnl][0,1,1]

SNS hp 4 switch pulse= 0
Units: [Dmnl}[0,1,1]

SNS hp 4 switch ramp= 0
Units: [Dmnl}[0,1,1]

SNS hp 4 switch step= 0
Units: [Dmnl][0,1,1]

SNS percent increase= SNS hp 1 percent+SNS hp 2 percent+SNS hp 3 percent+SNS
hp 4 percent
Units: [Dmnl]

SNS percent increase step= SNS hp 1 percent step + SNS hp 2 percent step + SNS

hp 3 percent step + SNS hp 4 percent step
Units: [Dmnl]

SNS pulse= SMOOTH ( PULSE( SNS pulse start , SNS pulse duration )*SNS
percent increase , SNS pulse smooth time ) * SNS pulse switch

Units: [Dmnl]

SNS pulse duration= 1
Units: [Day] [0,?]

SNS pulse smooth time= 7
Units: [Day]

SNS pulse start= 0
Units: [Day] [0,30]
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SNS pulse switch= 0
Units: [Dmnl}[0,1,1]

SNS pulse train= SMOOTH( PULSE TRAIN( SNS pulse train start , SNS pulse
train duration , SNS pulse train repeat time , SNS pulse train end ) , SNS pulse
smooth time )*SNS percent increase*SNS pulse train switch

Units: [Dmnl]

SNS pulse train duration= 1
Units: [Day] [0,7]

SNS pulse train end= 1500
Units: [Day] [0,7]

SNS pulse train repeat time= 30
Units: [Day] [0,7]

SNS pulse train start= 1
Units: [Day] [0,?]

SNS pulse train switch= 0
Units: [Dmnl}[0,1,1]

blood loss intensity= 10
Units: [L]

Blood volume= DELAY1(normal blood volume*eff of ECF volume on blood
volume,blood volume adjustment time)-pulse blood loss

Units: [L]

SNS step start= 30
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Units: [Day]

SNS step switch= 0
Units: [Dmnl}[0,1,1]

ramp start= 0

Units: [Day] [0,7]
pulse water= pulse water intensity * PULSE( pulse water start time , pulse water
duration ) * pulse water switch

Units: [L/Day]

pulse water duration= 1

Units: [Day]

pulse water intensity= 20

Units: [L/Day]

pulse water start time= 2

Units: [Day]

SNS hp 1 switch step= 0
Units: [Dmnl}[0,1,1]

percent of function loss= 0.7

Units: [Dmnl]

SNS hp 1 switch pulse= 0
Units: [Dmnl][0,1,1]

SNS hp 1 switch ramp= 0
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Units: [Dmnl][0,1,1]

SNS ramp finish= 360
Units: [Day [0,7]

time for damage to occur= 3

Units: [1/Day]

kidney damage start time= 1

Units: [Day]

SNS step= SMOOTH( (STEP( SNS percent increase step, SNS step start ) * SNS
step switch), SNS pulse smooth time)
Units: [Dmnl]

kidney function loss= (normal daily kidney function loss*eff of SBP on kidney
damage)-acute kidney damage

Units: [Dmnl/Day]

kidney damage switch= 0
Units: [Dmnl][0,1,1]

na loading switch= 0

Units: [Dmnl][0,1,1]

days per year= 365
Units: [Day/year]

DBP80= 80
Units: [mmhg]
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blood volume adjustment time= 3

Units: [Day]

average daily Na intake= 180+4na loading
Units: [mEq/Day]

average daily water intake= (normal daily water intake + pulse water) * eff of

osmolality on water intake

Units: [L/Day]

chlorthalidone weekly average dose= SMOOTH3 ( Average free chlorthalidone in
plasma , time to take weekly avg dose )

Units: [ng/ml]

pulse blood loss switch= 0
Units: [Dmnl][0,1,1]

pulse water switch= 0

Units: [Dmnl}[0,1]

normal daily kidney function loss= yearly kidney function loss/days per year

Units: [Dmnl/Day]
amlodopine weekly average dose= SMOOTH3 (Average free amlodipine in plasma ,
time to take weekly avg dose)

Units: [ng/ml]

normal daily water intake= 2

Units: [L/Day]

normal vascular deterioration per day= yearly vascular deterioration/days per year
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Units: [Dmnl/Day]

time to take weekly avg dose=7

Units: [Day]

eff of kidney function on GFR= WITH LOOKUP ((Kidney function), ([(0,0)-(1,1)],
(0,0), (0.242363, 0.297203), (0.360489, 0.472028), (0.452138, 0.597902), (0.511202,
0.688811), (0.589409, 0.800699), (0.642159,0.856643), (0.690428,0.912587),
(0.737271,0.944056), (0.792261,0.979021), (0.851324,0.99), (1,1)))

Units: [Dmnl]

Glomerular filtration rate= (normal GFR per min * eff of MAP on GFR * eff of
kidney function on GFR)

Units: [ml/min]

daily average MAP= SMOOTH(Mean Arterial Pressure , time to average MAP )
Units: [mmbhg]

SBP120= 120
Units: [mmbhg]

Na intake= MAX(desired Na-+average daily Na intake,0)
Units: [mEq/Day]

time to average SBP= 1
Units: [Day]

MAP93= 93.3
Units: [mmbhg]

daily average DBP= SMOOTH (Diastolic BP , time to average DBP )
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Units: [mmbhg]

time to average MAP=T7
Units: [Day]

daily average SBP= DELAY1 (Systolic BP , time to average SBP )
Units: [mmhg]

time to average DBP=1
Units: [Day]

telmisertan weekly average dose= SMOOTH3( Average free telmisartan in plasma ,
time to take weekly avg dose)

Units: [ng/ml]

urine Na concentration= urine normal concentration * eff of ADH on urine Na

concentration * eff of GFR on Na concentration

Units: [mEq/L]

urine normal concentration= 90

Units: [mEq/L]

telmisartan switch= 0

Units: [Dmnl][0,1,1]

initial operating point= Mean Arterial Pressure

Units: [mmhg]

initial RSNS operating point= Mean Arterial Pressure
Units: [mmhg]
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implied SNS activity= (normal SNS activity+overactive SNS)*eff of baroreceptor on
SNS
Units: [Dmnl]

amlodipine switch= 0

Units: [Dmnl}[0,1]

chlorthalidone switch= 0
Units: [Dmnl][0,1,1]

yearly kidney function loss= 0.008
Units: [Dmnl/year]

implied normal tone= reference tone*eff of function on tone

Units: [Dmnl]

desired water= ((normal TBW-Total body water)/water adj time)
Units: [L/Day]

implied ADH= normal ADH*eff of AT2 on ADH*eff of osmolality on ADH
Units: [pg/ml]

eff of osmolality on water intake= WITH LOOKUP ( Na concentration/normal Na
concentration, ([(0,0) (2,5)], (0.00407332, 0.489511), (0.403259, 0.510489), (0.619145,
0.559441), (0.810591, 0.706294), (0.93279, 0.867133), (1,1), (1.08758, 1.18881),
(1.2057, 1.78322), (1.29939, 2.67483), (1.40937, 3.74126), (1.47862, 4.24825),
(1.58859, 4.63287), (1.71079, 4.79021), (1.78819, 4.86014), (1.89002, 4.91259),
(1.98778, 4.91259) ))

Units: [Dmnl]

eff of osmolality on ADH= WITH LOOKUP ( Na concentration/normal Na
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concentration, ([(0,0)-(2,2)], (0,0.503497), (0.358452, 0.503497), (0.578411, 0.566434),
(1,1), (1.14053, 1.2028), (1.27495, 1.43357), (1.50713, 1.77622), (1.59267, 1.88811),
(1.71894, 1.95804), (1.99593, 1.98601) ))

Units: [Dmnl]

arterial tone change= (implied normal tone-Normal arterial tone)/tone adj time

Units: [1/Day]

Diastolic BP= Cardiac output * resistance at diastole

Units: [mmhg]

resistance at diastole= normal diastole resistance * eff of arterial tone on resistance *
compliance

Units: [mmhg*min/ml]|

eff of GFR on Na removal= Daily GFR/normal daily GFR
Units: [Dmnl]

eff of concentration on removal= Na concentration/normal Na concentration

Units: [Dmnl]

normal daily GFR= 180
Units: [L/Day]

normal Na concentration= 2160/14

Units: [mEq/L]

change in RSNS operating point= (Mean Arterial Pressure-RSNS operating
point) /RSNS operating point adj time
Units: [mmhg/Day]
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normal Na ratio= 0.007

Units: [Dmnl]

Na concentration= Total body salt/Extracellular fluid volume

Units: [mEq/L]

eff of MAP on GFR= WITH LOOKUP (Mean Arterial Pressure/reference MAP,
([(0.1, 0)-(2, 2)], (0.114053, 0.00947869), (0.219959, 0.356643), (0.270265, 0.496503),
(0.339919, 0.643357), (0.409572, 0.762238), (0.479226, 0.839161), (0.575967,
0.909091), (0.688187, 0.951049), (0.784929, 0.972028), (0.916497, 1), (1, 1), (1.07515,
1), (1.14094, 1.00699), (1.20672, 1.02098), (1.26477, 1.03497), (1.38086, 1.06993),
(1.50468, 1.11888), (1.6169, 1.17483), (1.71752, 1.25175), (1.79104, 1.37762),
(1.86456, 1.52448), (1.99613, 1.97203) ))

Units: [Dmnl]

reference MAP= 93.3
Units: [mmbhg]

Na removal= implied Na removal

Units: [mEq/Day]

normal RSNS activity= 1
Units: [Dmnl]

cholorthalidone removal= Chlorthalidone concentration in plasma/chlorthalidone
removal rate

Units: [(ng/ml)/Day]

eff of chlorthalidone dose on Na removal= WITH LOOKUP ( chlorthalidone weekly
average dose/average free chlorthalidone at standard dose, ([(0,0)-(2,2)], (0,0),
(0.130346, 0.027972), (0.260692, 0.0839161), (0.342159, 0.146853), (0.427699,
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0.244755), (1,1), (1.14053, 1.13986), (1.27088, 1.25874), (1.38493, 1.31469), (1.47862,
1.34965), (1.67821, 1.36364), (1.99185, 1.38462) ))
Units: [Dmnl]

chlorthalidone removal rate= 10

Units: [Day]

change in average chlorthalidone= (Chlorthalidone concentration in plasma-Average
free chlorthalidone in plasma)/average chlorthalidone adj time

Units: [(ng/ml)/Day]

average free chlorthalidone at standard dose= 3.57

Units: [ng/ml]

Average free chlorthalidone in plasma= INTEG (change in average chlorthalidone, 0)
Units: [ng/ml]

average free telmisartan at standard dose= 800

Units: [ng/ml]

Average free telmisartan in plasma= INTEG (change in average telmisartan, 0)

Units: [ng/ml]

average telmisartan adj time= 3

Units: [Day]

eff of amlodipine dose on HR= WITH LOOKUP (amlodopine weekly average
dose/average free amlodipine at standard dose, ([(0,0)-

(2,2)],(0,0),(0.130346,0.027972),(0.260692,0.0839161),(0.342159,0.146853),(0.427699,0.244755) (1,

)
Units: [Dmnl]
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average chlorthalidone adj time= 7

Units: [Day]

amlodipine dosing= implied amlodipine concentration/amlodipine adj time

Units: [(ng/ml)/Day]

chlorthalidone dosing= implied chlorthalidone conccentration/chlorthalidone adj time

Units: [(ng/ml)/Day]

telmisartan dosing=nimplied telmisartan concentration/telmisartan adj time

Units: [(ng/ml)/Day]

telmisartan removal= Telmisartan concentration in plasma/telmisartan removal rate

Units: [(ng/ml)/Day]

Chlorthalidone concentration in plasma= INTEG ( chlorthalidone
dosing-cholorthalidone removal,0)

Units: [ng/ml]

Telmisartan concentration in plasma= INTEG (telmisartan dosing-telmisartan
removal, 0)

Units: [ng/ml]

eff of amlodipine dose on arterial tone= WITH LOOKUP (amlodopine weekly
average dose/average free amlodipine at standard dose, ([(0,0)-(2, 2)], (0, 0),
(0.130346, 0.027972), (0.260692, 0.0839161), (0.342159, 0.146853), (0.427699,
0.244755), (1, 1), (1.14053, 1.13986), (1.27088, 1.25874), (1.38493, 1.31469), (1.47862,
1.34965), (1.67821, 1.36364), (1.99185, 1.38462) ))

Units: [Dmnl]

eff of amlodipine on dose on contractility= WITH LOOKUP (amlodopine weekly
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average dose/average free amlodipine at standard dose, ([(0, 0)(2, 2)], (0, 0),
(0.130346, 0.027972), (0.260692, 0.0839161), (0.342159, 0.146853), (0.427699,
0.244755), (1, 1), (1.14053, 1.13986), (1.27088, 1.25874), (1.38493, 1.31469), (1.47862,
1.34965), (1.67821, 1.36364), (1.99185, 1.38462) ))

Units: [Dmnl]

change in average telmisartan= (Telmisartan concentration in plasma - Average free
telmisartan in plasma)/average telmisartan adj time

Units: [(ng/ml)/Day]

telmisartan removal rate= 1.2

Units: [Day]

eff of telmisartan dose on AT2= WITH LOOKUP (telmisertan weekly average
dose/average free telmisartan at standard dose, ([(0, 0)-(2, 2)],(0, 0),(0.130346,
0.027972), (0.260692, 0.0839161), (0.342159, 0.146853), (0.427699, 0.244755), (1, 1),
(1.14053, 1.13986),(1.27088, 1.25874), (1.38493,1.31469), (1.47862, 1.34965), (1.67821,
1.36364), (1.99185, 1.38462) ))

Units: [Dmnl]

amlodipine removal rate=2

Units: [Day]

amlodipine removal= Amlodipine concentration in plasma/amlodipine removal rate

Units: [(ng/ml)/Day]

average amlodipine adj time= 7

Units: [Day]

Amlodipine concentration in plasma= INTEG (amlodipine dosing-amlodipine

removal, 0)
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Units: [ng/ml]

change in average amlodipine= (Amlodipine concentration in plasma - Average free
amlodipine in plasma)/average amlodipine adj time

Units: [(ng/ml)/Day]

eff of amlodipine dose on concentration= WITH LOOKUP (amlodipine daily
dose/standard amlodipine dosing, ([(0,0)-(2, 1.51)], (0,0), (0.183299, 0.0791959),
(0.362525, 0.248147), (0.615071, 0.517413), (0.847251, 0.818182), (1, 1), (1.15275,
1.19322), (1.22607, 1.28825), (1.30754, 1.37801), (1.4053, 1.45455), (1.50305,
1.47832), (1.77597, 1.4965), (1.98778, 1.5035) ))

Units: [Dmnl]

Average free amlodipine in plasma= INTEG (change in average amlodipine, 0)

Units: [ng/ml]

average free amlodipine at standard dose= 15

Units: [ng/ml]

eff of MAP on baroreceptor= WITH LOOKUP (Mean Arterial Pressure/Baroreceptor
operating point, ([(0.9, 0)-(1.1, 2)],(0.510183, 0.00699306),(0.672098, 0.020979),
(0.812627, 0.027972), (0.889002, 0.0699301), (0.925662, 0.167832), (0.950102,
0.342657), (0.974542, 0.657343), (0.986762, 0.846154), (0.993686, 0.944056), (1, 1),
(1.0224, 1.06294), (1.0387, 1.11888), (1.08147, 1.25874), (1.13238, 1.39161), (1.18228,
1.52448), (1.2169, 1.62238), (1.26986, 1.72727), (1.3167, 1.8042), (1.34929, 1.86713),
(1.389, 1.90909), (1.42464, 1.94406), (1.46334, 1.97902), (1.49796, 1.97203) ))

Units: [Dmnl]

implied baroreceptor activity= normal baroreceptor activity * eff of MAP on
baroreceptor

Units: [burst/ms|
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change in operating point= (Mean Arterial Pressure - Baroreceptor operating point)
/ operating point adj time

Units: [mmhg/Day]

eff of baroreceptor on PNS= WITH LOOKUP (Baroreceptor activity/normal
baroreceptor activity, ([(0, 0)-(2, 2)], (0, 0.5), (0.0692464, 0.5), (0.175153, 0.503497),
(0.378819, 0.552448), (0.582485, 0.65035), (0.745418, 0.734266), (0.892057, 0.853147),
(1, 1), (1.1446, 1.23776), (1.222,1.40559), (1.30346, 1.53846), (1.39308, 1.66434),
(1.52342, 1.79021), (1.66599, 1.91469), (1.76375, 1.96503), (1.89409, 1.9965),
(1.96945, 2), (1.99796, 2) ))

Units: [Dmnl]

baroreceptor activity change= (implied baroreceptor activity - Baroreceptor
activity)/ baroreceptor activity adj time

Units: [burst/ms/Day]

eff of baroreceptor on SNS= WITH LOOKUP (Baroreceptor activity/normal
baroreceptor activity, ([(0, 0.89)-(2, 2)], (0, 2), (0.0285132, 1.9965), (0.130346,
1.98059), (0.268839, 1.93706), (0.378819, 1.86713), (0.492872, 1.71329), (0.639511,
1.45455), (0.737271,1.24476),(0.786151,1.15392), (0.863544, 1.06294), (1, 1), (1.05295,
0.988112), (1.15071, 0.967133), (1.2668, 0.948951), (1.41752,0.932867),
(1.56823,0.921678), (1.74745, 0.909091), (2, 0.9) )

Units: [Dmnl]

normal baroreceptor activity= 1000

Units: [burst/ms]

RSNS operating point= INTEG (change in RSNS operating point, initial RSNS
operating point)

Units: [mmhg]



172

implied PNS activity= eff of baroreceptor on PNS*normal PNS activity
Units: [Dmnl]

RSNS operating point adj time= 3
Units: [Day]

eff of arterial tone on resistance= 1/(implied radius”4)

Units: [Dmnl]

resistance at systole= eff of arterial tone on resistance*normal systole resistance

Units: [mmhg*min/ml]|

Daily GFR= Glomerular filtration rate/daily filtration conversion
Units: [L/Day]

yearly vascular deterioration= 0.0035

Units: [Dmnl/year]

amlodipine adj time= 2

Units: [Day]

amlodipine concentration at standard dose= 30

Units: [ng/ml]

eff of telmisartan dose on concentration= WITH LOOKUP (telmisartan daily
dose/standard telmisartan dosing, ([(0,0)-(2, 1.51)], (0, 0), (0.187373, 0.0580769),
(0.309572, 0.131993), (0.411405, 0.237587), (0.627291, 0.506853), (0.847251,
0.818182), (1, 1), (1.15275, 1.19322), (1.22607, 1.28825), (1.30754, 1.37801), (1.4053,
1.45455), (1.50305, 1.47832), (1.77597, 1.4965), (1.98778, 1.5035) ))

Units: [Dmnl]
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telmisartan adj time= 1.1

Units: [Day]

telmisartan concentration at standard dose=1465

Units: [ng/ml]

implied chlorthalidone concentration= chlorthalidone concentration at standard dose
* eff of chlorthalidone dose on concentration

Units: [ng/ml]

chlorthalidone concentration at standard dose=5

Units: [ng/ml]

chlorthalidone adj time=7
Units: [Day]

implied amlodipine concentration= amlodipine concentration at standard dose * eff
of amlodipine dose on concentration

Units: [ng/ml]

standard amlodipine dosing= 5

Units: [mg]
implied telmisartan concentration= telmisartan concentration at standard dose * eff
of telmisartan dose on concentration

Units: [ng/ml]

standard telmisartan dosing= 40

Units: [mg]

standard chlorthalidone dosing= 7
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Units: [mg]

eff of chlorthalidone dose on concentration= WITH LOOKUP (chlorthalidone daily
dose/ standard chlorthalidone dosing, ([(0, 0)-(2, 1.51)], (0, 0), (0.191446, 0.036958),
(0.309572, 0.0686363), (0.354379, 0.095035), (0.391039, 0.131993), (0.480652,
0.227028), (0.643585, 0.480454), (0.879837, 0.807797), (1, 1), (1.15275, 1.19322),
(1.31976, 1.36217), (1.42159, 1.42024), (1.52342, 1.4572), (1.63747, 1.4836), (1.77597,
1.4965), (1.98778, 1.5035) ))

Units: [Dmnl]

Normal arterial tone= INTEG (arterial tone change, initial normal tone)

Units: [Dmnl]

normal SBP= 120
Units: [mmhg]

normal diastole resistance= 0.013333

Units: [mmhg*min/ml]|

normal systole resistance= 0.02

Units: [mmhg*min/ml]

compliance= normal compliance * eff of function on compliance

Units: [Dmnl]

Mean Arterial Pressure= (Systolic BP+2*Diastolic BP)/3
Units: [mmhg]

eff of SBP on kidney damage= WITH LOOKUP (Systolic BP/normal SBP, ([(1,
1)-(2, 5)], (0, 1), (1, 1), (1.05703, 1.06993), (1.12424, 1.20979), (1.17312, 1.39161),
(1.22811, 1.68531), (1.30143, 2.07692), (1.36456, 2.52448), (1.41752, 2.95804),
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(1.48676, 3.61538), (1.54175, 4.14685), (1.57637, 4.48252), (1.63544, 4.72028),
(1.72505, 4.91259), (1.88798, 4.98252), (2.00204, 4.98252) ))
Units: [Dmnl]

normal compliance= 1

Units: [Dmnl]

tone adj time= 60

Units: [Day]

Systolic BP= Cardiac output * resistance at systole

Units: [mmbhg]

eff of SBP on dysfunction= WITH LOOKUP (Systolic BP/normal SBP, ([(1, 1)-(2,
4)], (0, 1), (1, 1), (1.02648, 1.00699), (1.05255, 1.03147), (1.07515, 1.05245),
(1.09593,1.12587), (1.11853, 1.20979), (1.13503, 1.28322), (1.15397, 1.40909),
(1.17536, 1.55594), (1.25458, 2.45804), (1.31976, 3.17133), (1.37271, 3.59091),
(1.39715, 3.72727), (1.43585, 3.8426), (1.47251, 3.91608), (1.5112, 3.93706), (1.56212,
3.95804), (1.65988, 3.95804), (1.75153, 3.96853) ))

Units: [Dmnl]

Baroreceptor operating point= INTEG (change in operating point, initial operating
point)
Units: [mmbhg]

change in ADH= (implied ADH-Anti Diuretic Hormon)/ADH adj time
Units: [pg/ml/Day]

change in aldosterone= (implied aldosterone-Aldosterone)/ aldosterone adj time

Units: [ng/ml/Day]
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initial AT2= 250
Units: [pg/ml]

aldosterone adj time= 3

Units: [Day]

initial aldosterone= 250

Units: [ng/ml]

initial ADH= 5
Units: [pg/ml]

ADH adj time= 3
Units: [Day]

Aldosterone= INTEG ( change in aldosterone, initial aldosterone)

Units: [ng/ml]

Angiotensin 2 concentration= INTEG (change in AT2, initial AT2)
Units: [pg/ml]

Anti Diuretic Hormon= INTEG ( change in ADH, initial ADH)
Units: [pg/ml]

AT2 adj time= 3
Units: [Day]

change in AT2= (implied AT2-Angiotensin 2 concentration)/AT2 adj time
Units: [pg/(ml*Day)]

initial renin activity= 5.5
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Units: [pg/ml/hr]

eff of ADH on arterial tone= WITH LOOKUP ( Anti Diuretic Hormon/normal ADH,
([(1, 0.8)-(2, 1)], (0, 1), (1, 1), (1.09369, 0.995105), (1.14664, 0.99021), (1.23014,
0.973427), (1.3279, 0.945455), (1.39919, 0.920979), (1.47454, 0.893007), (1.56415,
0.864336), (1.63136, 0.841958), (1.73523, 0.818182), (1.84114, 0.805594), (1.9389,
0.8), (1.99185, 0.8) ))

Units: [Dmnl]

eff of ADH on urine Na concentration= WITH LOOKUP (Anti Diuretic Hormon/
normal ADH, ([(0, 0)-(2, 2.4)], (0.00407332, 0.146853), (0.10998, 0.146853),
(0.289206, 0.174825), (0.439919, 0.230769), (0.659878, 0.394406), (0.855397,
0.688112), (1, 1), (1.13238, 1.46853), (1.23422, 1.9049), (1.31161, 2.11469), (1.41344,
2.24895), (1.51935, 2.32448), (1.62525, 2.34965),(2, 2.36643) ))

Units: [Dmnl]

eff of aldosterone on Na removal= WITH LOOKUP (Aldosterone/ normal
aldosterone, ([(0, 0)-(2, 2)], (0.00814664, 1.48951), (0.228106, 1.47552), (0.472505,
1.41958), (0.602851, 1.32168), (0.725051, 1.23776), (1, 1), (1.09572, 0.909091),
(1.20978, 0.832168), (1.36049, 0.734266), (1.60081, 0.608392), (1.82892, 0.503497),
(1.99185, 0.510489) ))

Units: [Dmnl]

eff of AT2 on ADH= WITH LOOKUP (Angiotensin 2 concentration / normal AT2,
([(0, 0.5)-(2, 2)], (0.00407332, 0.510489), (0.313646, 0.524476), (0.615071, 0.573427),
(0.761711, 0.646853), (0.87169, 0.734266), (1, 1), (1.13646, 1.29371), (1.34012,

1.74825), (1.44196, 1.93007), (1.49084, 1.96329), (1.56008, 2), (1.66191, 2), (1.98778,

2)))
Units: [Dmnl]

eff of AT2 on aldosterone= WITH LOOKUP (Angiotensin 2 concentration,/ normal
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AT2, ([(0, 0.78)-(2, 1.52)], (0.00814664, 0.783217), (0.1222, 0.783217), (0.305499,
0.805874), (0.501018, 0.846154), (0.782077, 0.916084), (1, 1), (1.07943, 1.04196),
(1.29532, 1.17483), (1.43381, 1.29371), (1.49491, 1.35664), (1.62933, 1.45273),
(1.66599, 1.4786), (1.75967, 1.4993), (1.89002, 1.51049), (2, 1.51049) ))

Units: [Dmnl]

eff of AT2 on arterial tone= WITH LOOKUP (Angiotensin 2 concentration/normal
AT2, ([(0, 0)-(2, 2)], (0.00814664, 1.23077), (0.505092, 1.23077), (0.708758, 1.2028),
(0.806517, 1.16783), (0.904277, 1.1049), (0.953157, 1.05594), (1, 1), (1.05906,
0.902098), (1.15682, 0.79021), (1.28717, 0.713287), (1.41344, 0.678322), (1.54786,
0.657343), (1.98778, 0.643357) ))

Units: [Dmnl]

implied aldosterone= normal aldosterone * eff of AT2 on aldosterone

Units: [ng/ml]

normal renin activity= 5.5

Units: [pg/ml/hr]

renin change= (implied renin activity-Renin activity)/renin adj time

Units: [pg/ml/hr/Day]

normal aldosterone= 250

Units: [ng/ml]

eff of renin on AT2= WITH LOOKUP (Renin activity/normal renin activity,
([(0,0.48)-(2, 2)], (0, 0.482517), (0.350305, 0.489511), (0.521385, 0.538462), (0.647658,
0.608392), (0.761711, 0.685315), (0.855397, 0.755245), (0.94501, 0.888112), (1, 1),
(1.1446, 1.26573), (1.29939, 1.64336), (1.42974, 1.88811), (1.51528, 1.93622),
(1.64969, 1.97203), (1.8167, 1.99301), (1.98778, 1.99301) ))

Units: [Dmnl]
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normal ADH=5
Units: [pg/ml]

Renin activity= INTEG (renin change, initial renin activity)

Units: [pg/ml/hr]

normal AT2= 250
Units: [pg/ml]

renin adj time= 3

Units: [Day]

eff of function on tone= WITH LOOKUP ( Vascular function/normal vascular
function, ([(0.5, 0.9)-(1, 1)], (0.5, 0.9), (0.543788, 0.901049), (0.57943, 0.903497),
(0.598778, 0.905594 ), (0.61609, 0.908741), (0.63442, 0.911888), (0.742362, 0.934266),
(0.822811, 0.956993), (0.858452, 0.967133), (0.887984, 0.975874), (0.912424,
0.983566), (0.933809, 0.99021), (0.950102, 0.994755), (0.973523, 0.998252), (1, 1), (2,
1), (25 1), 3,1)))

Units: [Dmnl]

eff of function on compliance= WITH LOOKUP (Vascular function/normal vascular
function, ([(0.6,0.4)-(1, 1)], (0.602444, 0.548951), (0.679837, 0.561538), (0.719756,
0.578322), (0.74582, 0.601399), (0.763747, 0.630769), (0.784114, 0.664336), (0.801222,
0.725175), (0.81833, 0.794406), (0.834623, 0.863636), (0.850917, 0.941259), (0.863951,
0.976923), (0.880244, 0.987413), (0.90224, 0.995804), (1, 1), (2, 1) ))

Units: [Dmnl]

normal vascular function= 1

Units: [Dmnl]

water intake= MAX ((desired water + average daily water intake), 0)
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Units: [L/Day]

desired Na= (normal Na-Total body salt)/Na adj time
Units: [mEq/Day]

vascular function loss= deterioration rate

Units: [1/Day]

water adj time= 3

Units: [Day]

normal TBW= 42
Units: [L]

Na adj time= 3
Units: [Day]

initial Na= 2160
Units: [mEq]

normal Na= 2160
Units: [mEq]

Total body salt= INTEG ( Na intake-Na removal, initial Na)
Units: [mEq]

normal daily fitration= 180
Units: [L/Day]

normal GFR per min= 125

Units: [ml/min]
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water removal= implied water removal

Units: [L/Day]

normal blood volume= 5

Units: [L]

normal contractility= 1

Units: [Dmnl]

eff of SNS on contractility= WITH LOOKUP (implied SNS activity /normal SNS
activity, ([(1, 1)-(2, 4)], (0, 1), (1, 1), (1.06721, 1.05245), (1.1222, 1.25175), (1.16701,
1.52448), (1.23014, 1.91259), (1.28921, 2.25874), (1.32587, 2.47902), (1.37882,
2.77273), (1.44807, 3.10839), (1.52749, 3.42308), (1.58248, 3.62238), (1.69246,
3.8007), (1.82077, 3.92657), (1.93483, 3.96853), (2, 3.96853) ))

Units: [Dmnl]

initial TBW= 42
Units: [L]

normal ESV= 40
Units: [ml/beat]

daily filtration conversion= 1000/1440
Units: [(ml*Day)/(min*L)]

End sytolic volume= (1/contractility) * normal ESV
Units: [ml/beat]

initial kidney function= 1

Units: [Dmnl}[0,1]
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Kidney function= INTEG (-kidney function loss, initial kidney function)
Units: [Dmnl]

normal water removal= 2.5

Units: [L/Day]

eff of blood volume on EDV= WITH LOOKUP (Blood volume/normal blood
volume, ([(0, 0)-(2, 2)], (0, 0),(0.1, 0),(0. 248473, 0.0223777), (0.395112, 0.0788811),
(0.501018, 0.149511), (0.615071, 0.276643),(0.794297,0.559161), (0.912424, 0.834615),
(1, 1), (1.09572, 1.18776),(1.18534, 1.35021), (1.24236, 1.43497), (1.30346, 1.48441),
(1.36456, 1.54091), (1.4501, 1.56916), (1.60081, 1.58329), (1.98371, 1.58329) ))
Units: [Dmnl]

Stroke volume= End diastolic volume - End sytolic volume

Units: [ml/beat]

eff of ECF volume on blood volume= WITH LOOKUP ( Extracellular fluid
volume/normal ECF volume, ([(0.66,0.5)-(1.67, 1.5)], (0.66, 0.5), (1, 1), (1.28122,
1.39161), (1.3279, 1.44755), (1.35527, 1.47203), (1.389, 1.48252), (1.49084, 1.4965),
(1.66705, 1.4965) ))

Units: [Dmnl]

Extracellular fluid volume= Total body water * ECF volume ratio

Units: [L]

normal ECF volume= 14

Units: [L]

ECF volume ratio= 1/3
Units: [Dmnl]
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Total body water= INTEG (water intake-water removal, initial TBW)
Units: [L]

deterioration rate= normal vascular deterioration per day * eff of SBP on dysfunction

Units: [1/Day]

Vascular function= INTEG (-vascular function loss, initial vascular function)

Units: [Dmnl]

initial vascular function= 1

Units: [Dmnl]

eff of SNS on arterial tone= WITH LOOKUP ( implied SNS activity /normal SNS
activity, ([(0.7, 0.25)-(1.4, 1.1)], (0.704481, 1.08846), (0.863544, 1.07692),
(0.924033,1.06154), (0.962118, 1.03846), (0.984521, 1.01923), (1,1), (1.01141,
0.973077), (1.03493,0.926923),
(1.06293,0.846154),(1.0887,0.75),(1.11782,0.615385),(1.13238,0.526923), (1.16711,
0.361538), (1.18167, 0.311538), (1.20611, 0.276748), (1.22607, 0.26486), (1.24552,
0.257692), (1.39715, 0.258916) ))

Units: [Dmnl]

normal PNS activity= 1
Units: [Dmnl]

eff of PNS on HR= WITH LOOKUP (implied PNS activity /normal PNS activity,
([(1,0.8)-(2, 1)], (0, 1), (1, 1), (1.01629, 0.972028), (1.03259, 0.948951), (1.06517,
0.923776), (1.11405, 0.901399), (1.21792, 0.874126), (1.29939, 0.856643), (1.39308,
0.841958), (1.50917, 0.828671), (1.62118, 0.818881), (1.70468, 0.81049), (1.75967,
0.806993), (1.82688, 0.802797), (1.90224, 0.800699), (2, 0.8) ))

Units: [Dmnl]
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normal SNS activity= 1
Units: [Dmnl]

normal EDV= 120
Units: [ml/beat]

operating point adj time= 3

Units: [Day] [0,?]

Hearth Rate= INTEG (HR change, initial HR)
Units: [beat/min]

initial normal tone= 1

Units: [Dmnl]

initial baroreceptor activity= 1000

Units: [burst/ms|

Baroreceptor activity= INTEG ( baroreceptor activity change, initial baroreceptor
activity)
Units: [burst/ms|

baroreceptor activity adj time= 3

Units: [Day] [0,7]

Cardiac output= Hearth Rate * Stroke volume

Units: [ml/min]

HR adj time= 3
Units: [Day]
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HR change= (implied heart rate-Hearth Rate)/HR adj time
Units: [beat/min/Day]

initial HR= 75
Units: [beat/min]

reference tone= 1

Units: [Dmnl]

normal HR= 75
Units: [beat/min]

FINAL TIME = 3000

Units: [Day] The final time for the simulation.

INITIAL TIME = 0

Units: [Day] The initial time for the simulation.

SAVEPER = TIME STEP
Units: [Day] [0,7]

TIME STEP = 0.0625
Units: [Day] [0,7]
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APPENDIX B: MODEL VIEW
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Figure B.1. Main structure.
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Figure B.3. Scenario view.



