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Abstract.

In recent years, anesthesia gas machines have become technologically advanced and

more complex. It is difficult to learn about equipment and how to identify and collect

equipment malfunctions from a text book. Anesthesia simulation allows anesthesiolo

gists to learn about anesthesia equipment and to confront clinical and equipment

problems in a realistic environment without risk to patients. The Gainesville Anesthesia

Simulator II, completed in 1991, incorporates a hybrid lung model comprising a

mechanical lung and a software uptake and distribution model. The goal of this thesis

is to develop a more complete physiological model of an anesthetized patient by adding

additional systems such as a sophisticated cardiovascular model. The new software

should provide a pulsatile cardiovascular model in addition to the existing uptake and

distribution model. The main goal of the patient simulator remains to "create a patient

that could exist", rather than a specific patient.

The primary module of the integrated physiological model is the pressure and flow

module. This pressure and flow model consists of 15 compartments and describes

mathematically the mechanical and physical properties of the cardiovascular system.

The second module of the integrated physiological model is the uptake and distribution

module, which calculates the gas exchange in the lungs of a simulated patient. In

reality, the uptake and distribution of gases involves complex interactions and control

mechanisms, and these are implemented in a separate module, the central nervous

system model. Pharmacodynamics describe the relationship between blood anesthetic or

drug concentration and the observed pharmacologic effect, and this is calculated in a

pharmacodynamics module.

Several tests have been performed to evaluate the integrated physiological model. From

these tests, we conclude that the uncontrolled pressure and flow model works well and

provides an appropriate arterial pressure waveform. The uptake and distribution model



also works well as part of the integrated physiological model. The central nervous

system module models physiological controls (e.g., baroreceptors). Tests show correct

actions for these controls, although sometimes dampened oscillations are observed.

The integrated physiological model was developed for a 80386/80387 based personal

computer system using the programming language C+ +, and can run real time

simulations generating a correct arterial pressure waveform. It is a robust platform for

future expansion of the anesthesia simulator system.
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1. Introduction.

Anesthesiology is the practice of medicine to eliminate pain. During surgery, the

elimination of pain is accomplished by administration of anesthetic gases, intravenous

drugs, or nerve blocks. In the operating room, most surgical procedures are performed

under general anesthesia. General anesthesia means the patient is unconscious

(unaware), amnestic (no recall), analgesic (no pain), and relaxed (no movement).

General anesthetics also decrease the patient's respiratory function and, therefore, the

patient's respiration must often be assisted, usually by a mechanical ventilator.

Mechanical ventilation also delivers the inhaled anesthetics from an anesthesia gas

machine into the patient's lungs.

In recent years, anesthesia gas machines have become technologically advanced, more

complex, and less well understood by anesthesiologists [Buffington 1989]. The same is

true for many of the electronic monitoring instruments. Though equipment

malfunctions are rare, they do occur and can be very difficult to detect.

Anesthesiologists must realize that monitors and gas machines don't always work

properly, and must thus be able to diagnose these rare and potentially fatal faults with

their equipment.

Traditional learning in anesthesia is accomplished by reading textbooks and speciality

journals, and by administering anesthesia under the supervision of an attending

anesthesiologist. It is difficult to learn the correct response to equipment malfunction.

from a text book. Anesthesiologists learn best by active experimentation [Baker 1987],

yet, there is no guarantee that anesthesiologists in training get exposed to all possible

problems during their residency. An anesthesia simulator can provide the trainee with

repeated exposure to rare and infrequent problems. Anesthesia simulation allows

anesthesiologists to experience in a few hours many different critical incidents. To
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enhance the realism of the training, the anesthesia simulator should resemble the

anesthesia work station in every detail.

The Gainesville Anesthesia Simulator I (GAS I), a prototype anesthesia simulator which

was designed and built in 1987 [Good 1988], is an example of such a system. A

second generation prototype, GAS II, was completed in 1991. The primary difference

between GAS I and GAS II is the incorporation of a hybrid lung model [Good 1989]

comprising a mechanical lung and a software uptake and distribution model. In the

mechanical lung real gases are taken up and eliminated just as in a "patient", making it

possible to connect the lung model to an anesthesia gas machine. The software uptake

and distribution model controlling the gas exchange in the lungs was developed by J.

Heffels working in the Department of Anesthesiology at the University of Florida and in

conjunction with the Department of Medical Electrical Engineering at the Eindhoven

University of Technology.

Even though the existing software model controls the gas uptake and elimination by the

hybrid lung model, a more sophisticated patient simulator, as is now desired for GAS

II, requires a more realistic cardiovascular model. The goal of this thesis is to expand

the prototype uptake and distribution model to a more complete physiological model by

adding additional systems such as a sophisticated cardiovascular model. As this project

began, it became apparent that the existing uptake and distribution software structure

was not modular or easily expandable to meet this new goal.

Although the main goal of the patient simulator remains to "create a patient that could

exist", the new software should have several additional characteristics. First, the new

software should provide a pulsatile cardiovascular model in addition to the existing

uptake and distribution model. Implementing the cardiovascular model will increase the

complexity of the new integrated physiological model considerably, although an attempt
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is made to keep it as simple and modular as possible. Secondly, one should be able to

easily maintain and expand the software.

The development of such an integrated physiological model starts with reviewing the

original design goals, encountered problems, and limitations of the present Gainesville

Anesthesia Simulator (chapter 2), and subsequently leads to a list of objectives for the

new physiological software package (chapter 3). The resulting physiological model is

actually made up of multiple models, of which the Pressure-Flow Module is the primary

model (chapter 4). Other important modules include the Uptake and Distribution

Module (chapter 5), Central Nervous System Module (chapter 6) and a

Pharmacodynamics Module (chapter 7).
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2. Gainesville Anesthesia Simulator.

As anesthesia machines and monitoring instruments become technologically advanced

and more complex, anesthesiologists tend to rely heavily on these instruments. Yet, the

more complex an instrument is, the more it is prone to malfunctions. Anesthesiologists

must, therefore, have a good knowledge of the anesthesia machine and monitoring

instruments, and should be able to detect and rapidly correct both common and

uncommon malfunctions of their equipment.

Although there are many different types of anesthesia machines, some basic components

and functions can be identified. In general, the anesthesia gas machine can be

functionally divided into four subsystems (Figure 2.1) [Good 1991]. Pipeline and

cylinder gas supplies (oxygen, nitrous oxide, air, etc.) are connected to the high

pressure system (A), which regulates the pressure of these gas supplies. The high

pressure system connects to the low-pressure system (B), where a mixture of oxygen,

anesthetic gas and vapor is blended according to controls set by the anesthesiologist.

This fresh gas mixture passes through the fresh gas hose into the breathing system (C),

which facilitates spontaneous, assisted, or controlled ventilation of the patient's lungs.

Excess gas from the breathing system is collected and removed by the scavenging

system (D).

The anesthesiologist can ventilate the patient's lungs by manually squeezing a breathing

bag, or use a mechanical ventilator to automatic inflate the patient's lungs a specified

number of times per minute.

In addition to the anesthesia gas machine, the anesthesiologist uses several instruments

to monitor the anesthetized patient. These monitors vary from patient to patient,

depending on the overall health of the patient and the type and complexity of surgery to

be performed.

6



low (B)
pressure
system

breathing (C)
system

high (A)
pressure
system

scavenging (0)
system

gas supplies
<:::::=::::====::::J

evacuation
c::::====~>

patient

Figure 2. 1. Gas flow through the four subsystems of an anesthesia gas machine.
(From The Anesthesia Gas Machine, Michael L. Good, M.D., January 16, 1991.)

The American Society of Anesthesiologists (ASA) considers the following monitors

mandatory and lists them in its Standard for Basic Intra operative Monitoring [ASA

1991]:

1) oxygen analyzer.

2) pulse oximeter.

3) capnometer.

4) disconnect alarm.

5) electrocardiograph (ECG).

6) arterial blood pressure.

7) thermometer.
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The ASA standard also encourages, and many anesthesiologists already routinely use,

spirometry, capnography, and respiratory gas analysis.

These monitoring instruments help the anesthesiologist to titrate the anesthetic gases and

intravenous drugs. Monitoring is also necessary because many anesthetic drugs produce

undesirable side effects (high or low heart rate or blood pressure, or respiratory

depression) when too much or not enough drug is administered. Not only should the

anesthesiologist know the side effects caused by the anesthetic drugs, but he or she

should also know the limitations and the accuracy of the monitoring instruments.

2.1. Overview.

Educators recommend the use of simulation when events to be learned are rare, reality

is dangerous, or errors are costly [Gagne 1988]. This clearly applies to anesthesiology,

and anesthesia simulation is becoming a recognized educational tool in anesthesiology

training programs. Anesthesia simulation allows the anesthesiologist, in training or

practice, to experience in a few hours many different clinical problems that otherwise

would take years of clinical practice to encounter.

There are three reasons for designing an anesthesia simulator as teaching tool:

1) since anesthesia residents will perform about 1000 cases during residency

whereas some fatal mishaps have incidences of 1 in about 10,000 cases or less

[Cooper 1984], they will most likely not be exposed to these rare untoward

events during their residency training.
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2) the operating room is not an ideal teaching arena and deliberate initiation

of faults for the purpose of rehearsing crisis management would be unethical

and risky.

3) even if a resident is exposed to a certain problem, there is no way to

immediately recreate the problem to reinforce or test the learning objectives.

The Gainesville Anesthesia Simulator I (GAS I), a prototype anesthesia simulator, was

designed and build in 1987 by the Department of Anesthesiology at the University of

Florida (Gainesville,FL) in conjunction with Ohmeda Anesthesia Systems (Madison,

WI). GAS I simulates 15 specific critical incidents during anesthesia. The scenarios

were chosen to be a representative mix of critical incidents in anesthesia, and consist of

machine failures and patient problems. The critical events in GAS I are script driven,

which does not allow for flexibility in the execution of the event simulation, nor

responsiveness to action (e.g., decreasing inhaled anesthetic concentration) taken by the

user.

Continuous development of GAS I resulted in a second generation prototype GAS II,

completed in 1991. The primary difference between GAS I and GAS II is the

development of a hybrid lung model [Good 1989]. This hybrid lung model physically

simulates all flows, pressures and gas mixing inside the lung. As the mechanical lung

uses real gas flows, it can be connected to an anesthesia machine, which enhances the

realism of the simulator.

The mechanical portion of the lung model was designed at the University of Florida and

developed at the University of Alabama. It consists of two mechanical bellows

representing the lungs, and is connected to gas cylinders which supply the gases

required to take part in the gas exchange (02, C02, N2, N20). A constant gas flow

flushes the bellows, and the gas exchange is accomplished by gas substitution. The
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concentration of the different gases in this constant flow is measured to determine the

gas concentrations in the bellows. The software calculates the gas uptake and

elimination by the hybrid lung model, as well as the metabolism of these gases in the

body tissues. The lung model then alters the gas mixture to set the new gas

concentrations, simulating the necessary gas exchange. This uptake and distribution

model represented the first physiological modelling in GAS.

2.2. Problems.

Although the uptake and distribution software correctly models gas exchange, it does

not generate the appropriate cardiovascular changes secondary to the administration of

anesthetic gases and drugs. The main reason for this is that the uptake and distribution

module is the primary model, and that the cardiovascular module was integrated into the

uptake and distribution model, and only addressed the needs of the uptake and

distribution model. Also, since the cardiovascular model uses average flow, pressure

and volume, which was sufficient for the uptake and distribution model, it is not suited

to implement the desired pulsatile cardiovascular model.

As mentioned, the current software uses the uptake and distribution model as its

primary model. Changing to a pulsatile model, however, will make the cardiovascular

model the most elaborate and detailed module. It, therefore, should be the primary

module in the simulator's integrated physiological model. The other modules are then

adapted to fit this primary model. This central role of the cardiovascular system as the

primary system is consistent with human physiology, since the cardiovascular system is

the important physiological system in delivering and removing gases, nutrients,

hormones, and other substances.
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Further development of the simulator was aimed at creating a more realistic patient

model. This was achieved by physically simulating clinical signs important to the

anesthesiologist, such as skin temperature, skin color, breath sounds, heart sounds, and

spontaneous breathing. At the present time, all the clinical signs are script driven, and

are not yet synchronized with the physiological model and the settings of the anesthesia

machine.

The existing uptake and distribution model works, showing the enormous potential of

software modelling for the anesthesia simulator. However, since this first prototype

was written without anticipating future needs, the ad hoc implementation makes it

unpractical to change or even expand the program. In developing the objectives for the

new physiological model, all these considerations are be taken into account.
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3. Objectives.

There are some general considerations that must be addressed when designing a

software package that contains multiple models. An important objective is to produce

an overall structure in which changes and expansions are easily accomplished.

Apart from implementing the multiple models, the software package provides an

interface for the user, and an interface between the model and the mechanical parts of

the simulator (e.g., the hybrid lung). Designing these interfaces as separate entities

allows future hardware changes to be added easily. For these reasons, the different

models and interfaces necessary for this software package are all designed around a

common data structure.

The overall structure of the software consists of several different program blocks, as

can be seen in figure 3.1. The block containing the physiological model can be

subdivided into the multiple models. All interactions between these multiple models is

performed through the common data structure. The result of this overall structure is

that the software can be maintained and expanded easily. In fact, provisions can be

made for future developments of the software package.

The main or primary module of these multiple models is the cardiovascular model.

When carefully developed with other models in mind, adding other models is then

possible without rewriting this primary module. Experience obtained with the first

prototype version will be invaluable in this respect.

The integrated physiological models make the patient "half' of the Gainesville

Anesthesia Simulator a self contained unit. This results in a separate patient simulator,

generating its own heart rate, blood pressures,and clinical signs, without external

control other than gas exchange.
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Figure 3. 1. Overall structure of the physiological software package.

In the mathematical description of the different modules, the following distinction is

made between parameters and variables:

parameters are independent quantities, describing mechanical properties of the human

body. Examples are: compliance, vascular resistance, inertia and unstressed volume.

variables are functions of (independent) parameters, and can thus not be chosen

independently. Examples are: volume, pressure, and flow.
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3.1. Physiologic model.

The overall objective of the physiological model can be summarized in one sentence:

"Creating a patient that could exist". The desired functions that must be performed

should be developed bearing in mind how the anesthesiologist intents to use this model.

Since the physiologic model is developed for use in the Gainesville Anesthesia

Simulator, it should provide functions and variables necessary for simulating a patient

under anesthesia.

The objectives for the physiologic model are subdivided as follows:

1) General considerations.

2) Clinical scenarios.

3) Basic mechanics.

4) Physiologic control systems.

general considerations:

The patient to be simulated should be an adult weighing 40 to 150 kg. However,

provisions for adding pediatric patients (less than 40 kg) in the future must also be

included. This can be achieved by providing appropriate cardiac function curves and

physiologic coefficients. Since an anesthetized patient under going surgery is usually in

a supine position, the gravitational influences on the models are omitted. Also, since

the normal range for the duration of anesthesia is from 0 to 8 hours, only the short term

physiological effects that take less than 8 hours are considered.
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The physiological model should provide for the coupling of respiration, circulation and

metabolism. This requires the modelling of gas exchange in lung and body tissues.

The first prototype version of the physiological model [Heffels 1990] achieved this

objective.

In addition, the model needs to provide for the variables monitored in anesthesia

practice. For example, the systolic and diastolic blood pressures are frequently

measured by anesthesiologists; less often mean blood pressure. For this reason a

pulsatile blood pressure waveform is desired, which was not implemented in the original

software. Capnography is possible as a direct result of the use of real gases in the

mechanical lung. Pulse oximetry is possible as a result of the oxygen concentration in

the blood, which determines the hemoglobin saturation. Other variables, however, have

to be modeled separately. An example of this is the electrocardiography signals, which

will eventually be modelled, but they are not part of the model as being designed.

In order to reduce the time necessary for some problems or effects to occur during a

training session, a fast forward feature, as opposed to real time simulation, must be

implemented. This enables the instructor to go through a complete anesthesia procedure

of several hours in only a fraction of the real time.

clinical scenarios:

The model must respond like a patient to a variety of anesthetic drugs and problems.

Responses to the following inhaled anesthetics are considered necessary:

1) isoflurane.

2) nitrous oxide.
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However, future expansion with other anesthetic agents must also be accommodated.

Again, consideration of a pediatric patient must be included. This could be

accomplished for example by selecting appropriate coefficients and parameters to be

used by the model.

In addition to the anesthetic agents, many other drugs are used by anesthesiologist. For

realistic results, the responses to these drugs eventually need to be implemented

although they are not specifically addressed in the current project.

In order to create a realistic patient simulator, the correct responses for a number of

problems are also taken into account. Specifically, the model must respond in a

realistic way to clinical problems such as decreased intravascular blood volume, cardiac

failure, cardiac tamponade, and increased intrathoracic pressure.

Since the primary physiological effect of blood loss is decreased cardiac filling, similar

response must be generated by the model. Only the short term effects of decreased

cardiac filling will be implemented. Other patient problems such as cardiac failure,

incompetent and stenotic valves, atria fibrillation, and ventricle fibrillation must also be

included. For the different heart chambers, external triggering of contraction needs to

be provided, which enables simulation of atrial and ventricular ectopy. For now,

however, internal triggering will be implemented.

Trauma, perforations from central venous catheters, or disease states can cause the heart

to be surrounded with blood or fluid, which is called a cardiac tamponade. Because of

the increased pericardial pressure, the heart does not fill, and blood pressure and

cardiac output drop significantly. The model should provide for this occurrence.

Finally, a realistic response to increased intrathoracic pressure is planned. In humans,

there is a purely mechanical coupling between respiration and circulation, because of
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the periodically cycling of intrathoracic pressure. Taking the intrathoracic pressure into

account will enable the model to measure the actual pressure in the mechanical lung and

show the effect on the hemodynamic behavior. For now, a low, constant negative

intrathoracic pressure will be implemented. Including intrathoracic pressure in the

model also enables simulation scenarios such as tension pneumothorax to be developed.

Basic mechanics:

Desired ranges for parameters and variables used by the models are set by looking at

boundary conditions. For instance, heart rates will range from 30 to 180 beats per

minute with a normal sinus rhythm. With external triggering the model will also be

able to include cardiac dysrhythmias. Some of these dysrhythmias may require an atrial

trigger, a ventricular trigger, or both. For now, a fixed internal triggering with a

normal sinus rhythm is selected.

Boundary ranges are also set for the arterial systolic, mean, and diastolic blood pressure

and cardiac output: the model will generate arterial blood pressures (systolic/ mean/

diastolic) in the range from 30/20115 to 250/1701130 torr, while the cardiac output will

range from 1 l/min to 25 l/min.

Physiologic control systems:

There are several control systems in the patient's physiology that also need to be

implemented in the model.

1) Local blood flow control.

The flow through a tissue is locally controlled mainly in proportion to

that tissue's need for blood perfusion. The specific needs of an tissue for
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blood flow include oxygen delivery, removal of carbon dioxide, and

maintenance of proper concentrations of different ions in the tissues.

2) Baroreceptor reflex.

A rise in arterial pressure causes a feedback signal to reduce the arterial

pressure, through both a decrease in peripheral resistance and a decrease

in heart rate.

3) Chemoreceptor reflex.

A high partial pressure of carbon dioxide or a low partial pressure

of oxygen in the arterial blood causes the arterial pressure and heart rate

to rise due to stimulation of the sympathetic nervous system.

4) Stress relaxation.

A vessel who's pressure is increased by increased volume, gradually

looses much of this pressure over a period of many minutes because of

progressive stretch of the vessel, thereby accommodating the volume of

blood in it.

5) Central nervous system ischemic response.

Cerebral ischemia causes an increase in arterial blood pressure. Ischemia

is the condition when the blood flow to the lower brain stem is no longer

adequate to provide sufficient oxygen to the brain.

Other physiological control systems in humans include renin angiotensin

vasoconstriction, and capillary fluid shifts. These control systems can be implemented

in the future,and provisions will be made for including them.
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To allow all the objectives to be met, the physiological model consists of four different

modules:

1) Pressure Flow Module (PFM).

The PFM models the pressures, volumes and flows in the cardiovascular

system.

2) Uptake and Distribution Module (UDM).

The UDM models the uptake and elimination of gases in the lungs, as

well as the distribution and metabolism of these gases in the different

body tissues.

3) PharmacoDynamics Module (PDM).

The PDM models the effects of the administered anesthetic gases

and drugs on the physiological control systems.

4) Central Nervous System Module (CNSM).

The CNSM models the physiological control systems and the effects

of anesthetics on the brain.

As the cardiovascular system is the sole agent for delivery of oxygen to and removal of

carbon dioxide from all tissues of the body, it is indispensable for survival. In the

patient model, the cardiovascular module will be the most detailed model, and all the

other modules will do there calculations based upon the results of this primary module.

The individual modules that make up the physiologic model must be set up and

initialized every time the software is used. This enables the user to change the modeled

patient. For this reason, a Patient Parameter Profile (PPP) data file, that holds all the

parameters necessary to initialize the models, is included as part of the integrated

physiological model.
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3.2. interfaces.

In order to use the new physiological software package, interfaces must be defined.

Two interfaces are necessary for convenient operation of the software model:

1) a user interface.

2) a lung interface.

The user interface enables the user to specify the PPP data file, the type of data output

(screen or file), what signals to display, and so on. This interface can be made very

user friendly, providing help screens, default answers and so on.

The mechanical lung interface, which provides the gas concentrations in the lung and

which needs to be provided with the new gas concentration after gas exchange, will be

treated as a black box. However, with the transition from GAS I to GAS II, a new

hardware configuration was used and in order to make the mechanical lung interface

part of this new hardware set up, new drivers must be implemented. The software,

therefore, will have to anticipate these additional changes.

Apart from the objectives for the performance and interfaces of the software package,

there are a few other considerations concerning the development. In order to use the

existing hardware platform and to facilitate the distribution of the software package, the

system will be developed on a IBM-peN or compatible, and preferably a 80386 based

personal computer system.

Since implementation of the physiological model calls for a highly structurized approach

and a highly graphical user interface, the programming language must be carefully

selected. After evaluating many languages we selected the object-oriented programming
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language C+ + for this application. Our choice was the C+ + compiler for 80x86

based PC's from Borland International Inc. (TURBO C+ + reI. 1.0), since it was

inexpensive and readily available.

In C+ + the basic unit of a data structure and the functions that manipulate it is called a

class. Variables, or instances, of that class are called objects. In an object-oriented

language, characteristics of one user-defined type (base class) can be inherited into

another (derived class). When a derived class inherits part of the data structure and

functions from a base class, the objects of the derived class still retain membership in

the base class. By deriving many classes from the same base class, a group of classes

can be created that have the same interface but different implementations (the function

calls look the same, but the effects are different). The main program manages a group

of these objects. It can send any message to any object, but the effect will be different

depending on the specific subclass or derived class.

With the stated objectives we are ready to describe and develop the individual modules

of the integrated physiological model.
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4. Pressure Flow model.

The primary module of the complete physiological model is the pressure and flow

model. This model describes mathematically the mechanical and physical properties of

the cardiovascular system.

The human circulation has been described using mathematical models before and a

literature review revealed that some of these systems were implemented on an analog

computer [Beneken 1964, 1967; Fukui 1981; Snyder 1969], while others use a digital

computer [Guyton 1972; Schwid 1987; Calkins 1989].

The analog computer based systems show either more details than necessary for our

needs [Fukui 1981], while others can be adapted easily [Beneken 1967]. However, one

of the restrictions for our physiological model is that the system must be developed on a

80386 personal computer. Therefore, we concentrate on systems developed on a digital

computer. One of our objectives was to create a pulsatile waveform. Some of the

systems described in the literature are based upon average blood flow [Heffels 1990;

Calkins 1989], and the ones that are based upon a pulsatile blood flow, incorporate only

parts of the cardiovascular system [Schwid 1987,1990].

Another problem with these existing models is that the source code of the software is

not available. As a result, adapting such a system to our needs is impossible. Since

none of the above systems complies with all the objectives, a new model is developed.
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4.1. Theory.

The primary task of the circulatory (or cardiovascular) system is to deliver an adequate

supply of oxygen to the various tissues in order to meet the metabolic needs of the

different parts of the body. In the cardiovascular system, the following entities can be

distinguished:

- an uncontrolled circulatory system and

- the controlling mechanisms and processes.

The uncontrolled system is considered to consist of the heart and the blood vessels.

The controlling part continuously adjust the properties of this uncontrolled system

through neurohormonal influences. For example, by adjusting the mechanical

properties of the small vessels, the blood pressure can be controlled within a narrow

range despite fluctuating physiological conditions (e.g., hemorrhage). In this manner,

the oxygen delivery to the tissues is maintained.

Since the physiological model consists of a separate Pressure Flow Module and a

Central Nervous System Module, the Pressure Flow Module will only simulate the

uncontrolled cardiovascular system. All the control influences are contained in the

Central Nervous System Module.

4.1.1. The cardiovascular system.

The cardiovascular system is divided into systemic circulation, pulmonary circulation

and left and right heart (Figure 4.1). In the model both the systemic circulation and the

pulmonary circulation consist of an arterial segment, a venous segment and a tissue

segment. The cardiovascular system can also be divided into an intrathoracic and an

23



extrathoracic portion (See figure 4.1). A purely mechanical coupling exists between

respiration and circulation, because of the periodically cycling of intrapleural pressure

in the thorax. The intraperitoneal pressure in the abdominal is considered to be

constant in this model.

The arterial segment in the systemic circulation is divided into intrathoracic and

extrathoracic compartments. It is divided for two reasons:

1) a substantial part is located in the thorax and is subject to the cycling

intrathoracic pressure due to respiration.

2) modelling two arterial compartments in series allow for reflections of the

blood pressure waveform, due to inertial effects.
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Figure 4.1. The cardiovascular system, divided into several segments.

Similarly, the systemic venous segment is also divided into intrathoracic and

extrathoracic compartments.

The systemic circulation transports oxygen to and carbon dioxide from the body tissues.

Other gases, such as nitrous oxide and inhaled anesthetics, are soluble to different

degrees in different tissues. Accurate modelling of the uptake and distribution (chapter

5) of these gases is achieved by grouping the various body tissues into three categories:

1) Vessel Rich Group (VRG).

2) Muscle Group (MG).

3) Fat Group (FG).
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Therefore, the systemic tissue segment consists of three tissue compartments. The

effect of capillaries in the tissues collapsing below a critical minimal pressure is not

taken into account.

The pulmonary circulation is located completely in the thorax. The pulmonary vessels

are relatively short and, therefore, only one arterial and one venous compartment are

required. The lung tissue segment is divided into two lung tissue compartments to

allow for a ventilated and a non-ventilated (shunt) lung section.

The heart is modelled using four compartments. To enable separate atrial and

ventricular triggering, both left and right heart segment consist of an atrial compartment

and a ventricular compartment. These compartments are considered as elastic

reservoirs of which the compliances decrease and increase in a periodic fashion,

resulting in an ejection of blood into the next compartment of the model [Beneken

1965]. The four heart valves are also incorporated into these compartments. With this

segmentation, the total cardiovascular model consists of

fifteen compartments (figure 4.2).
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;;=============[ Pressure Flow "odel ] =============;;

COl'lparbtents:

left atriul'l ( 0)
left ventricle ( 1>
intrathoracic artery ( 2)
extrathoracic artery ( 3)
vessel rich group tissue ( 4)
Muscle group tissue ( 5)
fat group tissue ( 6)
extrathoracic vein ( 7)
intrathoracic vein ( 8)
right atriUl'l ( 9)
right ventricle (10)
pulMonary artery (11)
ventilated lung tissue (12)
shunted lung tissue (13)
pulMonary vein (14)

Figure 4.2. The cardiovascular model divided into all necessary compartments.

4.1.2. General compartment parameters.

In the mathematical description of the various compartments the compliance is an

essential point. Although it is well known that the total arterial compliance decreases

with increasing pressure [Cox 1975], the compliance for veins and arteries will be

considered constant. The actual arterial pressure-volume relation is nearly linear in the

normal operating range (Figure 4.3). Therefore the compliance is approximated by the

tangent in the operating point. The intercept of the extrapolation of this tangent and the

volume axis is called Vu. In this linearized description, Vu represents the unstressed

volume of the compartment.
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Figure 4.3. Volume-pressure curves of the systemic arterial and venous systems,
showing also the effects of sympathetic stimulation and sympathetic inhibition. (From
Guyton: Textbook of Medical Physiology. Philadelphia, W.B. Saunders Company,
1986.)

The resistance to flow in the different compartments is taken to be independent of the

flow. The flow from one compartment to another is therefore strictly proportional to

the difference in pressure in the two adjacent compartments.

The inertial effect is only significant in the systemic arterial segment, because only here

is the velocity of the blood large enough to be of influence to the blood pressure

waveform. The morphology and density of the blood mainly determine this inertial

effect.

Although all the parameters are considered to be independent of pressure, they can be

altered by the control systems, as will be described later (chapter 6).
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4.1.3. Mathematical description of a compartment.

The different compartments of the cardiovascular system all have a reservoir function,

in other words, a certain amount of blood is "stored" in each. This volume depends at

any instant in time (t) upon the initial volume in the compartment (volume(fo» and the

difference between inflow and outflow. The relationship can be expressed as follows:

volume(t} = volume(to) + f:[inflOw{'t} - ouiflow{'t)]d't (4.11

The relationship between pressure and volume in a compartment is its compliance.

Pressure is zero whenever the volume is equal or smaller than the unstressed volume,

and the pressure increases linearly with volume whenever the volume is larger then the

unstressed volume (Figure 4.3). The pressure in this context is the pressure across the

wall of the compartment, or transmural pressure. The transmural pressure is the

absolute pressure in a compartment minus the external pressure. The relationship for

the transmural pressure can be expressed as follows:

pressure(t} = Jvolume(t) - unsr:essed volumel
Complzance

if volume(t) > unstressed volume

pressure(t) = 0

if volume(t) :s: unstressed volume

( where: pressure is the pressure across the compartment wall, also called

transmural pressure.)

(4.21
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It is assumed that the same pressure is present throughout a compartment (Windkessel

concept, [Frank 1899]).

The flow from one compartment to another is, as mentioned before, proportional to the

difference of the absolute pressures in the two compartments. The flow into a

compartment can thus be described as follows:

inflow(t) = [input pressure(t) - pressure(t)]
Resistance

(4.3)

( where: pressure is absolute pressure; input pressure is the pressure in the

preceding compartment.)

The inertial effects in the expression for the flow can be included as follows:

input pressure(t) - pressure(t) =
Resistance* inflow(t) + Inertia * d(inflow(t»

dt

(4.4)

( where: pressure is absolute pressure; input pressure is the pressure in the

preceding compartment.)

With 4.1, 4.2 and 4.3 or 4.1, 4.2 and 4.4, we have the necessary set of equations to

calculate pressure, flow and volume in a single compartment. In order to perform the

calculation using this set of equations for a particular compartment, outflow and input

pressure for this compartment need to be known. These variables can be determined

from the description of other compartments in the closed system, provided that inflow

and pressure are known for these compartments. Since all compartments are arranged

in series, the complete set of equations for all compartments has to be solved for the

same time instance.
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4.2. Implementation.

The equations 4.1 through 4.4 are time-continuous equations. In order to numerically

evaluate these on a digital computer, the equations are solved for the times kT, where T

is the (discrete) timestep and k is an integer (0,1,2, ... ). Instead of using kT, it is

customary to use only k in the equations. The complete set of equations for the series

of compartments must be solved simultaneously, and therefore, all equations are solved

for a certain discrete time k using the variables calculated for time k-1. After solving

the complete set of equations for time k, the variables are updated and the time k is

incremented to k+ 1. To evaluate the differential equation 4.4 the Euler backward

formula is used to obtain a numerical solution for the flow.

4.2.1. Description of the different compartments.

The implementation of the cardiovascular model calls for different types of

compartments, such as:

- arteries.

- veins.

- tissues.

- heart and valves.

The method of calculating the pressure, volume and flow will differ slightly for each

compartment types. Electrical analogies are shown for each of the different

compartments. The parameters and variables used in these electrical analogies

correspond to the physiologic parameters and variables as follows:
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pressure [mmHg]

volume [ml]

flow [ml/sec]

compliance [ml/mmHg]

resistance [mmHg*sec/ml]

inertial effect [mmHg*sec2/ml]

voltage [Volt]

charge [Coulomb or Ampere*sec]

current [Ampere]

capacitor [Farad or

Ampere*sec/Volt]

resistor [Ohm or Volt/Ampere]

inductor [Henri or

Volt*sec/Ampere]

Of all the different compartments, the arterial compartments are the most elaborate and

are modelled using the equations 4.1, 4.2 and 4.4. From an engineering point of view

these equations are commonly represented by an electrical analogy as in figure 4.4.

flow

+
input

pressure

Of-- Jr------L_R_~_l-0

pressure

Figure 4.4. Electrical analogy for the arterial compartment.

In this electrical analogy, R1 is the resistance to flow into the compartment under

consideration, C is its compliance, and L represents the inertial effect (blood flow trying
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to maintain its flow). R2 is added to account for the influence of the viscosity of the

wall. From experimantal measurements [Peterson 1960, 1964], it was estimated that,

for all systemic arterial segments, the product R2C has a constant value of 0.04 sec.

This gives the following three equations for an arterial compartment, calculating the

variables for discrete time k:

volume(k) = volume(k-1) + [inflow(k-1) - ouiflow(k-1)]*aT

(k)
_[volume(k-1) - unstressed volumelpressure =

C1

[input pressure(k-1)

+ ~*lvolume(k) - volume(k-1)l
aT

L
- pressure(k-1)] + [flow(k-1) * a iJ

flow(k) =----------------
L1

[R1 + a~

( where: pressure is transmural pressure; aT is timestep.)

(4.5)

The venous compartments can be modelled using the electrical analogy in figure

4.5. In the systemic and pulmonary veins, acceleration of blood is usually low as

compared with acceleration in the arteries. The inertial effect is, therefore, neglected.

Moreover, during the course of one cardiac cycle, blood volume changes in the veins

are relatively small. Thus, viscous wall effects are not taken into account in venous

compartments.
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Figure 4.5. Electrical analogy for a venous compartment.

Using equations 4.1, 4.2 and 4.3, this yields the equations for venous

compartments as expressed in formula 4.6.

volume(k) = volume(k-1) + [inflow(k-1) - ouiflow(k-1)]*4T

pressure(k) = jvolume(k-1) - unstressed volumel
C1

flow(k) = Jpressure(k-1) - output pressure(k-1)J.
R1

(4.6)

The tissue compartments can be modelled using the electrical analogy in figure 4.6. As

in the veins, acceleration of blood is low as compared with acceleration in the arteries

and, therefore, the inertial effect is neglected. The equations for pressure, flow, and

volume in a tissue compartment are as expressed in formula 4.7. By using a resistance
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inflow outflow
•

Figure 4.6. Electrical analogy for the tissue compartments.

before as well as after the capacitor, we allow for different pressures in the different

tissues, which are represented in parallel in the model. In this analogy. R1 models the

arterioles and R2 models the venules.

volume(k) = volume(k-1) + [inflow(k-1) - ouiflow(k-1)]*4T

(k) jvolume(k-1) - unstressed volumel
pressure =

C1

inflow(k) = Jinput pressure(k-1) - pressure(k-1)J.
R1

(4.7)

The four heart compartments are modelled to simulate contraction by modelling them as

time varying elastances [Beneken 1965]. These time varying elastances can also be

represented in the electrical analogy in figure 4.7, using a time varying capacitor.
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Figure 4.7. Electrical analogy for the heart compartments.

Two phases can be distinguished during a cardiac cycle, systole and diastole. During

systole blood is ejected from the chamber, whereas during diastole blood fills the

chamber. In the model, the ventricles are considered as elastic reservoirs of which the

compliances decrease periodically, generating the ejection of blood during systole.

During diastole, the ventricle compliances are considered constant. The relationship

between pressure and volume is in agreement with equation 4.2, where the compliance

is taken as function of time.

The atria help propel the blood on, through the atria into the ventricles, and are

modelled in the same way as the ventricles, but with different amplitude and timing.

The time course (or activation) of the elastance (= I / compliance) for the atria and

ventricles during the cardiac cycle are shown in figure 4.8. A sinusoidal function is

used to change from diastolic to systolic elastance.
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Figure 4.8. Time course for atrial and ventricular elastance.

The delay between electrical stimulation of the chambers and the actual mechanical

contraction are not considered in this model. The relationship, however, between the

duration of the mechanical systole and the heart rate period for atria and ventricle can

be expressed as in equation 4.8 [Beneken 1965, p.32, p.127].

Tas= 0.03* 0.09* periodMartrllU

Tvs= 0.16+ 0.20* periodMartrau

Tav= 0.16

(units: seconds)

(4.8)
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The duration of the ventricular systole (Tvs) and the atrial systole (Tas) are assumed to

be correct for the desired heart rate range of 30 to 180 beats per minute.

The mechanical systole of the atria and the ventricles are not simultaneous, as can be

seen from the time courses in figure 4.8. There exists a time delay (Tav) between the

activation of the atria and the activation of the ventricles as a result of the conductive

system that stimulates the atria and ventricles. This conductive system is organized so

that the cardiac impulse will not travel from atria into the ventricles too rapidly. This

allows time for the atria to empty their contents into the ventricles before ventricular

contraction begins. It is primarily the AV-node and its associated conductive fibers that

delay this transmission of the cardiac impulse from the atria into the ventricles, and this

delay is independent of the heart rate.

The pressure volume relationship of the atria can now be represented by figure 4.9.

The lower line represents the minimum elastance (diastole), whereas the elastance

increases to the higher line and back during systole. This also applies to the ventricles.

In the ventricles, however, performance deterioration occurs if they are overfilled. This

is modelled by changing the minimum and maximum ventricular elastances for volumes

larger than a certain volume (Vthreshold), see figure 4.10.

The valves can be modelled using the electrical analogy in figure 4.11. All the heart

valves close and open passively. That is, they close when a backward pressure gradient

pushes blood backward, and they open when a forward pressure gradient forces blood

in the forward direction. In the model, a valve opens if there is a positive pressure

gradient across the valve, and closes if there is a backflow of a few milliliters of blood

due to a negative pressure difference. The pressure drop across the valves is taken to

be linear.
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Figure 4.9. Pressure volume relationship for the atria.
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figure 4.10. Pressure volume relationship for the ventricles.
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flow

Of--------O

Figure 4.11. Electrical analogy for a valve.

The basic uncontrolled cardiovascular model which consists of fifteen compartments and

four valves, and uses a total of 49 equations, has now been described. The set of

equations determines the dependent variables of pressure, flow, and volume in each

compartment.

When running early versions of this pressure and flow model, we encountered a

problem with negative volumes developing in some compartments. In the model we use

electrical analogies to calculate pressures flows and volumes. Volumes are represented

by electrical charges on a capacitor. However, these charges can be positive and

negative, whereas volumes can only be positive. Thus, this discrepancy between the

model and the physical reality produced the negative volumes. To prevent these

negative volumes, a routine was added to check whether the calculated flows could be

substantiated by the compartment volumes they originated from. If not then the flows

out of a compartment are limited to the maximum possible. A more elaborate

explanation of this problem and its solution is found in appendix A.
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4.2.2. Parameters.

In order to initialize the complete set of equations, the following parameters and initial

values have to be determined:

- valve properties as resistance, pressure to open, and volume to close.

- diastolic and systolic elastances for the atria and ventricles.

- time course of atrial and ventricle elastances.

- intra thoracic and extra thoracic pressure.

- resistances to flow.

- compliances.

- inertial effects.

- unstressed volumes.

- initial volumes.

- initial pressures.

The values of the parameters must not only be selected to be in agreement with known

values from the scientific literature, but must also result in an acceptable circulatory

behavior and blood pressure waveform. Because the values found in different

publications are not in full agreement with each other, we used The textbook of medical

physiology by Arthur C. Guyton, M.D. [Guyton 1986] as a primary reference, since he

is considered to be an authority on the subject of human physiology. Other sources

[Beneken 1965; Cameron 1987; Little; Sagawa 1973; Smith 1984] were used in case

some values could not easily be determined from the Guyton reference.

The values found in the scientific literature are listed in appendix B. Some parameter

values could not be found and assumptions were made to arrive at plausible values.

Then, the parameters were slightly adapted to not only be in agreement with the
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literature, but to also generate a clinically correct arterial pressure wave form. This

final set of parameters is listed in appendix C, in the form of the Patient Profile

Parameter data file (see chapter 3).
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5. Uptake and distribution model.

The second module of the integrated physiological model is the uptake and distribution

model, which calculates the gas exchange in the lungs of a simulated patient. Since a

prototype, non integrated gas uptake model, (the first physiological model for the

anesthesia simulator) [Heffels, 1990] showed acceptable results, we used it in the

integrated physiological model, and made only minor changes to the actual calculations.

5.1. Theory.

The uptake or gas exchange in the lungs is related by the sum of uptake by individual

tissues. However, it is not necessary to calculate uptake for each individual tissue in the

body to arrive at this sum. Instead, we can group the tissues in terms of their perfusion

and solubility characteristics, that is, in terms of those features that define the uptake of

a tissue. Four tissue groups result from such an analysis [Eger 1990, p. 87-88]:

- Vessel Rich Group (VRG).

- Muscle Group (MG).

- Fat group (FG).

- Vessel Poor Group (VPG).

The vessel rich group is composed of the brain, heart, splanchnic bed (including liver),

kidney, and endocrine glands. Muscle and skin make up the muscle group, and adipose

tissue makes up the fat group. The fourth tissue group, the vessel poor group, is

composed of ligaments, tendons, bone and cartilage. Tissues in the vessel poor group

have little or no perfusion and, therefore, do not take part to any significant degree in

the uptake and distribution process.
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Gas exchange in the lungs of the patient is based upon the difference in alveolar partial

pressures of the different gases in the lung and the partial pressures of these gases in the

pulmonary blood. The sum of these partial pressures is taken to be 760 mmHg, and the

gas mixture is fully saturated with water vapor (partial pressure 47 mmHg at 37°C).

Alveolar concentrations continously change. They change slowly and we can model

them accurately with a large timestep assuming the alveolar partial pressures are

constant during this timestep. In the model we can calculate the uptake and distribution

model only once per heart beat.

The pressure flow model described in chapter 4, calculates the volumes and flows of

blood for the different compartments of the uptake and distribution model. Because we

only calculate the uptake and distribution model once per heart beat, average flows and

volumes are used in these calculations. The calculation of the gas concentrations in the

compartments is done once per heart beat using average flow and volume. As a result,

we must assume instant mixing throughout the complete compartment for every iteration

of the uptake and distribution model. The consequence of this assumption is that this

gives a uniform gas concentration for the whole compartment, instead of a concentration

gradient along the length of the compartment.

In the calculation of gas uptake we also assume that gas exchange only occurs in the

pulmonary capillaries and the vessel rich, muscle and fat tissue groups mentioned

above. This enables us the use a model with a direct connection between pulmonary

capillaries and tissue capillaries (figure 5.1). The blood circulates through the ventilated

pulmonary capillaries, exchanging gases with the alveoli, and mixes with the blood

from the non-ventilated lung regions in the combined arterial compartment. The three

capillary and tissue compartments are used to represent the different solubility and

perfusion characteristics of the three tissue groups. The combined veins compartment

then returns the blood to the pulmonary capillaries.
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IF=========== [ Uptake & Distribution l10del ] ==========jJ

COl'lparttM!nts:

ventilated lung capillaries (0)
shunted lung capillaries (.)
cOl'lbined arteries ( 2)
vessel rich group capillaries( 3)
"uscle groug capillaries ( ~)

fat group capillaries ( 5)
cOl'lbined veins ( &)
alveol i ( A)
vessel rich group tissue ( B>
"uscle groug tissue ( C)
fat group tissue ( D)

5

D

Figure 5.1. The uptake and distribution model.

By using partition coefficients in the model specific to each gas and tissue, we can

describe the different physical properties of each gas. A partition coefficient (or Ostwald

solubility coefficient) of a gas between two different media is the ratio of the volume

concentrations of that gas in these media when they are in equilibrium at a given

temperature. There are two different equilibria, one between alveolar gas and

pulmonary blood, and another between blood and tissue in the capillary compartment of

each of the three tissue groups.

The gas partition coefficients are temperature dependent to varying extent for each of

the different gases. However, within clinical ranges the changes are less than +10%.

Therefore, we assume the partition coefficients to be constant over the physiological

relevant temperature range (30 - 41°C), using the values for 37°C.
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We assume complete equilibration of oxygen and carbon dioxide in the blood that flows

through the ventilated pulmonary tissue [Guyton 1986, p.494]. The length of time the

blood stays in the capillaries is about 0.8 sec., but increased cardiac output shortens this

time to as little as 0.3 sec.. However, this is still ample time to fully oxygenate and

transfer all excess carbon dioxide. In the tissue capillaries a similar assumption can be

made. We also assume equilibrium for all the other gases used in the model.

The majority of the oxygen transported in the blood is bound to hemoglobin. The

relationship between pulmonary oxygen-hemoglobin saturation and pulmonary partial

pressure of oxygen is described by the oxygen hemoglobin dissociation curve. From

this, the oxygen concentration can be calculated [Heffels 1990, p.28].

Carbon dioxide is transported in three different forms in blood, in a dissolved state

(7%) as bicarbonate ion (70%) and bound to hemoglobin (23 %). A dissociation curve

describes the concentration of carbon dioxide in the blood as a function of partial

pressure, blood acidity, oxygen saturation, hematocrit, and temperature. In the

implementation of the uptake and distribution model this relationship is linearly

approximated, neglecting the effects of blood acidity, oxygen saturation, hematocrit and

temperature [Heffels 1990, p. 30].

5.2. Implementation.

Since the pressure and flow model was designed bearing the other models in mind, the

pressure flow model has equivalent compartments to those necessary in the uptake and

distribution model. As mentioned before, the first version of the uptake and distribution

model produced clinically appropriate results. Hence, we elected to implement the

existing uptake and distribution model with only minor changes necessary to adapt them

to the new data structure.
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The most important of these changes is that the uptake and distribution model is now

calculated every heartbeat in stead of every second as in the first prototype. Since the

heartrate can vary from 200 beats per minute to as low as 30 beats per minute, we have

to make sure that the wide range of heartrates does not introduce problems.

The problem, which we will call "flushing", occurs when during one timestep a small

compartment in the uptake and distribution model experiences a volume shift larger than

the volume it holds. In this case, the calculation of concentrations is incorrect.

Therefore, a check is performed after calculating the pressure and flow model to see

whether or not the timestep in the uptake and distribution model is small enough. If not,

the timestep is made smaller until the flow through all compartments is small enough to

prevent flushing of these compartments. Then the uptake and distribution model is

calculated with the adjusted timestep.
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6. Central Nervous System.

During initial development, the pressure and flow module and the uptake and

distribution module are independent modules, with no interaction between the two,

except that the uptake and distribution model uses data calculated in the pressure and

flow model. However, in reality the uptake and distribution of gases involves complex

interactions and control mechanisms between the two, and these are implemented in a

separate module, the central nervous system model.

The circulatory system is a complex system with three major control mechanisms to

direct the flow of blood to the different parts of the body. These are:

1) Local control of blood flow in each individual tissue, the flow

being controlled mainly in proportion to that tissue's need for

oxygen and other nutrients carried in the blood.

2) Nervous system control of blood flow, which often affects blood

flow in large segments of the systemic circulation.

3) Humoral control, in which various substances dissolved in the

blood such as hormones (e.g. epinephrine), ions (e.g. H+), or

other chemicals (e.g. drugs) cause either an increase or a

decrease in local tissue blood flow or widespread generalized

changes in blood flow.

Control of local blood flow is accomplished by dilating or constricting the local

arterioles. For this mechanism to work, it is necessary that the arterial pressure remain
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constant or nearly constant. With a variable arterial pressure one would never know

whether dilating the blood vessels would necessarily increase the local blood flow.

Arterial pressure is not regulated by a single pressure controlling system but instead by

several interrelated systems that perform specific functions. When a person bleeds

severely causing blood pressure to fall suddenly, two problems immediately confront the

pressure control system. The first is to return the arterial pressure immediately to a

high enough level that the person can live through the acute hemorrhagic episode. The

second is to return the blood volume eventually to its normal level so that the

circulatory system can re-establish full normality. Specifically, the arterial pressure

returns all the way back to its normal value, not merely back to a pressure level

required for survival. These two problems characterize the major blood pressure

control systems in the body:

1) a system of rapidly acting pressure control mechanisms that are

concerned with immediate survival, and

2) a system for long-term control of the basic arterial pressure level.

There are three different pressure control mechanisms that begin to react within seconds

after an acute change in the arterial pressure, see figure 6.1. These nervous system

pressure control mechanisms are: (1) the baroreceptor feedback mechanism, (2) the

central nervous system ischemic mechanism, and (3) the chemoreceptor mechanism.

Thus, the first line of defense reacting to control abnormal arterial pressures are the

nervous system mechanisms.

Within minutes several other pressure control mechanisms also come into play. Three

of them are: (1) the renin-angiotensin-vasoconstrictor mechanism, (2) stress relaxation
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Figure 6.1. Approximate potency of various arterial pressure control mechnisms at
different time intervals after the onset of a disturbance to the arterial pressure.
(From Guyton: Textbook of Medical Physiology. Philadelphia, W.B. Saunders
Company, 1986)

changes in the vasculature, and (3) shift of fluid through the capillaries from the tissues

into or out of the circulation to readjust the blood volume as needed.

These three mechanisms become fully active within 30 minutes to several hours, in

contrast to the nervous system mechanisms that usually become fully active within a

minute or so. The nervous mechanisms also react with potency levels several times

higher than those of the other mechanisms.
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6.1. Theory.

The objectives for the integrated physiological model (chapter 3) list a maximum time

of 8 hours as being a reasonable time for simulating anesthetized patients. Considering

these objectives, only the four fastest pressure control systems are implemented, apart

from the local blood flow mechanism. Although not all these five control mechanisms

are nervous control systems, they are combined in the Central Nervous System Module

(CNS model).

Local blood flow control.

One of the most fundamental and important characteristics of the circulation is the

ability of each tissue to control its own local blood flow in proportion to its need.

Some of the specific needs of the tissue for blood flow are:

- delivery of oxygen to the tissues.

- delivery of other nutrients such as glucose, amino acids, and fatty acids.

- removal of carbon dioxide from the tissues.

- removal of hydrogen ions from the tissues.

Also, certain organs have special requirements. For instance, blood flow to the skin

determines heat loss from the body and in this manner helps control the body

temperature.

In general, the greater the degree of metabolism of an organ, the greater its blood flow.

Experiments have shown that the blood flow to each tissue is usually regulated at the

minimal level that will supply its requirements, no more, no less. Local blood flow

control can be divided into an acute control, and a long-term control. Acute control

means rapid changes in local blood flow, occurring within seconds to minutes, to

51



provide a rapid means for maintaining appropriate local tissue conditions. Long-term

control, on the other hand, means slow changes in flow over a period of days, weeks,

or even months. In general, the long-term changes come about as a result of an increase

or decrease in the size and numbers of actual blood vessels supplying the tissues.

Again, only the acute controls are taken into account and modelled for this project.

Blood enters the capillary bed of a tissue through small arterioles and leaves by way of

small venules. From the arterioles, the blood usually divides and flows through several

metarterioles before entering the capillaries. The arterioles have a strong muscular coat

and the metarterioles are surrounded by sparse but highly active smooth muscle fibers.

The venules also have a smooth muscle coat, but one that is much less extensive than

that of the arterioles. The arterioles, and the venules to a much lesser extent, are

supplied by extensive innervation from the sympathetic nervous system, and the degree

of contraction of these structures is strongly influenced by intensity of sympathetic

signals transmitted from the central nervous system to the blood vessels.

Innervation of the metarterioles is usually very sparse, or even absent in most

instances. Instead, the muscle fibers of the metarterioles are controlled almost entirely

by the local factors in the tissues, that is, by the concentrations of oxygen, carbon

dioxide, hydrogen ions, electrolytes, and other substances in each individual tissue area.

The most important nutrient is oxygen. Whenever the availability of oxygen to the

tissues decreases relative to the rate of metabolism, the blood flow through the tissues

increases markedly, thus automatically maintaining the necessary oxygen supply to the

tissues. There are two basic theories for the regulation of local blood flow when either

the rate of tissue metabolism changes or the availability of oxygen changes. These are

the vasodilator theory and the oxygen demand theory.
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The oxygen demand theory proposes that oxygen consumption decreases the blood

concentration in the capillaries, which has a direct effect on vasodilation or

vasoconstriction. The vasodilator theory, on the other hand, assumes the formation of

an intermediate vasodilator substance that causes the vasodilation or vasoconstriction.

The effect, however, is the same and, therefore oxygen concentration in the capillaries

is used in our model to activate this local blood flow mechanism. As mentioned before,

for this mechanism to work it is necessary that the arterial pressure remain constant or

nearly constant.

Baroreceptor reflex.

By far the best known of the mechanisms for arterial pressure control is the

baroreceptor reflex. Basically, this reflex is initiated by stretch receptors, called

baroreceptors, located in the walls of the large systemic arteries. The response of these

baroreceptors to pressure is non-linear. For low pressures, below about 60 mmHg, the

barareceptors do not transmit impulses to the brain stem at all, but above 60 mmHg

they respond progressively more and more rapidly, reaching a maximum at about 180

mmHg. The increase in the number of impulses for each unit change in arterial

pressure is the greatest at a pressure level near the normal mean arterial pressure set

point. That is, in the normal operating range of the arterial pressure, even a slight

change in pressure causes strong autonomic reflexes to readjust the arterial pressure

back towards normal. Figure 6.2 illustrates the effect of different arterial pressures on

the rate of impulse transmission from the carotid sinus nerve (carotid body).

Furthermore, the baroreceptors respond more intensively to a rapid changing pressure

than to a stationary pressure. That is, if the mean arterial pressure is 150 mmHg but at

that moment is rising rapidly, the rate of impulse transmission may be as much as twice

that when the pressure is stationary at 150 mmHg. On the other hand, if the pressure is

falling, the rate might be as little as one quarter that for stationary pressure.
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Figure 6.2. Response of the baroreceptors at different levels of arterial pressure.
(From Guyton: Textbook of Medical Physiology. Phyladelphia, W.B. Saunders
Company, 1986.)

Baroreceptor signals entering the brain stem, cause vasodilation throughout the

peripheral circulation, decreased heart rate, and decreased cardiac contractility.

Therefore, excitation of the baroreceptors by high pressure in the arteries reflexly

causes the arterial pressure to decrease. Low pressure has the opposite effects, reflexly

causing the pressure to rise back to normal. Vasodilation and constriction are mainly

achieved by contraction or release of the arterioles muscular coat and to a much lesser

extent by the venules muscle coat.

Apart from the baroreceptors that act upon high aortic and carotic pressure, there are

low pressure receptors in the atria and pulmonary arteries. When these low pressure

receptors are intact, the arterial pressure also changes less in response to changes in

blood volume than when they are not present. The low pressure receptors in the

pulmonary artery and in the atria cannot detect the systemic arterial pressure. These
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receptors, however, do detect the simultaneous increase in arterial and pulmonary

pressure caused by an increase in volume, and they elicit reflexes parallel to the

baroreceptor reflexes making the total reflex system much more potent for control of

arterial pressure. Hence, the effects of these low pressure receptors can easily be

incorporated into the model by adapting the response of the baroreceptors.

Chemoreceptor control.

The blood pressure in the large systemic arteries is also controlled by chemoreceptors

that are triggered when the arterial pressure falls too low. The chemoreceptors are

chemosensitive cells located in several small organs: two carotid bodies and several

aortic bodies adjacent to the carotid artery and aorta, respectively. Whenever the

arterial pressure falls below a critical level, the chemoreceptors become stimulated

because of diminished blood flow to the bodies and, therefore, diminished availability of

oxygen and excess carbon dioxide and hydrogen ions that are not removed by the slow

flow of blood.

The signals from the chemoreceptors are transmitted into the vasomotor center exciting

it, and causing elevation of arterial pressure. Obviously, this reflex helps to return the

arterial pressure back toward the normal level whenever it falls too low. However, it is

not a powerful arterial pressure controller in the normal arterial pressure range, because

it does not respond strongly until mean arterial pressure falls below 80 mmHg. The

chemoreceptor mechanism also increases the arterial pressure whenever the

concentration of oxygen in the arterial blood falls below normal or the concentration of

carbon dioxide or hydrogen ions rises above normal. The increased pressure helps the

circulation deliver increased quantities of oxygen to the tissues and remove excess

carbon dioxide and hydrogen ions from the tissues.
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The chemoreceptors also stimulate the central nervous system to adjust the rate of

alveolar ventilation to meet the demands of the body. Because of this effect on

ventilation, the blood oxygen pressure and carbon dioxide pressure are hardly altered

even during strenuous exercise or other types of respiratory stress. This is mainly

achieved by feedback excitation of the respiratory center activity in response to changes

in the chemical composition of the blood, especially its concentrations of carbon

dioxide, hydrogen ions, and oxygen.

Excess carbon dioxide or hydrogen ions affect respiration mainly by excitatory effects

on the respiratory center itself, causing an increase in ventilation. Oxygen, on the other

hand, does not have a significant direct effect on the respiratory center of the brain

controlling respiration. Instead, it acts either entirely or almost entirely on peripheral

chemoreceptors located, for instance, in the aortic bodies. These in tum transmit

appropriate nervous signals to the respiratory center for control of respiration.

Although changes in arterial oxygen concentration have no direct stimulatory effect on

the respiratory center itself, the chemoreceptors become strongly stimulated when the

oxygen concentration in the arterial blood falls below normal. The impulse rate is

particularly sensitive to changes in arterial partial pressure of oxygen in the range

between 60 and 30 mmHg, the range in which the arterial oxyhemoglobin saturation

decreases rapidly.

The respiratory system is the only effective means that the body has to control the bl~

and tissue partial pressure of carbon dioxide. Stimulation of the respiratory center by

carbon dioxide provides the necessary feedback mechanism for regulation of the

concentration of carbon dioxide throughout the body. An increase in the partial pressure

of carbon dioxide in the respiratory center causes the respiratory system to eliminate the

carbon dioxide by increasing ventilation.
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An increase in either carbon dioxide concentration or hydrogen ion concentration also

excites the chemoreceptors and in this way indirectly increases respiratory activity.

However, the direct effects of these factors in the respiratory center itself are much

more powerful than their effects mediated through the chemoreceptors. For most

practical purposes the indirect effects through the chemoreceptors do not need to be

considered. In the case of oxygen, on the other hand, this is not true because

diminished oxygen in the arterial blood can affect the respiration significantly only by

acting through the chemoreceptors.

eNS ischemic response.

Normally, the major effect of nervous system control of blood pressure is achieved by

reflexes originating in the baroreceptors, the chemoreceptors, and the low pressure

receptors. All of these receptors are located in the peripheral circulation outside the

brain. However, when blood flow to the vasomotor center in the lower brain stem

becomes decreased enough to cause nutritional deficiency, the vasomotor center is said

to be ischemic, and the vasomotor center itself responds directly to the ischemia and

become strongly excited. When this occurs, the systemic arterial pressure often rises to

a level as high as the heart can pump.

This effect is believed to be caused by failure of the slowly flowing blood to carry

carbon dioxide away from the vasomotor center. The local concentration of carbon

dioxide then increases greatly and has an extremely potent effect in stimulating the

sympathetic nervous system. This arterial pressure elevation in response to cerebral

ischemia is known as the central nervous system ischemic response.

The magnitude of the ischemic effect on vasomotor activity is tremendous, it can elevate

the mean arterial pressure to as high as 270 mmHg for as long as ten minutes,

providing the heart is capable [Guyton 1986]. The degree of sympathetic
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vasoconstriction caused by intense cerebral ischemia is often so great that some of the

peripheral vessels become totally occluded.

Despite the extremely powerful nature of the eNS ischemic response, it does not

become very active until the mean arterial pressure falls far below normal, down to 60

mmHg and below, reaching its greatest degree of stimulation at a mean arterial pressure

of 15 to 20 mmHg. Therefore, it is not one of the mechanisms for regulating normal

arterial pressure. Instead, it operates principally as an emergency arterial pressure

control system.

If cerebral ischemia becomes so severe that the maximum rise in mean arterial pressure

still cannot relieve the ischemia, the neuronal cells begin to suffer metabolically, and

within 3 to 10 minutes they become totally inactive. The mean arterial pressure then

falls to about 40 to 50 mmHg, which is the level to which blood pressure falls when the

vasomotor center loses all its control of the circulation. In other words, all tonic

vasoconstrictor activity is lost throughout the vasculature system.

Stress relaxation.

Stress relaxation, or "delayed compliance", means that a vessel whose pressure is

increased by increased volume gradually loses much of this pressure over a period of

many minutes because of progressive stretch of the vessel. Likewise, a vessel exposed

to constantly decreased pressure becomes progressively stiffer.

Stress relaxation occurs only slightly in the arteries but to a much greater extent in

the veins. As a result, prolonged elevation of venous pressure can often double the

blood volume in the venous tree. This is a valuable mechanism by which the

circulation can accommodate extra blood when necessary, such as following too large a

transfusion. Also, delayed compliance in the reverse direction is one of the ways in
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which the circulation automatically adjusts itself over a period of minutes or hours to

diminished blood volume after serious hemorrhage. Under normal circumstances the

venous tree holds about 60 percent of the blood in the circulatory system and changing

the total blood volume by +30% or -30% can be compensated for by the stress

relaxation mechanism.

6.2. Implementation.

All the controls are implemented is the same way. A variable called "activation" is

calculated as a fraction in the range [-1,1], based upon the relative error in a specific

variable, see equation 6.1.

value- value""r1rtlJl
activation =------

value""rmaJ

(6.1 )

The "activation" variable is then multiplied with a factor that models the effect of the

time constant of the control mechanism. This factor is the timestep in the calculation

(equal to heart rate period) divided by the time constant for that particular control

mechanism. Finally, the fraction is multiplied by an efficiency coefficient (in the range

[0,1]) for the particular control, by which that individual control can be suppressed. See

equation 6.2.

timestep
outputcoltlrol = efficiency * activation * ----"--

timeconstant
(6.2)

Although each control acts on different variables, the way the controls act upon each

variable is the same with the output in the range of [-1,1], see equation 6.3.:
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parameter(k1) =parameter([k-1]1) * [1 +/- outputcontrol] (6.3)

Apart from the five control systems in the central nervous system model, we also

implemented an autonomic control for the heart rate because the control systems can

affect the heart rate. This autonomic control regulates the heart rate to the normal rate

of 72 beats per minute (time constant of about 30 min.), to ensure that the model slowly

returns to its baseline. This control, however, is very weak and can easily be

overridden by the controls in the central nervous model.

Stress relaxation.

Stress relaxation can handle changes of -30% to +30% of the total blood volume. For

the simulator, we do not need to vary the total blood volumes this much and, therefore,

we assume that all volume changes can be handled by the stress relaxation mechanism.

The activation variable for the stress relaxation is based upon the difference between the

average volume calculated in the current time step and the average volume calculated in

the previous time step.

The stress relaxation changes the compliance in the intrathoracic and extrathoracic

venous compartments to adapt them to their new average volumes, with a time constant

of about 33 minutes.

Local blood flow control.

The flow through a specific tissue group is controlled locally in order to keep the

oxygen supply at the desired level. This control is accomplished by changing the flow

60



resistance of that tissue group. (Note that because the three tissue groups are modelled

as parallel resistances, the total flow resistance is always smaller than the smallest flow

resistance of these three tissue groups).

If the flow through one tissue group is too small, then the flow resistance of that tissue

group is decreased, and the cardiac output is shifted more towards that tissue group.

Due to the smaller overall flow resistance, the mean arterial pressure will fall. This,

however, will be compensated by the baroreceptor reflex.

Another effect due to the shift of blood flow to one tissue group, is that the other two

tissue groups experience a decrease in blood flow. To compensate for that effect the

compliance of the intrathoracic and extrathoracic venous compartments is decreased to

increase the venous return, that is, more of the blood pumped into these venous

compartments flows to the right atrium. Increasing the heart rate and ventricular

maximum elastance also contributes to maintaining sufficient flow through the tissues.

The activation variable for the local blood flow is based upon the relative difference

between the oxygen delivery to a specific tissue group and its oxygen consumption.

Average inflow multiplied by the oxygen concentration in the arterial compartment give

the oxygen delivery to a tissue group. However, we need to compensate for the effect

that under normal circumstances the oxygen concentration in the venous blood is still

about 12 percent. We assume that the tissue can not utilize the last 12 percent oxygen

in the blood and, therefore, the flows are based upon arterial oxygen concentration

minus 12 percent.

Each tissue group has its own time constant for the local blood flow control. For the

vessel rich group tissue we assume a time constant of about 1 minute, for the muscle

group tissue a time constant of 1.5 seconds, and for the fat group tissue we assume a

time constant of 20 minutes [Heffels 1990].
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Baroreceptor control

To model the response of the baroreceptors according to figure 6.2, we approximated

that relationship with a raised sinus. For mean arterial pressures below 60 mmHg we

assume the same value as for a pressure of 60 mmHg, and for pressures higher than

180 mmHg we assume the same value as for 180 mmHg. The activation variable is

then scaled to be in the desired range of [-1, 1].

The barorecepter refex is not only dependent on the stationary mean arterial pressure,

but also on the rate of change of the mean arterial pressure. This is modelled linearly

as a multiplier factor for the activation variable based upon the change in mean arterial

pressure during the last time step.

In case of a low mean arterial pressure, the baroreceptor control increases the total

peripheral resistance, the heart rate, and the maximum ventricular elastances, and

decreases the compliance of the intrathoracic and extrathoracic venous compartments,

using a time constant of about 15 seconds.

Chemoreceptor reflex.

The chemoreceptor reflex plays a role in arterial pressure control and in respiratory

control and it reacts to excess carbon dioxide in the arterial blood and diminished

availability of oxygen. Whenever the arterial blood pressure falls below a critical lev~l,

the chemoreceptors become stimulated because of diminished blood flow to the carotid

and aortic bodies which causes diminished availability of oxygen and excess carbon

dioxide that is not removed by the slow flow of blood.

These carotid and aortic bodies are not modelled in the uptake and distribution model

and, therefore, we can not use the build up of carbon dioxide in these bodies. Instead,
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we use the oxygen concentration in the arterial blood to determine whether the

chemoreceptor reflex has to elevate the arterial blood pressure and increase the cardiac

ouput.

The activation variable is, therefore, based upon the relative difference between a

normal arterial oxygen concentration and the actual arterial oxygen concentration, using

a time constant of about 30 seconds. The chemoreceptor reflex becomes only strongly

activated below a mean arterial pressure of 80 mmHg and is almost non-existent above

that pressure.

The main effect of the chemoreceptor reflex, however, is on the alveolar ventilation or

respiratory activity. Although this effect is not one of the objectives of the current

project, a simple linear control mechanism is included by which the alveolar ventilation

changes according to the arterial oxygen concentration.

eNS ischemic response.

If the oxygen delivery to the brain becomes too low, the CNS ischemic response

becomes active. The brain, however, is not modelled as a separate tissue, but is part of

the vessel rich (VRG) tissue group. In order to control the flow of blood to the brain,

we assume a fraction of the flow through the VRG tissue to be the flow to the brain.

The normal flow to the VRG tissue is about 75 percent of the cardiac output, and the

normal flow to the brain is about 14 percent of the total cardiac output. Therefore, the

fraction of the VRG tissue blood flow that flows to the brain is 19 percent.

The activation variable for the CNS ischemic response is the relative difference between

the oxygen delivery to the brain and the oxygen consumption of the brain. The oxygen

consumption of the brain is assumed to be a fraction of the VRG tissue oxygen
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consumption, where the fraction of oxygen consumption is the same as the mentioned

fraction of the blood flow to the VRG tissue group.

The CNS ischemic response is only active below a mean arterial pressure of about 60

mmHg, and reaches its peak at about 20 mmHg. A raised cosinus (in the range of [

1,1]) is used to model this relationship with the arterial pressure. The CNS ischemic

response increases the total peripheral resistance to increase arterial pressure. In order

to increase blood flow to the brain, the flow resistance of the VRG tissue is not raised

as much as those of the other tissues. The fraction of the VRG tissue blood flow that

reaches the brain is also raised to increase cerebral perfusion.

The time constant for the CNS ischemic response is about 1 minute. However, the

vasomotor center dies if the ischemia still exists after 3 to 10 minutes. In the model a

timer is started as soon as the brain gets ischemic and the CNS ischemic response is

activated. The vasomotor center is only disabled if the ischemia takes longer than five

minutes. When this happens, the controls become inactive and the mean arterial

pressure drops to about 50 mmHg. As a result the heart experiences a decreased oxygen

delivery as well, and stops beating, as it would in an actual patient.
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7. Pharmacodynamics model.

Pharmacodynamics describe the relationship between blood anesthetic or drug

concentration and observed pharmacologic effect. Pharmacodynamics are divided into

three general areas. These areas include transduction of biological signals, clinical

evaluation of drug effects, and biological variability. For the model, we are only

interested in the net effects of the inhaled anesthetics and drugs.

Currently used inhaled anesthetics include nitrous oxide, halothane, isoflurane, and

enflurane. For the purpose of the physiological model, we are solely concerned with

the effects of just two of these contemporary inhaled agents: (1) nitrous oxide, and (2)

isoflurane. The mechanism(s) by which inhaled anesthetics act, overlap and are

synergistic with the mechanism(s) of action of local anesthetics, of intravenous narcotics

and sedatives, and even of alcohol. Future incorporation of intravenous drugs is

envisioned and anticipated for the anesthesia simulator.

An exploration of the mechanism by which anesthetics act requires a knowledge of

relative anesthetic potency for each of the agents. The best estimate of anesthetic

potency is MAC -the minimum alveolar concentration (at 1 atmosphere) of an agent

that produces immobility in 50 percent of those subjects exposed to a supramaximal

stimulus. For determination of MAC in humans, the stimulus is usually a surgical skin

mCIsIon.

The advantage of working with MAC values is that after a short period of equilibration,

this concentration directly represents the partial pressure of anesthetic in the central

nervous system (CNS is part of vessel rich group) and is independent of the uptake and

distribution of the agent to other tissues. Another advantage of MAC is that it can be

applied to all inhaled anesthetics.
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The MAC values decrease with decreasing body temperatures for all anesthetics, but the

reduction varies slightly from agent to agent [Koblin 1990, p.54]. The decrease in

MAC ranges from 2 to 5 percent per degree. Neither age nor hematocrit influences the

effect of changes in temperature on the solubility of isoflurane or other inhaled

anesthetics in blood. There is also an increase in solubility of a few percent per degree

Celsius, and this increase in solubility in blood essentially equals the decrease in MAC.

Thus, these two factors exert opposing influences on the delivered concentration needed

to maintain a constant level of anesthesia.

In humans, the MAC for halothane and isoflurane are highest in infants 1 to 6 months

of age. Halothane MAC is 1.20 percent atm in infants 1 to 6 months of age and

decreases to 0.64 percent atm in patients with a mean age of 81 years. Similar

reduction in isoflurane MAC occurs in the elderly.

The MAC value for isoflurane is initially taken to be 1.15 % atmosphere, which is

correct for patients who are 31 to 55 years of age. The MAC of nitrous oxide is

110% and can only be attained in a hyperbaric chamber. The clinical effects of

isoflurane and nitrous oxide are simply additive [Eger 1985, p.9].

In humans, metabolism of isoflurane is very low compared to other anesthetic agents.

In one study, Holaday and coworkers found that 0.17% of the isoflurane taken up could

be recovered as metabolites [Eger 1985, p.92]. Therefore, the metabolism of isoflurane

can be neglected.

7.1. Theory.

Inhaled anesthetics pervade the whole body and, therefore, may alter the activities of

various components and control systems. The pharmocadynamic model should take into

account the effects of inhaled anesthetics on circulation, cardiac contractility and, the
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effects on the control systems, especially the baroreceptor function. The effects on

control of ventilation are not accounted for, although future implementation is

anticipated.

It is the anesthetic concentration in the brain (Vessel Rich Group) that correlates with

the cardiovascular side effects of inhaled anesthetics. In clinical practice, measuring the

concentrations of anesthetic agent in the VRG-tissues is not practical. Almost all data

that can be found use alveolar concentrations in units of MAC, which can easily be

measured with airway gas analyzers. These data correlate well with the blood

concentrations, because of the rapid equilibrium in vessel rich tissues such as brain,

liver, kidney, and heart. Hence, the alveolar concentrations can also be correlated with

the mentioned cardiovascular side effects.

In humans, the concentrations of isoflurane providing surgical anesthesia only minimally

depress myocardial function, cardiac ouput, and tissue perfusion. However, isoflurane

tends to increase heart rate while the heart rhythm remains stable. Isoflurane decreases

total peripheral resistance and systemic arterial pressure. During isoflurane anesthesia

with constant arterial partial pressures for carbon dioxide, the cardiac ouput remained

the same as during the awake state. This effect is similar to that seen with nitrous

oxide. At clinical doses isoflurane alters neither cardiac output nor filling pressure.

In experimental and clinical studies it was found that isoflurane depressed sympathetic

nerve activity as well as vagal activity. It was found that vagal activity was always

more depressed than sympathetic activation [Eger 1985, p. 42-44]. In the model we are

only concerned with the net effects of this decrease in nervous activity, which affects

the efficiency of the control systems.

Although cardiac output and myocardial function are sustained during 1 to 2 MAC

isoflurane anesthesia (unstimulated), arterial blood pressure decreases in a dose-related
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fashion. In contrast, nitrous oxide either produces no change or increases arterial blood

pressure - a fact of some importance when isoflurane is combined with nitrous oxide.

Since isoflurane decreases systemic arterial blood pressure without altering cardiac

output, total peripheral vascular resistance must decrease in a dose-related fashion.

Nitrous oxide, however, causes no change in peripheral resistance.

Peripheral vascular resistance decreases because of the dilation of vessels in several

organs. As with many other anesthetics, cutaneous vasodilation decreases core

temperature during anesthesia, and the heat loss during maintenance of anesthesia drops

temperature by 1 to 2 degrees Celcius. Isoflurane also decreases the metabolism in

different tissues and as a result decreases oxygen consumption.

7.2. Implementation.

To facilitate future implementation of the pharmacodynamic model, a structure has been

created in which the relationships that make up the pharmacodynamics model can easily

be incorporated. Only two inhaled anesthetics are modelled at this time, isoflurane and

nitrous oxide (see chapter 3).

Each inhaled anesthetic affects heart rate, peripheral resistance, and contractility

differently. To determine the effect of an individual inhaled anesthetic, the MAC value

is used, since most data on inhaled anesthetics are reported as a fraction of the MAC

value. The MAC values are entered and manipulated as parameters in the Patient

Parameter Profile (PPP) data file (see chapter 3).

The MAC value for inhaled anesthetics also changes as a function of body temperature.

The effect, however, of decreasing MAC with decreasing body temperatures for all

anesthetics is cancelled by the increase in solubility with decreasing body temperature.

Therefore, the two effects can be neglected as we are only concerned with the net
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results. Also, the effect of increased solubility of isoflurane as hematocrit decreases can

be disregarded, since the solubility and hematocrit value can be made part of the

mentioned PPP data file.

Finally, all inhaled anesthetics cause heat loss due to the inhibition of heat controlling

mechnisms during anesthesia. This heat loss will subsequently change the metabolic

rate and as a result change the oxygen consumption. These effects resulting from

temperature changes are incorporated into the uptake and distribution model. During

normal anesthesia for less than 8 hours, the body temperature typically falls 1 or 2

degrees Celcius. Heat loss is, however, a function of the ambient temperature and the

body area exposed to that temperature. This results in faster or slower temperature

changes, which can be modelled by a fixed time constant, also part of the PPP data file,

according to which the body temperature changes.
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8. Tests and results.

The integrated physiological model was tested by running each module under specific

test conditions, and comparing the performance of the model to experimental data from

the scientific literature. To facilitate comparisons between the uncontrolled and

controlled pressure and flow module, the uncontrolled pressure and flow module is

created by disabling the controls after all transient effects at the start of a simulation in

the controlled pressure and flow model have fully attenuated.

The values for the different parameters in the pressure and flow model that will change

due to the controls are then taken to be the baseline values in the tests of the

uncontrolled pressure flow model. Appendix C lists the Patient Profile Parameter data

file (PPP-file) with the parameters used for these tests. Note that these are not exactly

the same as the parameters determined in appendix B. The parameters listed in

appendix C have not only desired physiological values, but gave also clinically correct

results for the desired arterial blood pressure waveform.

The uncontrolled pressure flow model.

The backbone of the integrated physiological model is the pressure and flow module and

to test it, the uncontrolled system is used enabling us to compare it's results to data

from the scientific literature. First, the effects on hemodynamic variables due to

changes in peripheral resistance were measured (figure 8.1). Specifically, the changes

in systolic pressure, mean pressure, diastolic pressure, and pulse pressure (systolic

pressure minus diastolic pressure), as well as changes in cardiac output were determined

as a function of total peripheral resistance. Cardiac output and pulse pressure decrease

with increasing peripheral resistance, whereas systolic, mean, and diasolic pressure

increase with increasing peripheral resistance.
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on hemodynamic variables - uncontrolled system
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Figure 8.1. The effects of changes in peripheral resistance on hemodynamic variables.

Beneken 's model [Beneken 1965] is used as a reference to determine whether the

uncontrolled pressure and flow model is working correctly. Although the two models

and implementations are not identical, the results are similar for changes in peripheral

resistance [Beneken 1965, p.149].

Second, the effects on these same hemodynamic variables were measured systemic

venous compliance (intrathoracic and extrathoracic venous compartments) was changed

(figure 8.2). Note that all variables decrease with increasing venous compliance.

Again, there is similarity between the results displayed by the model and results in the

reference for changes in venous compliance [Beneken 1965, p. 149]. However, the

measured variables change to a lesser extent than in the reference.

71



Effect of venous compliance changes
on hemodynamic variables - uncontrolled system
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Figure 8.2. The effects of changes in venous compliance on hemodynamic variables.

The effects on the same hemodynamic variables due to changes in the strength with

which the heart contracts, that is, relative changes in the maximum elastance of the left

and right ventricle, are shown in figure 8.3. With increasing elastance the blood

pressures and cardiac output all increase slowly, although for small elastances the

variables increase considerably with increasing elastance.

In the pressure and flow model, elastances of the heart compartments vary between a

minimum and a maximum elastance (see figure 4.8, 4.9 and 4.10). By changing the

maximum elastance, the heart contractility of the different heart compartments can be

changed. Comparing the results from such change in maximum elastance to the

reference is only possible for a simpler version of the heart model, also described in the

reference [Beneken 1965, p. 53]. Since we are looking for qualitative similarity, this is
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Effect of ventricular contractility changes
on hemodynamic variables - uncontrolled system
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Figure 8.3. The effects of changes in ventricular elastance on hemodynamic variables.

a valid comparison. The results gathered from the reference for changes in maximum

elastance are similar to those of the pressure and flow model.

Finally, the effects of changes in heart rate on the hemodynamic variables are

represented in figure 8.4. When the heart rate increases, the cardiac output increases as

well as the systolic, mean, and diastolic pressure. The increase in diastolic pressure

exceeds the increase in systolic pressure, thus the pulse pressure, being the difference

between systolic and diastolic pressure, decreases.

The results for these changes in heart rate are also similar to those used as reference

[Beneken 1965, p. 145], although only cardiac output and mean aortic pressure are

mentioned in this reference.
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Effect of heart rate changes
on hemodynamics variables - uncontrolled system
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Figure 8.4. The effects of changes in heart rate on hemodynamic variables.

Note: our model and the model we used for reference are not identical thus, we can

not use the quantitative results from the reference. However, we can conclude that the

qualitative behavior is correct since the results are similar in the way the variables

change. Another reason why the actual numbers in the reference can not be used to

determine the correctness of the pressure flow model, is that the numbers from the

pressure and flow model will change as the controls change. Remember that the steady

state is used for initialization of the uncontrolled system (by disabling the controls).

Results of the tests are shown with screen print outs from the actual simulation

program, in which five graphs and one box with numerical data are presented. An

example of such a screen print out is figure 8.5, which shows the steady state of the

controlled pressure flow model.
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Figure 8.5. Steady state results of the integrated physiological model (PCcomp.l is
the left ventricle).

The left section of figure 8.5 has three graphs of which the upper graph shows the

systolic and diastolic aortic pressures; the mean aortic does not show on the print out

due to the black and white representation, but is apparent on the color display. The

middle graph shows the cardiac output, and the lower graph shows the volume changes

in the left ventricle (pf_comp 1). On the right there are two graphs. The upper graph

shows the arterial blood pressure waveform and the lower graph shows the pressure

volume curve of the left ventricle. The pressure volume curve traces over itself so that

recent changes can be visualized. The box with numerical data contains the

instantaneous (current) blood pressure values (BP) for systolic, mean, and diastolic

aortic pressure, as well as cardiac output (CO), heart rate (HR), oxygen saturation of

arterial blood (Sa02), atmospheric pressure (Patm, being the sum of all alveolar partial

pressures), and a column with the uptake of all gases that are used in the model (uptake

is considered positive when gas moves from alveoli into blood).
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Figure 8.6. effects of step change in total blood volume (-1 liter, +1 liter).
(uncontrolled system)

The next set of tests were conducted to determine the response of the system to step

changes in total blood volume. This is achieved by changing the volume of blood in

the extrathoracic venous compartment by -1 and +1 liter. The results are shown in

figure 8.6. Note that now in addition to the change in blood pressure and cardiac

output, the pressure volume curve of the left ventricle becomes smaller with the

decreased blood volume (compare to figure 8.5). These results are again similar to

those determined in the reference [Beneken 1965, p.65].

The next test is a decrease in blood volume at a constant rate of 100 mIlmin (taken

from the extrathoracic venous compartment); the results are shown in figure 8.7. Note

that after a few minutes, the arterial blood pressure and cardiac output reach a plateau,

although the blood volume keeps decreasing.
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Figure 8.7. Effects of a constant decrease in blood volume of 100 mllI.
(uncontrolled system)

This plateau is reached as the volume of the extrathoracic venous compartment becomes

equal to its unstressed volume. At this point, the transmural pressure does not change

even though the volume decreases further. As a result, the heart experiences no change

in filling, and keeps pumping at the same level of output. The venous return remains

the same with the same pressure in the venous compartment. It is postulated that this

effect is caused by the collapse of the veins entering the thorax [Guyton 1986, p.280].
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The central nervous system model.

The central nervous system model is tested using the controlled pressure and flow

model. The first test for the controlled pressure and flow model is a sudden decrease in

total peripheral resistance to half its initial value. Figure 8.8 shows that the arterial

blood pressure drops very fast initially and that the cardiac output increases, as can be

expected in the uncontrolled system (figure 8.1). However, the control systems bring

the blood pressure and cardiac output back to their initial level. Note that the heart rate

increases during this sequence to help elevate the pressure and cardiac output (see figure

8.4 of the uncontrolled system).
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Figure 8.8. Effect of a step change in total peripheral resistance to half its baseline
value.
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Clinically, this effect can be introduced by drugs that quickly decrease the peripheral

resistance. Although the overall effect of the control systems is the same as

experienced in patients, the oscillations are larger than in a real patient [Guyton 1986].

The same test was conducted for an increase in peripheral resistance (resistance was

doubled), showing opposite effects in order to bring arterial blood pressure and cardiac

ouput back to their normal levels (figure 8.9).
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Figure 8.9. Effects of a step increase in peripheral resistance ( to 200% of its baseline
value).
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As in the uncontrolled system, we decreased the blood volume at a rate of 100 ml/min

taken from the extrathoracic venous compartment. As can be seen in figure 8.10, the

decrease in arterial blood pressure is far less than in the uncontrolled system (compare

to figure 8.7), although the controls can not eliminate all the effects of the decreasing

blood volume. After four minutes the "bleeding" was stopped and the controls were

able to bring the pressure back to near its initial value, giving clinically correct results

for use in the simulator.
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Figure 8.10. The effects of a decrease in total blood volume at a constant rate of 100
ml/min for four minutes.
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We also tested the control systems by initiating a sudden decrease in blood volume of

500 ml (figure 8.11). Once again, the control systems are able to bring the pressure

and cardiac output back toward their initial values.
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Figure 8.11. The effects of a step decrease in total blood volume of 500 ml.

Clinically, as in the test results above, blood pressure returns quickly to a level near the

initial value (within a few mmHg), but it does not fully reach that level again in the

short term, as is seen in humans.

Because it was one of the design objectives, the response of the model to changes in

intrathoracic pressure had to be tested as well. The Valsalva maneuver was performed

to test correctness of the model regarding changes in thoracic pressure. In the Valsalva

maneuver, the intrathoracic pressure is incresed to +40 mmHg for 15 seconds, and
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then released to its normal pressure of -4 mmHg. The result of this test is shown in

figure 8.12 and 8.13.

Figure 8.13 shows the overshoot in the pressure that occurs after releasing the pressure

back to -4 mmHg. This overshoot is also documented in the literature [Smith 1984, p.

252], although there is no oscillation as seen in our simulation.
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Figure 8.12. The Valsalva maneuver in the controlled pressure flow model. The
intrathoracic pressure is elevated to +40 mmHg for 15 seconds and then released.
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Figure 8.13. Again the valsalva maneuver, now shown for a longer period of time.
The controls create an overshoot in aortic pressure, before controlling it to its initial
value.
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In our model, it is also possible to elevate only the external pressure around the heart

chambers, such as during cardiac tamponade (here the external pressure is elevated for

15 sec. to +40 mmHg). The results of this test are shown in figure 8.14. Although

the results resemble the results of the Valsa1va maneuver there is, however, no initial

increase in pressure after elevating the external pressure (See figure 8.12). Note also

the left venricle pressure volume curve, which completely collapses during cardiac

tamponade.
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Figure 8.14. The effects of cardiac tamponade (external pressure of all heart chambers
is raised to +40 mmHg for 15 seconds).
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To further show the ability to model pathological conditions, the flow resistance of the

aortic valve was increased to ten times its normal value (aortic stenosis). Figure 8.15

shows the left ventricle pressure in the upper left graph as well as the aortic pressure in

the upper right graph with a normal valve. There is 1 mmHg between peak left

ventricular pressure and peak aortic pressure in the normal state.
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Figure 8.15. Hemodynamic variables with a normal aortic valve (pf_comp.l is the left
ventricle).
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After increasing the flow resistance of the aortic valve the pressure gradient across the

aortic valve increases to about 30 mmHg. Also note the change in left ventricle

pressure volume curve (figure 8.16).
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Figure 8.16. The same graph as figure 8.15, now with an increased flow resistance
of the aortic valve (lOx). Note the higher pressure in the left ventricle (pf_comp.l)
and the change in pressure volume curve of the left ventricle.
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Even though testing the control systems separately is not possible since they all interact

with each other, we can show the effect of decreased efficiency of the controls. Figure

8.17 shows the transient effects when the control systems are activated about 40 seconds

after the start of the simulation. Within seconds the blood pressure reaches a level

equal to the steady state level but then overshoots and only settles at that steady state

value after several minutes.
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Figure 8.17. The transient effects when the controls are activated after about 1
minute.
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Figure 8.18 shows the same sequence as figure 8.16, but now the efficiency of the

controls is limited to 50%. Although there is a small oscillation after the blood

pressure increases rapidly, the steady state value was never reached within the 20

minutes of the test run.
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Figure 8.18. Again the transient effects when the controls are activated after about 1
minute, now with the controls working with 50% efficiency.

The oscillation that occurs in some of the tests, mayor may not be clinically correct.

However, the control systems in humans are known to generate periodic changes in

arterial pressure, as great as 20 to 40 mmHg, that rise and fall much more slowly than

the respiratory waves. The duration of each cycle is about 7 to 10 seconds in human

beings. The waves are called vasomotor waves or sometimes "Mayer" waves. These

vasomotor waves are caused by oscillation of the eNS ischemic response and the

baroreceptor reflex [Guyton 1986, p.253]. The chemoreceptor reflex can also oscillate

to give the same type of waves.
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The uptake and distribution model.

In order to show the behavior of the uptake and distribution model, we changed the

ordinates of the graphs on the left side of the screen to show alveolar partial pressures

of the specified gases. After simulating a patient breathing a gas mixture of 20%

oxygen and 80% nitrogen (room air) for 10 minutes, the inspired gas mixture is

changed to 100% oxygen to simulate preoxygenation theat typically preceeds the

induction of general anesthesia. The washin curve for oxygen and the wash out curve

for nitrogen ara shown in figure 8.19. These curves show the same results as in the

prototype version, which gave correct results for the gas uptake and distribution.
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Figure 8.19. After breathing 20% oxygen and 80% nitrogen for 10 minutes, the
inspired gas mixture is changed to 100% oxygen, showing the washin curve for
oxygen and the washout curve for nitrogen.
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Then after breathing 100% oxygen for 5 minutes, the inspired gas mixture is changed to

65% nitrous oxide, 35 % oxygen and 5% isoflurane to simulate induction. The results

are shown in figure 8.20. Again, these results are identical to those obtained from the

prototype uptake and distribution model.
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Figure 8.20. After breathing 100% oxygen for 5 minutes, the inspired gas mixture is
subsequently changed to 65 % nitrous oxide, 30% oxygen and 5% isoflurane.

Finally, we change from 65% N20, 30% O2, and 5% isoflurane back to 100% O2 to

simulate emergence from general anesthesia (figure 8.21).

The results for these washout curves are similar to those recorded in the first version of

the physiological model [Hefels 1990], from which the uptake and distribution model is

taken. The discrepancies come from difference in the calculation of the cardiac output,

since in the new integrated physiological model the cardiac output is determined by the

control systems and parameters used and not assumed to be constant.
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Figure 8.21. Then after induction with 65% nitrous oxide, 30% oxygen and 5%
isoflurane, the gas mixture is changed back to 100% oxygen.

The pharmaco dynamics model.

The pharmacodynamics model is not implemented yet and, therefore, can not be tested.
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9. Conclusions and recommendations.

Conclusions.

The integrated physiological model as presented in the previous chapters was developed

using the C+ + programming language [Borland C+ + reI. 1.0]. All models interact

through a common data structure, creating a sound structure which is easily expanded

and maintained. The software enables the user to change the behavior and some

characteristics of the models by changing specific model parameters (for example, to

change from an adult to a pediatric patient). These parameters are read from a file at

the start of the simulation, but can also be changed interactively through a menu-driven

user interface, during a simulation.

The developed physiological model consists of a pressure and flow module, an uptake

and distribution module, a central nervous system module, and a structure providing the

frame work for the implementation of a pharmacodynamic module. The pressure and

flow module is the primary model of the physiological model and generates a pulsatile

wave form. From the tests in the previous chapter, we can conclude that the

uncontrolled pressure and flow model works well and provides an arterial pressure

waveform which is clinically correct.

The uptake and distribution module is in essence the same model used in the original

prototype of the physiological model. This first version worked well in the Gainesville

Anesthesia Simulator and tests show similar results for the new integrated physiological

model. This indicates that the uptake and distribution model works well in the new

integrated physiological model.

The central nervous system module models the control systems which act upon the

pressure and flow model. Test data reported in the previous chapter show correct
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actions for these control systems, although sometimes dampened oscillations are

observed. Oscillation of control systems are also seen in humans, although to a lesser

extent. This suggests that the central nervous system model can be improved by further

fine tuning the responses of the different controls, in other words, by changing the way

these controls interrelate.

Recommendations.

The simulation of the integrated physiological software is near realtime using a 25 Mhz

80386/80387 personal computer system. A newer and faster computer, however, will

enable the simulation to run faster than realtime. The majority of this processing time

is spent calculating the pressure and flow model. In order to create a "fast forward"

mode of ten times realtime, the pressure and flow model must be adapted to speed up

the calculation. Because there is no need for a detailed pressure wave form during fast

forward, a system using mean arterial pressures, average flows and average volumes,

bypassing the time consuming waveform calculations, is suggested for this "fast

forward" mode.

Future implementation of a pharmacodynamic model is facilitated by providing a

structure for that model and giving it access to the common data structure. The

physiological changes introduced by the inhaled anesthetic gases as used in the

Gainesville Anesthesia Simulator have previously been discussed in theory (chapter 7).

Using this chapter as a guide, implementation is facilitated.

To make the integrated physiological model part of the Gainesville Anesthesia

Simulator, hardware interfaces must be developed. One interface has to control the gas

exchange in the mechanical lung. Another interface has to provide the monitoring

equipment with the clinical signs (e.g.,such as heart rate and blood pressure). A third

hardware interface will eventually be needed to implement an envisioned external
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triggering of the heart to model dysrrhythmias, such as atrial fibrillation, ventricular

fibrillation and others.

In summary, the integrated physiological model provides a good simulation of the

cardiovascular system, the uptake and distribution of gases, and the major control

systems in the human body. It also is a robust platform for future expansion, capable of

generating an more realistic patient simulation than the current setup (e.g.,

implementation of pathological conditions such as aortic stenosis and different forms of

cardiac failure).
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Appendix A: A solution to the negative volume problem.

The Problem:

In the model for the cardiovascular system, the pressure and flow model as discussed in

chapter 4, we use electrical analogies to describe the different components therein. By

using such analogies, the volumes of the different compartments are represented by

electrical charges on a capacitor. These electrical charges can either be positive or

negative. A (physical) volume, however, can only be positive. Thus, in order to have

a physically correct model of the cardiovascular system, we must prevent the

occurrence of these negative volumes (if the volume = 0, there can not be an (out)-flow

out of that compartment).

There two situations that need our attention:

A) A system with the same external pressure for all compartments in the

pressure and flow model.

B) A system with different external pressures for the compartments in the

pressure and flow model.
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Situation A):

The time-continuous functions for compartment k are:

volumej;(t) - VlUl.Strused
Pressurej;(t)= -------

compliance j;

Pressure(j;_1)(t) - Pressurej;(t)
Flow(k_1)_ j; = ---->--....<...------'-

resistance j;

(where: pressure is transmural pressure; transmural pressure is zero if volume is

less than or equal to unstressed volume)

Since d't is infinitesimal, volumes are update for the same time (t) as the pressures and

flows (3 simultaneous equation). If the flow is finite for such an infinitesimal time step

d't, then the change in volume per d't is still infinitesimal and as a result, negative

volumes can not occur.

However, if these equations are solved on a digital computer, the solution will be time

discrete. The smaller the timestep, the better the results mimic the time-continuous

situation. There is, however, one problem: a smaller timestep means more calculations

per second and with a finite machine accuracy, there will be an accumulation of

truncation errors.
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This yields the following set of equations for flow and volume in a discrete form, for

compartment 1:

Flowo_1(k1) = .1 * (Pressureo([k-1]1) - Pressure1([k-1]1»
ReSIStance

Volume1(k1) = Volume,([k-1]1) + [Flowo_,([k-1]1) - Flow1_2([k-1]1)] * aT

Volume1(k1) = Volume1([k-1]1) + Flowo_,([k-1]1) * aT - Flow1_2([k-1]1) * aT

stored + incoming - outgoing,

(2)

If T is too large, then the changes in V(kT) can be large during one timestep (positive

or negative). It now can occur that "outgoing" is more than "stored" plus "incoming",

and this will result in a negative volume. Since the only driving force for flows is the

transmural pressure (Situation A), the next timestep the flow will be reversed, creating

an unstable system. However, choosing a small enough timestep, this problem can't

occur, and the volume will always be positive.
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Situation B:

Supposing situation A is satisfied, we will now discuss a system with several different

external pressures. In the case the flow is not only dependent on the transmural

pressure (Pit), but also on the external pressure (PexJ.

FO_1(k1) 1
. '" [(POtr([k-1]1) + PoW> - (P1 tr([k-1]1) + P1 e.xJ]

reSIStance' ., ,

1FO_1(k1) = --- * [Po,tr([k-1]1) - P1,tr([k-1]1)]
resistance

1
+. '" (POext -P1 utI

reSIStance ' ,

(The first part can never generate a negative volume, since situation A is

satisfied)

If we assume that three compartments in series are empty and have a Volume = 0 with

a corresponding Ptr = 0 (Or Volumes;!;; V..........J, than all flows are solely based upon

external pressures.

Assume that only one compartment has an external pressure greater than zero. As a

result, both inflow and outflow of that compartment want to drain that compartment,

despite the volume already being zero. What we can do is to limit these flows to the

available volume, in this case, set both inflow and outflow to zero.

Proceeding to the next compartment, we know already that the inflow = 0 and since the

Volume of this next compartment = 0 as well, it means that the outflow must be made

equal to zero as well. The problem, however, lies in the compartment already

calculated. If a flow from one compartment to a previous compartment is made equal
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to zero, this can cause a problem in that previous compartment (which volume is based

on that flow being non-zero).

Solution: not only do we need to go from compartment 0 ... 15 for each timestep, we

also have to go back if we make a negative inflow zero.

The solutions:

For Situation A, it is a matter of finding the correct timestep. This can be

accomplished by:

- trial and error

- use "systems and signals" - theory to determine poles in z-plane.

For Situation B, it will be impossible to use solely computer power to solve the

problem. However, using physical limitation for the simulation, we can come up with a

solution.

Solution to Situation B:

First, instead of mathematical worst case, determine physical worst case Le., what

compartments can have an independent and different external pressure. We can make

the following assumptions:

1.

2.

3.

4.

All compartments in abdomen have same Pext

All compartments in thorax, except heart, have same Pext

All compartment in heart have same Pexl

= PI

= P2

= P3

P3 ~ P2
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This leaves us with three possible problem situations:

PI ~ P3 ~ P2

P3 ~ PJ ~ P2

P3 ~ P2 ~ PI

As long as the equal signs are valid, there can not be a problem between these two

groups of compartments (then the flows are solely based upon transmural pressure).

Apart from the fact that we now minimized the number of compartments to check (we

never need to check the tissue compartments since the preceding and next compartment

always have the same external pressure), we can also determine is what order we want

to check the compartments. The compartments with the higher external pressure are

susceptible to negative volumes, because the external pressures force the flows out of

these compartments. Therefore, we start with the compartment with the higher external

pressure and then proceed to the compartment with the lower, in other words: "go with

the flow".

This means that there are only problems possible if 2 external pressures are non-equal.

Suppose P2 does not equal P3 , as a result P3 > P2 (rule 4.) Start with the compartment

in the higher Pextcmal group. These compartments can show negative volume.

See the 15 compartments of the pressure and flow model (figure 4.2). First, the simple

ones: Compartment 0 and 10. On one side they are connected to a compartment with

the same Pext (=P3) and on the other side, there are at least 2 compartments in series

with the same Pext (=PJ.

The flow between 2 compartment with equal Pexl can not be a problem so we only have

to check the compartments 0 and 10. To do this, check the new volume in the next
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timestep ("look into the future"). If this volume is negative, then we limit the flow to

its maximum (making the new volume = 0).

Next: compartments 1 and 9.

If PI == P2 then the same situation applies as before. However, if PI is not equal to P2 ,

the order in which the compartments must be checked will change.

suppose:

7 ---- 8 ----- 9

PI < P2 < P3

(compartment numbers, see figure 4.2)

(external pressures, see above)

Then, the flows creating the problems, will go from 9 to 8 and from 8 to 7. If you

start at 7, Flow78 will never pose a problem (negative, and going into 7).

Now suppose also that Volum~ = 0, then check the new inflow Flow78 • Change this

flow if it creates a negative volume in compartment 8. If, however, Flow78 can be

substantiated, we don't need to change it. Now go to Flow89• Suppose Volume9 = 0

thus Flow89 (from 9 to 8) must be O. We then have to go back to 8 to check if Flow78

still can be non-zero. If we start with the compartment with the highest Pexlemal' however,

we never have to re-check compartments.

After checking compartments with P3 (only if P3 > P2 otherwise a check is not

necessary), we have to check whether PI equals P2 and if not, check if P2 > PI or is P2

< PI' Again for compartments on the border of section with PI and P2, first check the

compartment with the highest Pex" because the other one (the lowest Pox) will never have

a problem.

check compartment 2 and 8. (see figure 4.2)

check compartment 3 and 7.
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Thus, the maximum number of compartments to check is 6, and since we start at the

compartments with Pcxt is the highest, we know that one check is all we need, we won't

have to go back and re-check the compartments.

How do we implement this strategy in the program?

1. Calculate all new inflows, new pressures, new volumes.

2. Before updating the variables to these new variables, check if the new

inflows can be substantiated by the volumes of the compartments from

where they originate. Change the new inflows to the maximum value

that is possible.

3. Now update the variables to the values of the new calculations.

4. Calculate next timestep.
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Appendix B: Choice of Initial Variables for the Uncontrolled System.

To find the parameters and initial variable values we have to do the following:

I. Subdivide the model into compartments that correspond with physiological

section of the cardiovascular system. Systemic veins and arteries have to be

modelled with intrathoracic and an extrathoracic part. This will give average

volumes for all compartments.

II. Divide the compartment for all tissues into compartments for each tissue group

necessary for the uptake and distribution model.

III. Estimate the pressure in all the above compartments.

IV. Calculate the resistances (or of) the compartment based on pressures and cardiac

output (5000 ml/min)::::84 mllsec).

V. Calculate compliances using known distensibilities and estimate unknown values.

VI. Using the above estimates, calculate the unstressed volumes.

VII. Estimate valve properties..

VIII. The heart - compartment volumes

- elastances

- timing
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A.C. Guyton's Textbook of Medical Physiology [Guyton 1986] was mainly used to

determine these values (see also chapter 4).

I. Volumes

Total bloodvolume = 5000ml

[Guyton 1986, p.218]

systemic circulation holds 84% - pulmonary

circulation holds 16%

........................................................................................................................................................· .· .: :
i !

pulmonary
veins

E)
.
thoracic
section

pulmooary
arteries

1__::-._ .. ___..____.__ -=-]
· .· .· .· .

1___________:.__..___'=.11

heart 7% 350ml [left and right heart]

pulmonary vessels 9% 450ml [Guyton 1986, p.288]
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70ml in lung tissue capillaries, remainder divided equally between pulmonary

veins and pulmonary arteries.

large arteries

small arteries

arterioles

capillaries

small veins & venules

large veins

8%

5%

2%

5%

25%

39%

250ml

250ml 1- systemic arteries

100ml

250 ml - body tissues

1250ml I

1- systemic veins

1950ml I

Dividing Systemic Vessels into Intrathoracic and Extrathoracic Parts

Assumption:

Intrathoracic arteries include the intrathoracic part of the aorta. However, since

there is no data on other systemic arteries in the thorax, we assume the total

aorta (thoracic and abdominal) in the thorax. (Thus: properties of remaining

thoracic arteries are assumed to be equal to the properties of abdominal aorta.)

Unstressed Volume Aorta: Total cross section area ::: 3 cm2 (Radius = 0.9cm to 1.3

cm [Guyton 1986, p.219])

Length of aorta = 45 cm [Beneken 1965, p. 75]
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thus: Volume = 3 x 4.5 = 135 ml.

This volume is assumed to be the unstressed volume.

Assumption:

Total bloodvolume in the thorax: 3000ml [Beneken 1965, p.29]

1250ml [Smith 1984, p.8]

The thoracic part of the systemin veins = blood volume in thorax

minus heartvolume (350)

minus pulmonary bloodvolume (450)

minus aortic volume.

We assume an equal percentage of venous blood in the thorax as there is arterial

blood. The aortic blood volume is 202ml (see later), which equals 27% of the

total systemic arterial blood volume (750ml). Thus, 27% of the total systemic

venous blood volume (3200ml) equals 86Oml.

ll. Dividing the Tissue Volumes

Body Tissues:

3 tissue groups necessary for body tissues (See Chapter 5.)

Vessel Rich Group VRG (brain, splanchnic bed including liver, kidneys,

endocrine glands)

Muscle Group MG (muscle and skin)

Fat Group FG (adipose tissue)
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Total volume tissues in capillaries is 250ml [Guyton 1986,p.230]

bloodflow through different tissues (in percent cardiac output = 5000ml/min)

VRG MG FG

Brain 14% Heart 4% Rest 5%

Kidneys 22% Muscle 15% (inactive)

Liver 27% Skin 6%

+ + +

Total 63% 25% 5%

The first version of the physiological model used:

75% 19% 6%

Since the results of the uptake and distribution model are coorect in this first

version, we assume these values.

Assumption:

The capillary volumes have the same relative division as the flows as determind

above. Thus: 75% of 250ml in VRG, 19% in MG, 6% in FG

Thus: VRG = 187.5ml

MG = 47.5ml

FG = 15ml

Lun~ Tissues:

Total blood volume in capillaries of the lungs = 70ml

(with the ventilation ratio = 1 on average [Guyton p.491 figure 40-11]).
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ventilated

2 compartments in lung /

\ non - ventilated -> shuntflow, does not

participate in gas exchange.

Shunt flow is about 2% of total flow through lungs [Guytong p.491].

Again: Volumes are assumed to have the same relative division as flows. Thus,

non-ventilated lung tissue has volume of about 1.5 to 2ml.

ill. Pressures (absolute)

intrthoracic pressure -2 to -6 mmHg .... fixed at -4 mmhg in model

[Guyton 1986, p.467]

extrathoracic pressure +2 mmHg [Guyton 1986, p.222]

Systemic circulation:

Mean systemic filling pressure 7 mmhg [Guyton 1986, p. 215 and 225]

[Guyton 1986, p.276] with a volume increase of 15 - 30% .... 14 mmHg

Volume decrease of 15 - 30% .... 0 mmHg

Aorta: 120/80 (systolic/diastolic) and mean pressureis about 96 - 100 mmHg.

We assume: 100 mmHg [Guyton 1986, p.225]

The mean pressure in the large systemic arteries still 95 - 97 mmHg.

[Guyton 1986, p.219] and in the small arteries still 85 mmHg. Then there is a

55 mmHg drop in arterioles; Thus leaving a mean pressure of 80 mmHg at

beginning of capillaries of body tissues.
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Capillaries: at arterial end - 30 mmHg \

assume: 20 mmHg mean pressure in tissues

at venous end - 10 mmHg /

We, therefore, assume: 100 mmHg in intrathoracic artery [aorta]

90 mmHg in extrathoracic artery [larger arteries and small

arteries and arterioles minus the aorta].

We also assume only a few mmHg drop from left ventricle to aorta, assuming a mean

pressure in left ventricle of 105 mmHg.

The mean pressure in venuoles :::: 10 mmHg, we assume an extrathoracic mean pressure

of 8 mmHg. The mean pressure in right atrium:::: 0 mmHg, and we assume an

intrathoracic mean pressure of 4 mmHg.

Pulmonary circulation:

Assume the patient to be in supine position: all capillaries in lung have flow

(flow evenly distributed) [Guyton 1986, p.290].

Right ventricle pressures, systolic/diastolic = 25/0 [Guyton 1986, p.288].

Pulmonary artery mean pressure = 15 mmHg,

pulse pressure = 17 mmHg = 2/3 of system pulse pressure

Pulmonary capillary mean pressure = 7 mmHg

Left atrium and pulmonary venous pressure = 2 mmHg

We assume that the mean pressure of the right ventricle is only a few mmHg higher

than the pressure in the pulmonary artery, thus mean pressure right ventricle is 17

mmHg.
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IV. Resistances

Use cardiac output and average beats/minute to calculate all flow resistances

between two compartments.

5000mllmin (:::: 84 mllsec) and 72 beats/min.

Now use the mean pressures and mean flow to calculate resistance:

Resistance = Pressure t - Pressure:z / flow

Body Tissues

3 Parallel tissues. ~ = 0.976 = (90-8 mmHg)/(84 ml/sec)

VRG 75% = 63 mllsec, thus RVRG = (90-8 mmHg)/(63 ml)

= 1.30 mmHg*sec/sec.

MG 19% = 16 ml/sec = >RMG = (82 mmHg)/(16 ml)

= 5.13 mmHg*sec/ml.

FG 6% = 5mllsec = > RFG = (82 mmHg)/(5 ml)

= 16.40 mmHg*sec/ml.

The pressure on the venous side of the tissue is 8mmHg, on the arterial side

the pressure is 90 mmHg, and in the capillaries we assume 20 mmHg. This

gives a 1 to 6 ratio between inflow resistance and outflow resistance, assumed

for all body tissues.
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Lung Tissues

Resistancel0la1 = (15-2 mmHg)/(84 ml) = 0.15 mmHg*sec/ml.

The pressure on the venous side of the lung tissue is 2 mmHg, on the arterial

side the pressure is 15mmHg, and in the capillaries we assume 7 mmHg. This

gives a 8 to 5 ratio between inflow resistance and outflow resistance, assumed

for both lung tissues.

V. Compliances

[Guyton 1986, p.287].

Pulmonary arterial tree: Compliance = 2mmHg/mi :::: half the compliiance of

the entire systemic arterial tree.

Pulmonary veins have distensibility characteristics similar to those veins in the

systemic circulation.

[Guyton,p.214] Anatomically, the walls of arteries are far stronger than those of

veins. Consequently, the veins are about 8 times as distensible as

arteries. In pulmonary circulation, the veins are very similar to

those of the systemic veins. However, the pulmonary arteries,

which normally operate under pressure about 1/6 of those in the

systemic arterial system, have distensibilities about 1/2 those of

the veins rather than 1/8 as is true for the systemic arteries.
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Compliance = (Volume - Unstressed)/( transmural pressure)

The compliance of the entire circulatory system in about 100 ml/mmHg [Guyton

1986, p.215], Fig. 18.13] unstressed volume arterial system: 500ml (1)

venous system 2200ml (2)

(1) 10 mmHg = 1/compilance * (V - Unstressed),

Thus compliance = (750 - 5(0)/(I04mmHg) = 2.3 ml/mmHg.

{Compare: the compliance of the pulmonary artery tree = 2 mmHg =about

1/2 systolic arterial tree [Guyton 1986, p. 287]}.

(2) Compliance venous system = compliance arterial systemic x (volume

factor) x (distensibility factor)

= 2.4 x (32001750) x (8)

= 82 ml/mmHg.

Assumption: distensibility of the arteries is the same for intrathoracic and

extrathoracic arteries; the same applies to intrathoracic and

extrathoracic veins.

In sequence, calculate the follwing: (SA means systemic arteries;sv means systemic veins)

a. compliance systemic arteries = 2.4 mllmmHg = distensibilitYsA *

VolumesA .

Thus, distensibilitYsA = 2.41750 = 0.0032 mmHg-1
•

b. distensibilitysv = dist. sA x 8 = 0.0256 mmHg- l
•

c. compliancesv = dist. sv x volume = 0.0256 x 3200 = 82 ml/mmHg.

d. compliance of pulmonary artery, Cpo = 2 ml/mmHg;

dist.po = Cpo/Vpo = 2/190 = 0.011 mmHg- l
•
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e. distensibilitypv = distensibility IV = 0.0256 mmHg-1
•

f. compliancepv = distensibilitypu . volumepv = 4.86 mllmmHg

The individual compliances can be calculated when systemic and pulmonary

distensibilities are known, as well as the volumes.

Assumption: The distensibility of body and lung tissue are in between the

distensibilities of arteries and veins at the input and output of tissues.

These distensibilities are assumed to be closer to the arterial distensibility

than the venous distensibility since there is still a I mmHg pressure pulse

in the tissue capillaries. They are also assumed to be equal for all body

tissue (distensibility = 0.0144 mmHg-1
), and the same applies to lung

tissues (distensibility = 0.0183 mmHg-1
).

VI. Unstressed Volumes:

Before all compliances can be calculated, we need to know the unstressed

volumes.

(Ptr = transmural pressure).

Aorta: V_ •.-cd = 135 ml (See before), Ptr = lIcompliance * (V - V,).

(1) 104 = l/compliance * (V - 135).

(2) Compliance = disL sA • V = 0.0032 *
volume.

(1) + (2) = > V = 202ml = 27% of 750ml

= > Compliance = 0.67 mllmmHg
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[Guyton 1986, p. 215, Fig. 18.3]:

Unstressed volume arterial system:

venous system:

500ml

2200ml

Using:

Pressure" = lIcompliance * (Volume - Volume.............J,
Volume """ = Volume - Pressure" * Compliance.

We find the following unstressed volumes:

Intrathoracic artery: P" = 100 - (-4) = 104 mmHg; V = 202 ml;

Compliance = 0.647 ml/mmHg. This gives:

Vu = 202 -104 * 0647 = 134.7ml.

Extrathoracic artery:

VRG tissue

MG tissue

FG tissue

Extrathoracic vein:

Intrathoracic vein:

Vu = 548 - 88 * 1853 = 358ml

Vu = 187.5 - 18 * 2.7 = 138.9ml

Vu = 47.5 - 18 * 0.68 = 35.3ml

Vu = 15 - 18 * 0.22 = 11ml

Vu = 2340 - 6 * 60 = 1980ml

Vu = 860 - 8 * 22 = 684ml total 2664ml

Pulmonary artery:

Ventilated lung tissue:

Non-ventilated lung tissue:

Pulmonary vein:

Vu = 190 - 19.2 = 152ml

Vu = 68 - 11 . 1.24 = 54.4ml

Vu = 2 - 11. 0.04 = 7.6ml

Vu = 190 - 9 . 4.86 = 16O.8ml
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VU. Valve Properties.

AV - valves: have a light construction and a large orifice.

Assume: 0.25 mmHg drop across valve: Resistancewlve<o = 0.003 mmHg*sec/ml.

Pressure to open is 1 mmHg

Volume to close is 1 ml

Aortic and pulmonic valves

We assume:

pressure drop 0.40 mmHg = > 0.005 mmHg*sec/ml.

pressure to open is 2 mmHg

volume to close is 2 ml

VID. The Heart

Assumption: Left and right compartment are equal in average volume and leave the

same unstressed volume. [Guyton 1986, p.155]

end-diastolic volumes ventricles about 120 - 130ml [Guyton 1986, p.

155]

end-systolic volumes 50 - 60ml (can go down to 10 - 30ml) [p.155]

We make use Beneken's improved linearized model of the heart [Beneken 1965, p.173],

with the difference in the ventricle description of a threshold volume. If the volume is

larger than that volume, the heart start pumping less effective (See figure 4.9 and 4.10):

Using the improvised model [Beneken p. 173, 126, 173, 36, 129]
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Tables 2.5 page 36, table 3.1 page 129.(RA is right atrium, LA is left atrium; RV,LV

is right and left ventricle respectively; elastances in mmHg/ml).

RA minimum elastance

RA maximum elastance

RV minimum elastance

RV maximum elastance

0.05

0.15

0.03

0.30

LA minimum elastance

LA maximum elastance

LV minimum elastance

LV maximum elastance

0.12

0.28

0.08

4.00

unstressed volume RA = 30ml, RV = 40ml

unstressed volume LA = 30ml, LV = 60ml

Timing of the heart contraction

Assumption: in the model a heartbeat starts with atrial contraction and changes

from minimum to maximum elastance, using a sinusoidal

waveform.

TAS = time during which atrial elastance changes from minimum to maximum and back.

Tys = time during which ventricular elastance changes from minimum to maximum and

back.

Tlot = heartrate period

TAS = 0.03 + 0.09 Ttot

Tys = 0.16 + 0.20 T tel

[Beneken 1965, p.127] for heart rate periods of 0.4 - 1.5

sec.

[Beneken 1965, .p. 32] for heart rate periods of 0.4 -1.5

sec.

We assume this to be correct for heart rate up to 180 beats per minute.
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The delay between start of atrial contraction and ventricular contraction is independent

of heartrate and is solely dependent of delay of (electrocardiac) pulse through the AV

node

SA - AV delay: 0.04 sec

AV node delay: 0.11 sec

Punkinje bundle delay: 0.01 sec

[Guyton 1986, p. 167]

[Guyton 1986, p. 167]

[Guyton 1986, p. 168]

Thus we assume the start of ventricle contraction to be 0.16sec after the start of atrial

contraction.
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Appendix C: The pressure and flow parameters as used in the tests.

This appendix lists the actual set of parameters used in the tests (chapter8), and is the

Patient Profile Parameter data file (PPP-data file) as discussed in chapter 3.

rem -------------------------------------------------------------------------

rem This parameter list contains all parameters for the cardiovascular model.

rem

rem Remarks will be ignored, as long as they are preceded by "rem;" or "rem"

rem The file is read line by line, so use <rem> on each remark line.

rem upper and lower case can be used.

rem You can also make remarks after defining a parameter, e.g.:

rem compliance = 1.23 rem units: mL/mmHg.

rem

rem Uppercase and lowercase can be used for the parameter names.

rem The format is as follows:

rem <parameter_name> < = > <number>, separated by a space!!!!!

rem

rem Use "end;" to end the set of parameters for one compartment!!

rem

rem The general set of parameters is added for some general information.

rem Version number is used to check model validity.

rem -------------------------------------------------------------------------

rem -------------------------------------------------------------------------

general information

version 1.0
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fastforward;

blood volume

timestep

end;

= 5000;

= 0.00175;

rem mode / option is realtime

rem units: mL

rem units: sees

rem -------------------------------------------------------------------------

compartment = left_atrium;

transmuralJ>ressure = 11.0;

externalJ>ressure = -4.0;

volume = 60;

flow = 0;

unstressed volume = 30;

end;

rem mmHg

rem mmHg

rem mL

rem mLlsec

rem mL

rem -------------------------------------------------------------------------

compartment = left_ventricle;

transmuralJ>ressure = 11.0;

externalJ>ressure = -4.0;

volume = 115;

flow = 0;

unstressed volume = 40;

end;

rem mmHg

rem mmHg

rem mL

rem mLlsec

rem mL

rem -------------------------------------------------------------------------

compartment

transmuralJ>ressure = 11.0; rem mmHg
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flow = 0;

unstressed volume - 135;

compliance = 1.0;

inflow resistance = 0.01;

inertia = 0.0;

stretch resistance = 0.008;

end;

externalyressure

volume

= -4.0;

= 250;

rem mmHg

rem mL

rem mLisec

remmL

rem mLlmmHg

rem mmHg*sec/mL

rem mmHg*sec....2/mL

rem mmHg*sec/mL =O.04/compliance

rem -------------------------------------------------------------------------

compartment = extra_thoracic_artery;

transmuralyressure = 5.0;

externalyressure = 2.0;

volume = 500;

flow = 0;

unstressed volume = 385;

compliance = 2.3163;

inflow resistance = 0.18;

inertia = 0.0007;

stretch resistance = 0.022;

end;

rem mmHg

rem mmHg

rem mL

rem mLisec

rem mL

rem mLlmmHg

rem mmHg*sec/mL

rem mmHg*sec....2/mL

rem mmHg*sec/mL =O.04/compliance

rem -------------------------------------------------------------------------

compartment

transmuralyressure = 5.0;

externalyressure = 2.0;

rem mmHg

rem mmHg
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volume = 187.5; rem mL

flow = 0;

unstressed volume = 138.9;

compliance = 2.7;

inflow resistance = 0.88;

outflow resistance = 0.152;

end;

rem mLisec

rem mL

rem mLlmmHg

rem mmHg*sec/mL

rem mmHg*sec/mL

rem -------------------------------------------------------------------------

compartment = MG tissue·- ,

transmuralyressure = 5.0;

extemalyressure = 2.0;

volume = 47.5;

flow = 0;

unstressed_volume = 35.3;

compliance = 0.68;

inflow resistance = 3.52;

outflow resistance = 0.584;

end;

rem mmHg

rem mmHg

rem mL

rem mL/sec

rem mL

rem mLlmmHg

rem mmHg*sec/mL

rem mmHg*sec/mL

rem -------------------------------------------------------------------------

transmuralyressure = 5.0;

extemalyressure = 2.0;

volume = 15;

compartment

flow

= FG_tissue;

= 0;

rem mmHg

rem mmHg

rem mL

rem mLisec
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unstressed volume

compliance

inflowJesistance

outflowJesistance

end;

= 11;

= 0.22;

= 11.248;

= 1.972;

rem mL

rem mLlmmHg

rem mmHg*sec/mL

rem mmHg*sec/mL

rem -------------------------------------------------------------------------

compartment = extra_thoracic_vein;

transmuralyressure = 5.0;

externalyressure = 2.0;

volume = 2150;

flow = 0;

unstressed volume = 1980;

compliance = 120;

outflow resistance = 0.05;

end;

rem mmHg

rem mmHg

rem mL

rem mL/sec

rem mL

rem mLlmmHg

rem mmHg*sec/mL

rem -------------------------------------------------------------------------

compartment = intra_thoracic_vein;

transmuralyressure = 11.0;

extemalyressure = -4.0;

volume = 1050;

flow = 0;

unstressed volume = 684;

compliance = 66;

outflow resistance = 0.05;

end;

rem mmHg

rem mmHg

rem mL

rem mLisec

remmL

rem mLlmmHg

rem mmHg*sec/mL
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rem -------------------------------------------------------------------------

compartment

transmuralyressure = 11.0;

externalyressure = -4.0;

volume = 60;

flow = 0;

unstressed volume = 30;

end;

rem mmHg

rem mmHg

rem mL

rem mLlsec

rem mL

rem -------------------------------------------------------------------------

compartment = right_ventricle;

transmuralyressure = 11.0;

externalyressure = -4.0;

volume = 115;

flow = 0.0;

unstressed volume = 30;

end;

rem mmHg

rem mmHg

rem mL

rem mLlsec

rem mL

rem -------------------------------------------------------------------------

compartment = pulmonary_artery;

transmuralyressure = 11.0;

externalyressure = -4.0;

volume = 190;

flow = 0.0;

unstressed volume = 152;

compliance = 2;

rem mmHg

rem mmHg

rem mL

rem mLlsec

rem mL

rem mLlmmHg
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inflow resistance = 0.02;

inertia = 0.0;

stretch resistance = 0.02;

end;

rem mmHg*sec/mL

rem mmHg*sec....2/mL

rem mmHg*sec/mL =O.04/compliance

rem -------------------------------------------------------------------------

compartment = ventilatedJung_tissue;

transmuralyressure = 11.0; rem mmHg

extemalyressure = -4.0; rem mmHg

volume = 68; rem mL

flow = 0.0; rem mL/sec

unstressed volume = 54.4; rem mL-
compliance = 1.24; rem mLImmHg

inflowJesistance = 0.1; rem mmHg*sec/mL

outflow resistance = 0.06; rem mmHg*sec/mL

end;

rem -------------------------------------------------------------------------

compartment

transmuralyressure = 11.0;

extemalyressure = -4.0;

volume = 2;

rem mmHg

rem mmHg

rem mL

flow = 0.0; rem mLisec

unstressed volume = 1.6;

compliance = 0.04;

inflow resistance = 4.00;

outflow resistance = 2.50;

rem mL

rem mLlmmHg

rem mmHg*sec/mL

rem mmHg*sec/mL
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end;

rem -------------------------------------------------------------------------

compartment = pulmonary_vein;

transmural....pressure = 11.0;

extemal....pressure = -4.0;

volume = 190;

flow = 0.0;

unstressed volume = 160.8;

compliance = 4.86;

outflow resistance = 0.01;

end;

rem mmHg

rem rnmHg

rem rnL

rem mLlsec

rem mL

rem mLlrnmHg

rem mmHg*sec/mL

rem -------------------------------------------------------------------------

heart

elv_max = 1.00;

elv_min = 0.079;

erv_max = 0.233;

erv_min = 0.032;

ela_max = 0.28;

ela_min = 0.12;

era_max = 0.15;

era_min = 0.05;

end;

rem mrnHg/mL

rem mrnHg/mL

rem rnmHg/mL

rem mmHg/mL

rem mmHg/mL

rem mmHg/mL

rem mrnHg/rnL

rem mmHg/mL
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rem -------------------------------------------------------------------------

valves

mitral valve flow resistance

mitral valve dPress to open- - --
mitral valve volume to close

= 0.003;

= 1;

= 1.0;

rem units: mmHg*sec/mL

rem units: mmHg

rem units: mL

tricuspid_valve_flowJesistance = 0.003;

tricuspid_valve_dPress_to_open = 1;

tricuspid_valve_volume_to_close = 1.0;

aortic valve flow resistance = 0.005;

aortic_valve_dPress_to_open = 2;

aortic_valve volume_to_close = 2.0;

pulmonic_valve_flow_resistance = 0.005;

pulmonic_valve_dPress_to_open = 2;

pulmonic_valve_volume_to_close = 2.0;

end;

rem units: mmHg*sec/mL

rem units: mmHg

rem units: mL

rem units: mmHg*sec/mL

rem units: mmHg

rem units: mL

rem units: mmHg*sec/mL

rem units: mmHg

rem units: mL
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