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Abstract

This thesis describes the development of a dynamic, interactive computer simulation for teaching hemo-
dynamics. This work is an extension of the original effort begun at M. L. T. in 1984 to apply computer
simulation of hemodynamics to teaching physiology. The basis of the model is a linear, time varying six
compartment approximation of the cardiovascular system. The left and right ventricles, systemic arteries
and veins, and pulmonary arteries and veins are modelled as capacitative compartments linked i a closed
loop by resistive conduits. Biood is pumped through this circuit by time-varying left and right veitricular
elastances connected through one-way flow valves.

The original cardiovascular simulator generated enthusiasm and was well-regarded by students and
faculty alike, but the mathematical model was not verified, the user interface did not utilize modem
workstation technology, and the simulation lacked a model of the important baroreflex control system. My
objectives were fourfold:

1. Update the modei and verify that it is a valid description of physiology, in that its parameters
have solid experimental bases and the resulting simulation variables take on appropriate values as
compared with published norms.

2. Design, implement, and validate a baroreflex model using a moving-average proportional controller.

3. Design and implement a user-friendly graphical interface to the model utilizing the X Window
System.

4. Evaluate the teaching effectiveness of the new version of the simulator in the context of an under-
graduate quantitative physiology course and a medical school course.

These objectives were addressed separately.

Model verification Most of the parameters were found to be adequately modelled as linear over the
range of interest, and the pressures, volumes, and flows for each compartment were within the range of
normal for an adult human; however, there were a few parameters which deserve to be modelled more
carefully. Each compartment needs minimum and maximum volume limits in order to be physiologically
accurate; this is especially important for the right ventricle, which fills to full capacity in the normal
regime. The systemic arterial capacitance is sufficiently nonlinear over the physiologic range as to change
the expected pulse pressure. The pulmonary resistance should be modelled as a vascular waterfall instead
of a linear resistance. These suggestions have not yet been acted upon.

The time-varying ventricular elastance function was drawn from elastance measurements in dogs. It
was recently found that the isovolumic contractility index for pressure ((1/P) dP/dt) mae is casily related
to the elastance as ((1/E)dE/dt)mas; this provides a handy reference for the slope of E(¢) during

3



isovolumic contraction. Unfortunately, value of this index for the chosen FE(t) is only 63% of the reported
average. In addition, the time-varying elastance model of the ventricle does not account for velocity of
muscle fiber shortening or the tensions developed, and thus can lead to supra-physiologic speed or force
of contraction under certain conditions.

Implementation The mathematical model was implemented with a variable-timestep Runge-Kutta
simulation, in order to minimize execution time while maximizing accuracy during periods in which short
time constant processes were active. A set of parameter update constraints allows for dynamic parameter
modification during the simulation while conserving blood volume. Examination of average pressure,
volume, and flows and with pulsatile waveiorms reveals good correspondence with standard values for
humans from the physiology literature.

Baroreflex model A simple model of the baroreflex was developed which is composed of a bank of
four finite impulse response linear filters to provide feedback gain from arterial pressure to cuntec! F2art
rate, maximum elastance, arteriolar resistance, and venous filling volume. The open-loop gains and impulse
responses were established independently from the literature, and the closed system tested for closed-loop
gain, transient response, and stability. Although the simulation appears to have more underdamped ringing
than is physiologically accurate, most of the remaining parameters were within one standard deviation of
reported average responses, except in the case of sympathetic withdrawal: the simple linear model of the
baroreflex does not account for the increased delay due to neurotransmitter lingering at the nerve terminus
for sympathetic withdrawal; this difference is noticeable in the closed-loop behavior.

User interface A user interface was developed for the X Window System, Version 11 Release 4,
which utilizes the X Toolkit and Athena Widgets for generic interactions. Specialized X Widgets were
developed for dynamic graphical parameter modifications, and dynamic display of simulation data. A circuit
diagram interaction window links the structure of the model directly with the parameter and variable choice
procedures for clarity of operation.

Student utilization Analysis of the utilization of the program was made for two populations of
students, a group of undergraduate engineering students and a group of M. D. and Ph. D. candidates in
a separate course. Usage logs provided information on tiie amount of program usage, and guestionnaires
assessed student opinion. The responses from the questionnaires were statistically positive from the first
group of students, and overwheimingly positive from the second group of students. The students from both
groups agreed that the cardiovascular simulator exercises were useful, and that they helped in understanding
the relationships between hemodynamic variables.

Thesis Supervisor: Roger G. Mark
Title: Professor of Electrical Engineering
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Chapter 1

Introduction

This thesis describes my efforts to produce a user-friendly computer implementation of a mathe-
matical model for teaching hemodynamics. Integrative research on hemodynamics has produced
many models of the heart and vascular system, which for the past thirty years have helped to
codify knowledge about hemodynamics and have fueled continued research in the field. One
such model has been used for the past six years to teach the principles of hemodynamics in car-
diovascular physiology and pathophysiology courses at M. I. T. in the Harvard-M. L. T. Division
of Health Sciences and Technology.

The original effort here to create a computer teaching simulation of hemodynamics developed
by Sah and updated by Moody [54] generated much enthusiasm about computer modelling for
teaching hemodynamics and produced respectable numerical results, but had a primitive, menu-
driven user interface by modern standards, resulting in a relatively poor level of interaction
with the model. In addition, the mode! parameters had not been fully verified, the results of
simulation were not validated, and the simulation lacked a model of the important baroreceptor
reflex control system. My objective was to produce a high-quality user interface, to validate all
model parameters, and to analyze the resulting simulation data, comparing each to the physiclogy
literature to ensure that data from the simulation mimicked data from a normal human s closely
as possible. I also added a model of the baroreflex control sys;em as an additional area of
exploration for students. The result is a piece of teaching software which uses an X Window
System user interface and a pseudo-real-time simulation to provide intuitive interaction to a

dynamic system with a “virtual patient” appearance.

17



18 CHAPTER 1. INTRODUCTION

1.1 Goals of physiological modelling

Simplified models are useful in the avalysis of complicated biological systems. Comparison of
these models to the systems of interest provides information on the extent to which their behav-
ior is quantitatively understood. The cardiovascular system is particularly suited to moedelling
attempts because of its dependence on well-understood hydraulic principles and because of the
wealth of understanding about the various constituent organs involved in blood transport.

A model-based understanding of the fundamentals of blood flow dynamics, or hemodynamics,
is important for diagnosis and management of diseases of the cardiovascular system, including
coronary artery and heart muscle dysfunction, valvular disorders, pulmonary disease, and systemic
vascular disease. There is hope that research into models of the cardiovascular system will clarify
understanding about these conditions, leading ultimately to improvements in treatment.

The cardiovascular system is a distributed system, composed of blood with varying nonlinear
viscous and inertial properties interacting with vessels of complex morphology, nonlinear elastic
walls, and multiple levels of homeostatic systems controlling many distributed properties. A
complete description of this system would be incredibly complex and could not be accomplished
in closed form. However, the use of linear approximations and lumped parameters allows a much
simplified description in terms of linear ordinary differential equations. Many such models have
been used to explain various aspects of the cardiovascular system [4]. Such models provide a
concrete, analytical framework as a basis for understanding the full system.

1.2 Application of network theory to cardiovascular modelling

Restricting oneself to lumpedhparameter models allows the application of powerful tools of
elementary network theory to the analysis of the biological system and to the synthesis of new
models; in this case the process of modelling becomes a matter of measuring component properties
and representing those properties as parameters for constituents arranged in a network. If restricted
further to linear components, the network will obey the well-understood laws of linear systems
theory, allowing a larger and more powerful set of tools to be used for its analysis. Control
theory is also important in the understanding of biological control systems [43].
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1.3 Physioiogical modelling as a pedagogical device

Models of biological systems serve several important purposes:

e They direct further analysis efforts. Whenever there is a departure of observation from the
prediction of a model, the model must be improved. Such improvements come at the cost

of additional inquiry into the nature of the biological system.

o They provide a map of current understanding. In areas where a model agrees with obser-
vation, the biological system is relatively well understood; for example, some elements of
the biological system may be substantially linear and relatively independent of distributed
effects, so their approximation in linear lumped models may describe all of the “important”

behavior.

o They facilitate efficient teaching through explicit organization. It can be argued that the only
systems which are well-understood are those for which a comprehensive and accurate model
exists. One of the most difficult aspects of teaching is the distillation of a large, complicated
set of facts into a concentrated essence of orthogonal relations. Successful simple models
of biological phenomena do just that. Thus, when a simple model is available, it should

be used to convey the essential information concisely in an organized framework.

1.4 Model requirements for teaching hemodynamics

Any model to teach hemodynamics should be sophisticated enough to embody the behavior which
is being taught to students, but it should not be so complicated that it cannot be understood in
and of itself. Although every model will depart from reality to the extent that the assumptions
made when constructing it are 'false, it is important that the model paint a valid picture of the real
world. All model assumptions should be presented in a straightforward manner, so that students
do not accept the model’s version of reality, but maintain a separate understanding of the model
and of the real system which the model is meant to describe.

Such a computer simulation of hemodynamics would provide correct results for simulated
physiology experiments, but would not be so complicated that it is viewed as an incompre-

hensible jumble of constituents and relations. Ideally the underlying model would be readily
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understandable, so that students using the simulation have a concrete understanding of the prin-
ciples governing the model, ever to the extent of being able to derive the governing equations. !
Justifiability of model findings is also important.

A computer model of hemodynamics should also encourage real-time problem solving on the
part of the student. For a dyramic system such as cardiovascular hemodynamics, the user should
have control over the temporal course of the simulation. The time-varying nature of the model
should be refiected in a user interface which allows the user to make transient or lasting changes
to system parameters, and which tracks the patient over the course of time. One might define
the ideal simulation as an instrumented patient, who is in all respects real except for complete
control over physiology and measurement ability. While a living, breathing human simulation is
unrealistic and unnecessary for the teaching of hemodynamics, one could combine the real-time
dynamic nature of the human body and the data available from catheterization with the ultimate
control and observability of a computer model to achieve a “virtual patient” for the purposes of
hemodynamic study.

! This would be even more important if the simulation were used directly in a patient care situation: un-critical
reliance on an inappropriate model might lead to inappropriate patient management, while disregarding the results of
model study might cause harm to the patient.



Chapter 2

Background

Cardiovascular system modelling has enjoyed popularity through the years as new technology has
been available for the exploration of differential equations and as physiologists have increased
their ability to quantify physiological parameters. Researchers have attacked the modelling prob-
lem at several levels. Some examples of subjects which have been intensely studied include the
foliowing: material properties of the components of vascular walls and blood, flow in branch-
ing tubes, the distributed impedance of arterial and pulmonary trees, the force-length-velocity
relationship in the heart, lumped models of the integrated system, and hemodynamic control

systems.

2.1 Previous lumped models of hemodynamics

When analog computers became available for experimentation, interest in lumped models of the
cardiovascular system increased. Grodins ip 1559 [20] was one of the first to formulate an
integrated model of the cardiovascular system in terms of electrical circuit components. His
model was developed as a guide for exploring the systemic implications of new concepts in
cardiovascular physiology. He began by defining the steady-state operation of the ventricle, and
then combined two ventricles with a pulmonary circuit to obtain equations describing the Starling
heart-lung preparation. The addition of a systemic circuit then allowed for investigation of the
behavior of the closed system. The resulting fmmeen-p;nmmeta' model proved to be a useful

21



22 CHAPTER 2. BACKGROUND

starting point for integrative physiology.!

Defares, Osborn, and Hara [15] built an analog computer model in the early 1960’s which
was stripped of unnecessary complexity and limited in nonlinearities and which produced results
intriguingly similar in gross detail to those acquired from humans. They described the model in
terms of a six node electrical circuit. Each node consisted of a capacitor to ground connected
to two adjacent nodes by impedances and, in the case of the left and right ventricles, diodes.
The left and right ventricular capacitances varied to simulate the time-varying elastance model
of contraction. The model circuit was realized using operational amplifiers and other analog
computer components to produce an instrumented, real-time model of hemodynamics.

Beneken [3] provided an example of a nineteen compartment model which incorporated
nonlinearities and ventricular interactions in an attempt to produce a comprehensive short term
model of hemodyanmics and baroreceptor reflex control.

In the 1970’s, more effort was focused on digital computer models and less on analog com-
puters. This led to great increases in model complexity and thus the numbers of parameters, but
a decrease in time resolution for such complex models, because digital computers, though facile
with complicated data structures, are slower at solving time-evolving simultaneous equations
than are their inherently parallel analog counterparts. Guyton et al. developed refined computer
models of the cardiovascular system over longer time scales, and has built an incredibly complex
model [25] which embodies, in over 350 equations, the behavior of interacting cardiovascular,

renal, and respiratory systems including hormones and blood chemistry.

2.2 Previous cardiovascular teaching with models

Physical hydrodynamic and analog computer models have long been used for laboratory demon-
strations of fundamental concc;pts. Beeuwkes and Braslow pioneered the use of the analog
computer for augmenting the hemodynamics teaching laboratory at Harvard Medical School [2].
As digital computer technology acquired the ability to solve systems of equations rapidly, com-
puter simulations continued to augment and replace wet laboratories, dramatically increasing the

reproducibility and precision of experiments.

!Integrative physiology refers to the work of synthesizing a model of the complete organism from constituent
models of individual organs.
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22.1 “MacMan’” hemodynamics teaching model

A group of faculty led by Dickinson at MacMaster University developed a digital computer
model of the systemic circuiation, including a the baroreceptor reflex, in 1971 [17]. This may
be the first reported use of a digital computer in medical education. This simulation produced a
one minute record of arterial pressure and heart rate values, with cardiac output, mean capillary
pressure, right atrial pressure available provided at the end of each simulation. The operator had
control of arterial and venous resistance, cardiac contractility, transthoracic pressure, pericardial
restriction to filling, and blood volume. In addition, the baroreceptor setpoint could be altered
or the reflex system disabled. The simulation was run in batches on an IBM 1132 computer,
and could also be run on a PDP-8. In order to stimulate interest and add entertainment value,

symptoms appropriate to the current hemodynamic state were printed out with each set of results.

2.2.2 Katz: Windkessel arterial pressure model

Katz et al. were one of the first groups to produce a real-time digital computer model for teaching
hemodynamics [29]. Although complex real-time analog models existed, a digital computer
was preferred for its more flexible human/machine interface over that available with all-analog
systems. His computer, programmed in FORTRAN to simulate a simple windkessel? model of the
circulation, produced output on a polygraph recorder via D/A converters in real time. Students
were able to investigate different physiclogic states represented by variations in heart rate, stroke
volume, total peripkeral resistance, compliance, and valve competence. In order to aliow real-time
operation on the available computing machinery (a PDP-12), the mathematical model was kept
as simple as possible. Despite its primitive nature, the program developer cited overwhelming
student enthusiasm for the program, and instructors were encouraged by the additional hands-on
laboratory experience it offered to students.

The term windkessel, transisted “wind-kettle,” refers to a peripheral circulation modelled as 2 single capacitative
compartment which drains through a resistive outflow path, ing an ex; decay of pressure during diastole.
P 8
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2.2.3 Campbell: canine hemodynamics model

By 1982, it became feasible to digitally simulate a complete, closed cardiovascular system model
similar to that of Defares et al. (see Section 2.1, page 22) Campbell et al. [12] developed a
five compartment model of canine hemodynamics, incorporating linear vascular elastances and
resistances with a time varying ventricular capacitance as proposed by Sunagawa and Sagawa [60].
The resulting set of five first-order differential equations was solved by a fourth-order Runge-
Kutta integration method. Interaction was done via a graphics display terminal and pen plotter
on a Hewlett-Packard 1000 computer. Due to the complexity of the model and the available

computer power, each simulation run required a significant turn around time to obtain results.

2.2.4 Peterson and Armstrong: CYSAD

Building on the work of Campbell et al., Peterson and Armstrong published a program for the IBM
PC in 1985 entitled “Cardiovascular Systems and Dynamics” (CVSAD) [47]. Using a similar
model to that of Campbell, this program allows for experiments on individual components of the
circulation, for example the windkessel circulation model and the Starling heart-lung preparation.
There is also a model of the closed circulatory system which relates cardiac output to preload

and afterload, but which does not solve the complete electrical circuit.

2.3 Previous work in this laboratory

2.3.1 Robert Sah: Cardiovascular Simulator

A lumped parameter six compartment model based on Defares et al. and closely resembling
the parallel work of Campbell and Peterson was chosen in 1984 by Sah for teaching hemo-
dynamics [54]. This model reﬁesents left and right ventricles, systemic arteries and veins, and
pulmonary arteries and veins as linearly capacitative compartments connected by linearly resistive
conduits. The model is described in terms of the analogous electrical circuit schematic, where
charge represents blood volume, current flow, and voltage pressure (Figure 2-1). The atria are
not explicitly modelled: their effect is partially absorbed by choice of constituent parameters for
neighboring compartments. Each compartment is defined by a volume at zero pressure, a capaci-

tance, and a real-valued resistance. The inertial effects of blood flow are ignored. Normal values
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Figure 2-1: Circuit diagram of Sah’s lumped parameter hemodynamic model. In this electrical
analogy, blood (electrical charge) is pumped counterclockwise in the circuit by time-varying
ventricular capacitors.

of many cardiovascular parameters pertinent to compartmental models have been determined,
among them total peripheral resistance, vascular elastances, blood volume, cardiac contractility,
heart rate, transthoracic pressure (the P, voltage sources in Figure 2-1), and normal ranges for
pressures, volumes, and flow rates.

A set of six coupled, linear, time-varying, first order, ordinary differential equations describes
the system (see Section 4.2.1, page 45), which was implemented using a modified Runge-Kutta
integration method (see Section 4.2.3, page 47). Its time-varying nature has several sources:

1. The cardiac pump is modelled as a time-varying capacitance. Low capacitance corresponds
to the systolic contraction phase of the cardiac cycle; high capacitance corresponds to the
diastolic filling phase of the cycle.

2. The heart inflow and outflow valves as modelled allow unrestricted but unidirectional blcod
fiow; therefore, they may be viewed as time-varying resistances or as a time-varying circuit
topology rather than as nonlinear elements.

3. In addition, any intervention by a control model or student-directed parameter change would
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cause other constituent parameters to vary.

Sah built a user interface for the simulation which provided for parameter display and mod-
ification, calculation of a data set for a specified number of heart beats, and plotting of any
hemodynamic quantities over the course of the data set. Plots were made on a Tektronix 4014
graphics terminal emulator and printed through the screen-dump capabilities of an attached dot-
matrix printer. The user interacted with the system by choosing numbered items to navigate
through layers of menus. There were sets of parameters corresponding to the normal state and
several predefined hemodynamic compromises, such as blood loss, primary hypertension, my-
ocardial infarction, and aortic stenosis. In addition, several clinical case simulations had been
developed, each with a case history text and an accompanying set of parameters. Students in the
Harvard-M. 1. T. Division of Health Sciences and Technology used this simulation to investigate
hemodynamic principles, and were assigned to present a report based on simulation of a partic-
ular class of pathological processes or based on a particular patient case simulation. Although
some students expressed reservations about spending time on mathematical models rather than
concentrating exclusively on descriptive clinical knowledge, most were enthusiastic about the
concept of cardiovascular simulation. However, even the eager students complained about the

excessive time required to learn to use the program.

2.3.2 Chueh and Bhatty Simulator

Apurva Bhatty and Henry Chueh converted Sah’s program (see Section 2.3.1, below) to run on
the IBM PC for use by students in the Harvard Medical School’s New Pathway Program ([8].
Though the simulation runs slowly, it has all the capabilities of Sah’s original program.



Chapter 3

Problem Statement

Although Sah’s original cardiovascular simulation was a success in the classroom, it contained

several weaknesses:

¢ Ithad not been experimentally verified, though data from the simulation appeared to bekave
qualitatively similarly to the cardiovascular system.

o The simulation lacked any control system model, whereas the physiological system is tightly
controlled over the short term grimarily by an arterial baroreceptor refiex system.

e The original user interface proved cumbersome for students, which limited student-simu-

lation interaction.
In order to improve on previous efforts, I proposed to accomplish the following:

1. Verify that the updated hemodynamic model is a valid description of human physiology,
in that

a. all of its parameters have solid experimental bases, and

b. the state variables and derived variables take on appropriate values as compared with

published norms.

2. Design and implement a baroreceptor reflex model using a moving-average proportional
controller, with delay and gain parameters established independently from the literature.

27
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CHAPTER 3. PROBLEM STATEMENT

Validate the medel by comparing to physiological data the simulator’s response to simulated

step changes in parameters.

. Improve the user interface to the simulator by implementing user-friendly graphics-oriented

techniques based on the X11 Window System and the Motif window manager now sup-
ported by Project Athena at M. L. T.

. Evaluate the teaching effectiveness of the new version of the simulator (CVSIM) in the

context of M. I. T. subjects HST-090, Cardiovascular Pathophysiology and 6.0227/2.7927/-
HST-542J Quantitative Physiology: Organ Transport Systems.



Chapter 4

Verification of the Hemodynamic
Model

When providing a simulation to students with the purpose of refining and exercising their knowl-
edge of physiology, it is important to have confidence in the validity of the model; this confidence
can be gained through an understanding of the inherent assumptions and the physiologicai bases
for parameter choices. I will begin by describing necessary assumptions for the circuit topology
chosen by Sah (see¢ Section 2.3.1, page 24), and then list physiological experiments from the
literature to support the choice for each parameter value.

4.1 Model design

Tke systemic and pulmonary circulations have a distributed, complex branching geometry. The
walls of vessels contain elastic fibers which provide a linear elastance, or capacitance, but there is
also smooth muscle and collagen which add adaptive and nonlinear behavior. In addition, blood
behaves as a non-Newtonian fluid, particularly in the small vessels. Only by making certain
assumptions about the behavior of these nonlinear material properties under specific circumstances
can we hope to describe the system comprising them in a cohereni manner.

29
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4.1.1 Assumptions for circuit topology
Lumped parameters

The primary assumption of this model is that the cardicvasculsr system can be treaied as &
collection of lumped elements. Whether this is a valid approximation depends on the questions
to be addressed. For example, if we wished to understand the shape of the pulse wavaform in the
peripheral arteries, which ¢=pends on the distance along the artery, the transmission irnpedances,
reflections of previous pulses, and other factors, a lumped model clearly would not be appropriate.
On the other hand, if we wished to understand the “average” behavior of pressures in the system,
for instance the peak and minimum pressures and the first order time constants, a lumped model
might well be adequate. In the case of arterial pressure, lumping the systemic arteries and
systemic resistances into one element apiece will remove any possibility of modelling distributed
effects, but may model the pressure at the root of the aorta quite nicely, because the pressure
waveform there is dominated by the locally linear arterial elastance and the driving function of
the heart.

Linear elements

The second major assumption is that the lumped elements can be treated as linear. The capacitance
of each compartment can be treated as linear only over a range of pressures in which the measured
pressure-volume relation is approximately linear. This range corresponds roughly to the range
in which the same elastic fibers in the vascular wall are stressed. Beyond this limit, low-strain
collagen fibers become stretched and the elastance of the wall is dramatically reduced.!

When a vessel’s transluminal pressure is sufficiently negative, it will collapse. Since it is
impossible for volume to be negative, this represents another oonlinearity, which can become
important for the venous side of the circulation. Therefore, as long as transiuminal pressures
remain between zero and the linear elastic limit, compartmental capacitances can be adequately
modelled as linear capacitors.

The systemic arteries unfortunately have a nonlinear elasticity over the physiological range,

The linearity of each compartment must be investigated individually, as physical characteristics vary greatly
between the heart, arteries, veins, and pulmonary vessels.
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due to the presence of multiple fiber types and tensions. However, for simplicity, arterial ca-
pacitance is treated as linear in this model (see Section 4.1.3, page 34). Also, the pulmonary
vascular resistance is composed of parallel collapsing tubes at varying external pressures. A
desirable future enhancement to the model would be to add nonlinearity at least to the systemic

capacitance and pulmonary resistance.

Viscous-dominated flow

The inertial effect of blood acceleration is neglected in the model. It is well known that in the
high-pressure systemic side of the circulation, inertial energy is small relative to the amount of
work dissipated by viscous effects. However, in the pulmonary system and within the heart,
acceleration can play a significant role.

For instance, the deceleration of blood just after it has entered the aorta by ventricular ejection
and its recoil against the closing aortic valve causes a small glitch in the aortic pressure tracing,
called the dicrotic notch. The absence of an inductance, to model inertance in the systemic
arteries, precludes the ability to reproduce the dicrotic notch.

In the pulmonary circulation, pressures are more likely to be influenced by inertia because of
the much lower pressures and resistances. The inertial (kinetic) energy in the pulmonary tree is
estimated at five percent of the total external work [15], which is an acceptably low level for the
purpose of this simulation.

Insignificance of atrial contraction

The proposed network lacks atria. In man, the atria pack the ventricles with blood in late diastole,
so that stroke volume is maximized, and they increase the capacitance for venous return during
systole. The atria have relat&ely little physiological impact during normal resting conditions,
but during exercise, atrial contraction is critical [6]. This is because at resting heart rates, the
ventricle is almost completely filled before the atrial contraction, whereas at high rates, systoie
can impinge on the rapid filling phase of diastole, and the atrial contraction is necessary for
adequate ventricular filling. Thus, the absence of atria is not important at low heart rates. At
higher heart rates, the reduction in ventricular filling can be counteracted by manually increasing
the ventricular diastolic capacitance or decreasing the inflow resistance.
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Anatomic simplicity

There is no interaction between topologically nonadjacent compartments. For instance, the left
and right ventricles share a common wall and in many respects are a single organ. However, the
pressure in the left ventricle does not contribute significantly to right ventricular hemodynamics.
Arteries and veins also are usually physically adjacent, and venous pressure tracings thereby reflect
the pulsations in the adjacent artery. Such adjacency effects, as well as the normaily observed
noise and transducer inaccuracies, and the effects of external systems such as the variation in

pulmonary parameters with breathing, are absent from this model.

Closed system

The modelled cardiovascular system is closed. Fluid transport between the vascular and extravas-
cular spaces is ignored, since it is not physiologically relevant at normal pressures which do not

produce edema.

4.1.2 Origins of parameter values

Each compartment is defined by a set of three parameters:

1. a linear capacitance,

2. a zero-pressure filling volume, which is the volume remaining when the pressure acting on

the capacitance is zero, and

3. an external pressure opposing the internal pressure felt by the compartment.

These compartments are connected by conduits defined as linear resistors. Most of the parameters
can be easily derived from a measured pressure-flow (P — Q) characteristic across the constituent

of interest. For a resistance between compartments ¢ and 7,
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The capacitance of a compartment can be obtained from the slope of the pressure — volume
(P — V) relation for that compartment:

Often in the literature, the P — V curve is approximated by a line through the origin and C; is
defined simply as

The zero-pressure filling volume for each compartment is adjusted to make its sum with capacita-
tive volume equal to measures of normal blood volume for that compartment. These parameters
take on values which dopend on the size and physiological state of the individual. For the purpose
of defining a reasonable model, it is necessary only to develop a set of compatible parameters,
each within the normal range for a 70 kilogram individual, which also give rise to appropriate
RC time constants for each node in the system.

Next, I will discuss parameter choices for each compartment.

4.1.3 Systemic circulation parameters

The systemic circulation is anatomically divided into thick-walled arteries which carry blood
from the heart and maintain high pressure though elastic recoil and muscular strength; arterioles,
capillaries, and venules which together make up the bulk of the resistance to blood flow; and
thin-walled veins which are usually partially collapsed and direct blood back to the heart at low

pressure. This system is modelled as two capacitative compartments in series with a resistance.

Arteriolar resistance, R,

Systemic resistance is perhaps the most easily produced value of all the compartmental param-
eters.? One needs only to measure central venous and arterial pressures, subtract, and divide
by cardiac output. Average arterial pressure in a healthy resting male ranges from 90 to 100
mm Hg, with an average about 96 mm Hg, and average central venous pressure of approximately

?Systemic resistance is also one of the most variable parameters within an individual; for example, during exercise,
R, can decrease by a factor of three [6] as blood flow to skeletal muscle is increased.
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Figare 4-1: Changes in arterial capacitance with age. Data from aortas obtained at autopsy.
(Redrawn from Hallock and Benson [28], 1937.)

6 mmHg. Since cardiac output in an individusl at rest with these pressures is normaily about
90 ml/s, this corresponds to a total peripheral resistance of (96 — 6)/90 = 1 mm Hg s/ml, by
Ohm’s Law. For this reason, 1 mm Hg s/mi is renamed as the Peripheral Resistance Unit (PRU).

Arterial capacitance, C,

Many estimates have been made of the lumped capacitance of the arterial tree. Defares et al. [15]
used a value of 1.9 m]/mmHé, and the from dog studies by Sato et al. extrapolates to 2.6
ml/mmHg [S5]. However, the pressure-volume curve is not linear, but sigmoid, and changes
dramatically with age (see Figure 4-1); therefore, these numbers do not have a great deal of
meaning for linear modelling purposes. It is important, however, to maintain an appropriate time
constant for flow through the systemic circulation. The exponential time constant for flow from
systemic arteries to veins, (RC),, has been measured at 1.9 s [55). Sah’s chosen value of 1.6
ml/mm Hg, after Beneken [3), gives (RC), = R,#2%- = 1.57 s for the arterial time constant,
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which is near the published findings.

Venous resistance, R,

Comnpared to the systemic microvasculature, resistance to blood flow in the veins is very low.
When pressure in a peripheral vein is compared to central venous pressure, taking care to remove
differences in transducer height, very little average pressure difference is detected. In a more
complex model [3], Beneken used values for individual peripheral venous resistances which when
taken together produce an overall venous resistance of 0.080 PRU. Sah’s choice of 0.050 is near
this value. Consideration of the ventricular filling time constant might lead to an even lower
value. This will be addressed in the following section. -

Venous capacitance, C,

The lumped venous capacitance is difficult to estimate, because the precise percentage of blood
in distending versus nondistending volume is unknown. Defares et al. estimated C, at 100
ml/mmHg [15]. A similar value was found by Sato et al., who reported 92 ml/mm Hg [55].

As in the case of the arterial tree, the venous capacitance should lead to an appropriate time
constant for venous drainage. The lack of atria in the model complicates the choice of reasonable
values for C, and R,. The normal rapid filling time for the right ventricle has been measured at
0.0-0.4 s [10]. If this “rapid filling” corresponds roughly to two time constants of exponential
decay, then (RC), = R.,é‘_wc'-:'_’:—; should be less than 0.2 s. Sah’s chosen values of 0.05 PRU
for R,, 100 ml/mmHg for C,, and 20 mi/mmHg for C, 44, (see Section 4.1.5, page 36) give
an (RC), of 0.833 s, which is clearly higher than desired. Part of this discrepancy may be
explained by physiology: the ventricles are fairly stiff-walled structures, and when they expand
after systole, the walls act to suck blood into the ventricle from the atria and veins. This suction
effect may account for the more rapid observed rapid filling time than the model can produce.

Because these chosen parameters lead to a longer simulated filling time, and because of the
absence of atria, heart rate increases in the model will not increase cardiac output as much as

expected from a knowledge of physiology (see Section 4.1.1, page 31).
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4.1.4 Pulmenary circulation parameters

The pulmonary vasculature has the comparatively easy task of forcing blood through the low-
resistance lung vasculature and returning it to the lefi heart. The pulmonary system is therefore
a low pressure system.

Unfortunately, an accurate model of the pulmonary system would require a nonlinear “vascular
waterfall” resistance and possibly a nonlinear pulmonary artery capacitance. The linear model
presented here is intended to produce acceptable behavior for the integrated system, and is only
generally indicative of pulmonary hemodynamics.

Pulmonary vascular capecitances, C,, and C,,

Sah chose Beneken’s values [3] of 4.3 mi/mmHg for pulmonary arterial capacitance and 8.4
mi/mm Hg for pulmonary venous capacitance. The value for Cpv includes the capacitance asso-

ciated with the left atrium.

Pulmonary vascular resistance, R,

The pulmonary resistance has been measured at 0.08 PRU [38]. This reported value, however,
belies the fact that the pulmonary resistance is nonlinear. Pulmonary resistance decreases as
cardiac output increases, because of the recruitment of additional parallel capillary beds higher in
the lungs. If we keep pulmonary arterial pressure relatively constant, however, we should still be
able to model the peripheral circulation adequately with a linear pulmonary vascular resistance.

4.1.5 Cardiac parameters
Diastolic compliance, C; 45, #nd C, 4iq,

Ventricular capacitance during diastole can be measured by varying volume and measuring the
pressure change. Although the thick, muscular walls of the heart do not resemble the elastic tubes
of the vascular tree, the measured capacitance is linear over most of the normal range, until the
ventricle becomes filled near capacity. Mirsky [41] compiled left ventricle end-diastolic dP/dV
for eight patients: values ranged from 0.15 to 0.6 mm Hg/ml. If translated directly to C| 4iq, a8
dV/dP, this would suggest a value between 1.6 and 6.7 ml/mm Hg. However, this is the slope
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Figure 4-2: Cempartmental capacitance choice. The ventricular diastolic capacitances are reduced
dramatically as they fill to maximum volume. It is therefore not reasonable to use the end-diastolic
dV/dP, but rather some slope which approximates the most active portion of the curve (between
5 and 30 mm Hg) offset from the origin by the zero-pressure volume.

measured at the most stiff point on the curve, as the ventricle is becoming stretched to capacity.
A reasonable approximation would be to choose a value which lies between this measured late
diastolic capacitance and end-diastolic V/P, which is approximately 12 ml/mmHg (Figure 4-2).
Sah’s value of 10 ml/mmHg for C 4;,, fails between these extremes.

The right ventricular diastolic capacitance is known to be approximately aouble that of the
left [16], therefore Sah’s value of 20 ml/mm Hg seems reasonable.?

Minimum systolic capacitanc'e, Cl,ay. and Cr,nya

Minimum systolic capacitance, or maximum elastance (E e = 1/ Cl,y.) has been considered as
an index of ventricular function. A normal value of 4 mm Hg/ml for E,,,. of ths left ventricle has
been suggested by Grossman [21]. Sah’s model uses 0.4 mi/mmHg for minimum left ventricle
capacitance, and 1.2 ml/mm Hg for minimum right ventricle capacitance. Although this value for

*Note that these linear diastolic compiiances are unrealistic for end-diastole at slow heart rates, because elastance
should be reduced dramatically as the heart fills to capacity.
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Figure 4-3: Idealized average left ventricular elastance curve in the dog, redrawn from Suga and
Sagawa [59]). This curve, which is normalized for elastance from 0 to 1, was used to obtain the

Cl,eys is less contractile than the suggested value of 1/4, it is reasonable, as will be demonstrated
by the generated arterial pressure.

The right ventricular capacitance was chosen in light of the fact that the right ventricle should
generate pressures approximately 1/3 of those generated by the left ventricle. In addition, this
value falls within the range of 0.35 and 1.6 for C',sys measured in humans by Dell'Italia and
Walsh [16].

Time-varying capacitance, Ci(t) and Cr(t)

The ventricular capacitances vary between Cleys and Cl,dias, and between C:,ey, and C. diae
through a predetermined function in time for each ventricle. Our time-varying elastance curves
are taken from idealized canine elastance curves (Figure 4-3). The curve shown is from averaged
dog data; its shape can be used as a model for the human heart because of the similarities of
arterial pressures and compliances between dogs and humans, However, the averaging process

may have masked a more gently-sloping earlier portion of the curve, as is indicated from sample
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E(t) tracings from the same paper [59]. The E(t) = 1/C(t) currently used is one half cycle of
inverted cosine scaled in time to occupy 2/3 of the time for systole, followed by 1/2 cycle of
upright cosine in the final 1/3 of systole. This composite curve is translated and scaled to range
between 1/Cg4iq, and 1/C,,, for each ventricle.

The Ci(t) and C,(t) curves can be fitted more precisely to the human by ensuring that
their maximum slopes fit known human data. One approach is to use an isovolumic measure
of contractility such as the Contractility Index ((1/P) dP/dt)maez, [46], [60], [41], (7], and to
compare its normal value to the model. For our simulation,

1dR _ 1 dC
P dt () dt

during isovolumic contraction.? Closed-form calculation for our model gives

(_Ez%‘-).d—d?)m“ = 285!

for the described C(t), at a heart rate of 72 beats per minute. This is lower than a reported normal
range [46] of 44.0 + 1.8 s~1, and in fact is closer to that study’s range of abnormal patients,
28.1 + 1.7 s~1. This leads to a conclusion that the current shape of E(t) is too gentle during
early systole, and should be repiaced by function with a more sharply sloping early systole.

Several investigators use the top half of a sinusoid for their E(t); however, this would lead
to a contractility index of 280 s~ for the given preload, which is maximum at the very onset
of systole. In a more sophisticated model of the ventricle, Beyar and Sideman (7] use;i such a
half-sine E(t); it is uncertain how they arrived at their value of ((1/P) dP/dt)mase = 55 s~1.

Because the current E(t) provides near-physiological values compared to the standard half-
sine model from the literature, I have maintained the current E(t); however it must be understood
that this model reflects a relatively weak isovolumic contractility. An E(t) determined from a

*This can be seen by differentiating the pressure-volume relation for a linearly capacitative compartment, because
during isovolumic contraction,

I

v CP+ Vo
av dP dc
T - CT{-’-P_JT—O
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multiple-parameter fit would be an improvement on this provisional model.

Valvular resistances, R,,, R;, and R,

The right heart inflow resistance resulting from passage through the venous and tricuspid valves
is very small. It is much less that of the neighboring systemic venous resistance, and therefore
was incorporated into R,,.

The right heart outflow resistance has been estimated at 0.003 PRU [52], [15]. This value is
used for R,, in Sah’s model.

The left heart inflow resistance is a determinant of left ventricular filling time. It has been
estimated to be 0.009 PRU [15], and extrapolation from Sato et al. [35] gives 0.016 PRU. Sah’s
choice of 0.01 PRU is congruent with these other estimates. These choices for R;; give an inflow
time constant of R“UQ,&%‘% = 0.05 s. This agrees with the observation of rapid filling time
in the left ventricle between 0.04 and 0.08 s [10).

The left heart outflow resistance was estimated by Defares at 0.01 PRU, and by Sah at
0.006 PRU. It can be determined more precisely for a given case by measuring the LV-Aorta
pressure gradient. Any pressure gradient less than about 0.5 mm Hg is within normal measurable
physiological limits. Left ventricular outfiow is affected little by such a small resistance in
the normal case, since the time constant for ejection across this resistance at peak systole is
Rlo% = 0.002 s. Output from the left ventricle is determined much more by ventricular
filling, contractile state, and arteriai pressure. Choice of a lower outflow resistance leads to a very
short ejection time constant, and as a result the set of equations for the closed system becomes

more stiff, requiring more effort to solve numerically (see Section 5.3.1, page 61).

4.1.6 Blood Volumes

The average volume of blood in each compartment of the cardiovascular system depends on the
physiological state, position against gravity, and anatomical stresses. However, some general idea
of normal volumes is necessary in order to present the student with reasonable values.

Blood volumes have been tabulated in Guyton’s and Mountcastle’s physiology texts [24],
[39]. approximately 15% of the blood volume is to be found in the aorta, systemic arteries and

arterioles, 69% in the capillaries, venules, and systemic veins, 9% in pulmonary circulation, and
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7% in the heart. I will compare these percentages directly with our model.
We will begin with the total blood volume, and then divide this into the various compartments

at standard pressures to obtain each compartment’s zero-pressure filling volume.

Total blood volume, V;,,

Blood volume in the human varies over a wide range, from less than 3 liters in some small women
to over 6 liters in some large, athletic men. Athletes, especially runners, have an expanded blood
volume compared to non-athletes. Blood comprises approximately 77 ml/kg body weight in the
average male, and 67 ml/kg body weight in the female [57). Considering these figures, Sah’s

choice of 5 liters is an appropriate blood volume for a standard 70 kg male.

Systemic velumes, Vo and Vo

Arterial volume At 90 mm Hg, the arterial capacitance has 1.6 ml/mmHg x 90 mm Hg = 144
ml of stressed volume. Sah’s value for zero-pressure volume was 715 ml, bringing the total
arterial volume to 859 ml, or 17% of the total volume. This is fairly close to the anticipated
15%.

Venous volume At 6 mm Hg, the peripheral veins have 6 x 100 = 600 ral of stressed volume.
Adding Sah’s unstressed volume of 2500 ml brings the total average venous volume to 3100 ml,
or 62% of the total blood volume Sah’s systemic venous volume is therefore near the estimate
of 69%.

Pulmonary volumes, V,,, and Vovo

In spite of the percentage values given above, there is a wide range of reported pulmonary
volumes. For instance, Burton reported 8% of the blood volume in the pulmonary arteries, and
18% in the pulmonary veins, respectively, in a young man [11]. If this is divided relatively
evenly between arteries and veins as suggested by Guyton [23], Sah’s values of Vpao = 90 ml
and Vpyo = 490 ml for unstressed volumes are appropriate, because when stressed to normal
pressures this gives approximately 550 ml for V},, and 450 ml for V.
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Compartment R; PRU) R, (PRU) C (mimmHg) V, (ml)

Left Heart 0.01 0.006 0.4—10 15.
Systemic Arteries 0.006 1.00 1.6 715.
Systemic Veins 1.00 0.05 100.0 2500.
Right Heart 0.05 0.003 1.2—20 15.
Pulmonary Arteries 0.003 0.08 43 90.
Pulmonary Veins 0.08 0.01 8.4 490.

Systemic Parameters: Total blood volume 5000 ml
Heart rate 72 beats/min
Transthoracic pressure  —4 ram Hg

Table 4.1: Summary of simulation parameters. R; and R, are inflow and outflow resistances in
peripheral resistance units (mm Hg s/ml), C is capacitance, and V, is zero-pressure filling volume.
Note that inflow resistance for each compartment is identical to the outflow resistance for the
preceding adjacent compartment.

Heart chamber volumes, Vj, and V,,

The filling volume of the left ventricle in the human varies from 70 to 100 ml per square meter of
body surface area, ard since the right ventricle in the steady state must pump the same volume,
it must have a similar filling volume exclusive of dead volume. If our average 70 kg man has a
body surface area of 1.5 m?, this corresponds to approximately 100-150 ml for each ventricle at
end-diastole. At an unstressed volume of 15 ml for both ventricles, an RV filling pressure of §
mm Hg and a left ventricular (LV) filling pressure of 10 mm Hg, Sah’s values give an RV volume
of Cr diasPr + Vo0 = 115 ml and similarly an LV volume of 115 ml.

4.1.7 Parametelj summary

The cardiovascular system parameters described above, with the addition of heart rate and
transthoracic pressure, form a complete six-compartment linear model of the uncontrolled circu-
lation. Table 4.1 summarizes these parameters.

These parameter choices direcily determine the time constants for flow between adjacent
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Location T = (RC);; (8)
Left heart inflow 0.046
Left heart outflow 0.0019
Arteriolar flow 1.6
Right heart inflow 0.83
Right heart outflow 0.0028
Intra-pulmonary flow 0.23

Table 4.2: Time constants for flow between neighboring compartments in the uncontrolied simu-
lation. The heart outflow time constants were calculated using the minimum systolic capacitances,
whereas the inflow time constants use the diastolic heart capacitances.

parameters, by the relation (RC);; = R,-,-é{%; where R;; connects compartments i and j. The

adjacent-compartment time constants are listed in Table 4.2.

4.2 Model impiementation

Implementation of this model on a digital computer requires the formulation of the set of equations
defining the system, assignment of initial values to all state variables, and an integration method
to estimate the evolution of the state variabies through time. In addition, since this is a real-
time dynamic simulation, parameter update constraints are required to permit intra-simulation

parameter modifications.

4.2.1 Governing equations for model! of hemodynamics
State equations from KCL analog

It is a matter of elementary network theory to write the equation analogous to Kirchoff’s Current
Law for electrical circuits for each node in the network. Since this circuit has a simple ring
topology each equation takes the same form: current into the node from upstream, minus the
rate of storage of charge on the capacitor, equals current out of the node. Current into and out
of each node is determined by the pressure difference across the resistance between nodes. The
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current ¢;; between adjacent compartments is thus

qi

(Pov — P)/Ry;  if P, > P,
0 otherwise

(I')I-Pa)/Rlo ifPl>Pa

0 otherwise
da = (Pa —Pv)/Ra

{ (P,~P.)/R,. ifP,>P,
ge; =

0 otherwise

qlo

4ro
0 otherwise

9Bv = (Ppa“va)/va

{ (P. — P) /R,y if P> P,

The state form of the node equations can be written in terms of these g;’s.

dP, @i — Qo — (P — Pup) dCi(t)/dt

dat 0
i"id_ — Q10— 4a
ad ~— C,
dP, _ Ya — qri
a  C,
9P @i — g0~ (P, — P4) dC,(t)/dt
dt C.(t)
dPy, — Jro —Gpv
dt Cra
dF, o 9ov — QUi
dt Cpo

These are tke equations which are used in the numerical solution. Starting with an estimated set
of pressures, the equations give the local slope, which is used iteratively to estimate the next set
of pressures in time,
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Matrix form for system

It is apparent that this network produces a linear time-varying first-order differextial equation.
Its system matrix is zero everywhere except for the main diagonal, the elements adjacent to the
main diagonal, and the opposite corner elements. ‘

dp

Here p is the vector of compartmental pressures, A represents the time constants for exchange
between compartments, and b is the “input” to the system via the external pressure offset P,
for the thoracic compartments. Note that in our system, these inputs are constant and the A

matrix varies as the variation in C; and C, provides energy to the system, and as the heart valves
regulate the direction of flow.

4.2.2 Initial conditions

The pressures in each compartment depend on the history of the system. In order to compute a
solution to plot pressures through time, we must start a set of initial values for pressure.

The pulmonary vessels, heart, and a fraction of the arterial tree volume are located in the
thorax; this area of the body is subject to pressurization and depressurization by the diaphragm,
whereas the peripheral tissues, especially the leg veins and viscera which store the bulk of the
venous blood, are outside this area. Transthoracic pressure is normally about —4 mm Hg during
rest, and even lower during inhalation, due to the elasticity of the lungs pulling against a fixed rib
cage. Contraction of the abdominal musculature or lower extremities and postural changes can
have a marked effect on venous pressure and resistance. For this study, only the transthoracic
pressure input is considered, affecting the blood volumes in the heart, pulmonary circulation,
and approximately one third of the systemic arteries {31]. All other body compartments are
considered to be at atmospheric pressure.

Initial pressures are estimated by a linear algebraic solution developed by Sah. A DC circuit
is solved under the assumption that all state variables are constant. Each veatricle is treated twice
for the purposes of the DC approximation: the diastolic capacitance is used for the ventricular
inflow calculation, and the systolic capacitance is used in the outflow calculation. A system of



46 CHAPTER 4. VERIFICATION OF THE HEMODYNAMIC MODEL

eight linear equations, depicting conservation of fiow rate, in eight unknowns® is solved using a

modified Gauss-Jordan reduction to obtain the six initial pressures for a specific set of parameters.

Cl,dic: (H.dian - Pth) - CI.Jyo (Pl,cyl - Pth)

= Cr,ditu (Pr.dia: - Pth) - Cr,:yl (Pr,oya - Pth) (4-1)
-Pl, s — Pa

= T,y,‘—‘}ho__ “4.2)
P, - P

= Tior— - - “43)

_ Td' Pv - Pr,dian (4 4)

- a8 5 (L

= T,y,'ﬁ"}‘ml “.5)

= Ty l2a = Foo (4.6)

- tot o

v
= Ty, oo Pidie @7

Ry
1
‘,tot - VO,tot = Cl,diao (H.diao - Pth) + Ca (Pa - §Pth) + CvPv
+Cr (P = Pip) + Cpg (Ppq - Pir) + Cpo (Ppo — Pip) 4.8)

Eq. (4.1) asserts that the difference between diastolic and systolic volumes are equal in the left
and right ventricles. Eqgs. (4.2) through (4.7) equate that volume with the volume which flows
through each resistance during the time that it is active, For instance, Eq. (4.2) states that the
average flow across R;, over one systolic ejection period T,y, is also equal to the stroke volume.
Eq. (4.8) equates the total stressed blood volume, which is the total biood volume minus all of the
compartmental the zero-pressure (unstressed) volumes, with the sum of Compartmental stressed
volumes for the given pressures.

This set of equations is solved for the eight P;, and the diastolic values are used as initial
values for the integration.

®The unknowns are the compartmental pressures: four average pressures, two systolic ventricle pressures, and two
diastolic ventricle pressures,
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4.2.3 Integration method

The most direct integration method is a fourth-order Runge-Kutta iterative solution as used by
Sah, with code taken directly from Numerical Recipes in C [49]. For stability, the step size
must be chosen to be on the order of the shortest time constant in the system. Unfortunately,
the two ventricular outflow paths have very short time constants of 0.002 s. Because ventricular
capacitance changes smoothly to force blood from the ventricles, a time step slightly longer than
this is aliowable; however, time steps significantly over 0.006 s can lead to convergence failure.

An adaptive step size Runge-Kutta method [48] addresses the problem of varying time scales
by changing the time step based on the difference between the two limbs of a fifth-order Runge-
Kutta step. With this method, the step size is tested and possibly increased or decreased each step
by a factor of €!/5, where ¢ is the estimated fractional error in the current step. With this method,
the integration sweeps broadly and quickly over the smooth terrain, in this case during diastole,
and takes smaller steps through the rough terrain, in our simulation during systolic ejection. In
order to maintain visual plot smoothness during diastole, a maximum time step of 0.02 s was
introduced.

4.2.4 Parameter update constraints

In order to allow dynamic parameter modification, a set of constraints on instantaneous parameter
changes was developed which enforces the conservation of blood volume in each compartment,
unless blood volume itself is being modified (Table 4.3). When a parameter is to be modified,
a pressure change in the relevant compartment is computed which corresponds to constant com-
partment volume during a step change in the parameter. These constraints allow dynamic external
modifications and control system-directed modifications of the various constituent parameters of
the original model.

4.3 Comparison of simulation results to human data

If the model framework and parameter values form a valid representation of physiology, then the
average pressures, volumes and flows measured and the general pulsatile waveforms generated
should be similar to those obtained from human subjects under similar conditions.
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Parameter Type State variables updated
Capacitance (C;) F; — Rg;'-'&

Zero-pressure volume (Vo‘) P, — P; 4+ Vﬁi,ou—‘lvoilnw

Resistance (R;;) No state variable change.
Total blood volume (Vo) P, — P, + Diotnen - Vionois
Transthoracic pressure (P,1) For all thoracic compartments,

P; « F; + (Pihnew ~ Penold)

Table 4.3: Parameter update constraints required for constant-volume assumption. An instanta-
neous change of any compartmental parameter will cause a pressure change in that compartment
to reflect the new state. As the state variables of the simulation, the pressures in turn determine
the compartmental volumes and flows, maintaining a consistent physiological state through the
parameter modification.

4.3.1 Average pressure and flow

Table 4.4 compares beat-to-beat values for the simulation against norms listed by Milror in
Mountcastle’s Physiology [39], [40]. Although any definition of “normal” contains a wide range
of acceptable values, those listed are considered typical for a 70 kg adult.

4.3.2 Pulsatile flow waveforms

The pulsatile flow due to the heart beat reveals an exponential time constant for flow between
each compartment. This time t;onstant is the same for pressure, volume, and flow curves. The
parameter choices were in part determined to provide reasonable time constants (see Section 4.1),
which are listed in Table 4.2, page 43.

Comparison of the fine structure of natural pressure, volume, and flow waveforms to those
from the simulation reveals similarities and expected differences. Figure 44 provides a complete
record of pressure, volume, and flow in CVSIM for all six compartments as a function of
time. Figures 4-5 and 4-6 show examples of actual catheterizations of normal subjects for
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Variable Reported norm  Simulation result

LV pressure 125/8 mmHg  113/8 mmHg
Arterial pressure 120/80 mmHg 112/75 mmHg
CVP (& RA pressure) 4 mmHg 6.8 mmHg
RV pressure 25/4 mmHg 23/1 mmHg
Pulm. arterial pressure 25/10 mmHg  22/10 mmHg
Pulm. venous (& LA) pres. 7 mmHg 12/8 mmHg
LV stroke work 1430 mW 1050 mW
RV stroke work 290 mW 220 mW
Cardiac Output 5000 ml/min 5200 mi/min
Stroke Volume 77 ml 72 ml

Table 4.4: A comparison of normal cardiovascular simulator hemodynamics to a set of norms
from the literature [39], [40]. Entries with two values are peak-systolic/end-diastolic values.

comparison. Although the gross waveforms are similar, there are effects presumably due to
peripheral pressure reflections and the aortic and pulmonic valve closure dicrotic notch artifacts
in the real catheterization data which are not present in the simulation data.

Pressure—volume tracings in the ventricles reveal a hysteresis loop which graphically demon-
strates the work of the ventricle in the cardiac cycle. In addition, the end-systolic pressure-volume
points under various loading conditions define the maximum elastance for the ventricle. Figures

4-7 and 4-8 provide a comparison between simulated and real left ventricular pressure~volume
loops.
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Figure 4-4: Plots from the normal cardiovascular simulation, Top row is pressures, second row
is volumes, third row is flow. Left column is systemic variables, right column is pulmonary
variables.
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Figure 4-5: Normal patient left veatricular and aortic pressure and flow velocity tracing. Between
the first and second systoles the patient begins to contract the abdominal muscles in a Valsalva

maneuver. noticeably raising LV diastolic pressure. From Grossman [22]. No time scale was
givea.
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Figure 4-6: Normal patient right ventricular and pulmonary artery pressure tracing, using an
intra-cardiac micromanometer. From Laurens [30]). No time or pressure scales were given.
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Chapter 5

User Interface

The simulation was in need of a user interface which allowed for physiological experimentation
on the part of the student. Since this software is utilized in physiology courses in which students
are not expected to know techniques of numerical simulation, it was desirable to hide the im-
plementation details, and to allow the students to manipulate the system and make observations
based on principles of physiology and on the analytic approach to the model as discussed in class.

The objectives of the user interface design, a description of the implementation effort, and
a discussion of implementation issues are provided to aid others who wish to produce graphical
user interfaces to other simulations. The development process hes become much easier with
the maturation of the interface platform and the advancement of workstation technology. Future
efforts should be more efficient, due in part of to the production of some of the user interaction
tools developed for this simulation.

5.1 User interface design objectives

In order to maximize the utility of the user interface to the simulation, a set of design objectives
was developed:

1. The user interface should incorporate the structure of the model in an intuitive manner, such
that the correspondences between the model as taught in the classroom and the mechanisms
for manipulating the simulation are transparently clear. Interaction with a familiar graphical
representation of the model would provide such a correspondence better than a lengthy set

53



54

CHAPTER 5. USER INTERFACE

of commands and variable names. This objective was also addressed by previous teaching
modeis [54], [47].

. Interactions with the program should reflect the dynamic nature of the system. A real-time

simulation is thus desirable. This would be especially useful for short-term models such as
this, since the time scales for simulated data and observation time are on the same order. It
would not generally be useful to modei a process in real time if the interesting time frame

of the process were less than a second or more than several minutes.

. The student must be able to monitor any hemodynamic variable of interest, and be able to

plot variables together as the system evolves through time. In order to maximize flexibility,
the student should be able to choose any set of variables to plot in any combination at any

scale. Several different plots should be viewable simultaneously.

. Parameter values must not be rigidly fixed during a simulation, but should be freely acces-

sible to the student for modification. The student should be able to configure the parameters
to mimic any conceivable hemodynamic pathology within the scope of the model. Param-
eter changes should occur instantaneously, so that transient responses may be observed.

There should also be mechanisms for observing steady-state and average behavior.

. Instructors should be able to set up simulated patients for student assignments, providing a

case history and an automatically-loaded set of hemodynamic parameters for each patient.
This is intended to encourage students to take a clinical approach to the simulated patient.

. Students should be able to make printouts of their graphs for presentation to the instructors

and other members of the class.

5.2 User interface implementation

These design objectives were addressed by the implementation of a graphical user interface on the

X Window System, using the X Toolkit, Athena Widget Set, and custom-programmed widgets.

Additional details on the user interface are presented in Appendix A.
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5.2.1 X Window System and X toolkit

The X Window System, or simply “X,” is a protocol for communication between an application
program and a graphical user terminal. The X terminal consists of one (or more) graphics displays,
a keyboard, and a pointer device such as a mouse. Application programs occupy independent
windows on the display. The X protocol has no built-in interaction policy; it merely provides the
programming interface to create and manipulate windows, draw text and graphics, and receive
input from the keyboard and pointer (mouse).

In order to provide a user interface, a set of interaction rules must be adopted, assigning
meaning to button presses and pointer motion over each area of the display. The top-level
application windows are manipulated by a window manager, which provides for a cooperative
sharing of the terminal resources to each independent application. The applications themselves
must define their own interaction rules pertaining only to the areas of the display created by them.

Application programs commonly are built with the aid of user interface toolkits, which man-
age the low-level formatting and interaction semantics of windows. The standard user interface
toolkit for X is the X Toolkit Library, called “Xt.” Xt provides a pseudo-object-oriented pro-
gremming paradigm in the C programming language. Numerous Xt interface objects, called
widgets, have been developed and collected into widget libraries for the convenience of the ap-
plication programmer. One such library, the Athena Widgets, was used in the new version of the
Cardiovascular Simulator (CVSIM) to define much of the interaction semantics. There were no
acceptable predefined widgets to handle dynamic graphs or graphical parameter manipulation, so
widgets were designed from scratch for those purposes.

5.2.2 Circuit diagram interaction window

In order to incorporate the stmcture of the model into the graphical interface, a multiple-level
block diagram of the electrical circuit hemodynamic model was implemented. When the user
requests to observe a variable or access a parameter, a simplified block-diagram of the cardiovas-
cular system is displayed (Figure 5-1), similar to the schematic used by Sah (Figure 5-1, page 25).
This diagram divides the circulation into eight regions: left and right hearts, systemic arteries,
microcirculation, systemic veins, pulmonary arteries, pulmonary microcirculation, and pulmonary
veins. In addition, an area for general sysiem parameters, such as hr and Py, is provided.
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Figure 5-1: Circuit diagram interaction window. The user has clicked the pointer over the left
ventricle, and has chosen the capacitor element. If the user next clicked the button on this
capacitor, a small menu would pop up offering ventricular pressure, volume, and capacitance as
possible choices for plotting.
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When the pointer is passed over any of these regions, the region is highlighted. Clicking
the left pointer button on a highlighted region selects that region and moves the user down to
the next level of specification: electrical circuit elements. The region block in the diagram is
replaced by the detail of individual circuit components in that region. For instance, the left heart
region displays a variable capacitor connecting the LV pressure node and transthoracic pressure,
with heart valve diodes adjacent to the LV pressure node. There is also an outflow resistance
connecting the outflow diode to the systemic arteries.

Placing the pointer over a circuit element with accessible parameters causes that device to
highlight. Clicking on a highlighted circuit device reveals the final level of specification: a menu
of parameters pertaining to that circuit component. For example, clickiig on the left ventric-
ular capacitor reveals a list of parameters including minimum and maximum LV capacitance
(elastance), and LV zero-pressure volume. If the request is to plot a variable, instantaneous left
ventricular pressure and volume are in the list.

Thus whenever tiie user manipulates the model, whether accessing a model parameter or
monitoring a simulation variabie, he or she is reminded of the structure of the system and of the

place of that parameter or variable in the system.

5.2.3 Plot widget

In order to develop a dynamic simulation, it was necessary to develop a continuously-updating
plot widget. The plot widget which was implemented follows the Xt widget guidelines to maintain
compatibility with other Xt widgets. It displays up to three variables on independent vertical axes
plotted through time or another variable on the horizontal axis (Figure 5-2). When the horizontal
axis is time, the plot can update in one of two modes: “strip chart” or “scope.” The “strip chart”
mode creates an illusion of a s;trip of paper rolling out of a recording machine and across the
display from left to right, disappearing at the left edge of the window. The “scope” oscilloscope
mode draws over old data from left to right, starting at the left again when the right margin of the
window is reached. The non-time axes have an optional “auto-scale” feature which will redefine
the boundaries of the piot whenever a waveform pezk is clipped by the edge of the graphing area.
Plots of one variable against another, for instance ventricular pressure — volume (P - V') loops,
can accumulate cld tracings and obscure new data. To erase this old data, a “Refresh” button is
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Figure 5-2: The “New Plot” and “Modify Axes” buttons bring up a menu for selection of plot
parameters. After variables are chosen from the circuit diagram for each desired axis, the axis
parameters such as scaling, paper speed, and labelling may be modified from their parameter
defaults. The plot on the left, of left ventricular pressure and systemic arterial pressure versus
time, is being modified through the use of the menu in the middle.
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provided. Plots can be continuous, or can graph one point per cardiac cycle, or a specific subset
of each cardiac cycle, for instance only the ejection phase.
Once created, the plot widget reacts to several sources of input:

¢ New data is given to the plot widget by an external function. The plot widget updates the

screen as necessary to reflect the new data points.

¢ Events from the display, such as a change in the size or visibility of the window by the
window manager, cause the plot to update iiself accordingly.

e Events from the pointer cause the plot to react to user requests:

- Motion of the pointer in the graphing area causes a movable crosshair with coordinate
values to appear, for instrumented readings of tracing values. Pressing the left pointer
button causes the crosshair and values to be copied onto the plot graph at that position.

— Pressing the left pointer button on the “Refresh” or “Modify Axes” buttons causes
the graph to be erased or the plot-creation menu to appear, respectively.

This implementation of the plot widget provides the ability to program an event-driven user
interface which is updated incrementally by simulation data while continuing to be reactive to

user input.

$.2.4 Parameter modification widget

A parameter modification widget was developed to aliow the user to graphically manipulate pa-
rameter values with the pointer. A number line is presented, bounded by minimum and maximum
allowed values for a parameter, and a thick arrow pointing directly at the current vaiue, which is
shown above the number line (anure 5-3). Moving the pointer over the number line produces
a thin caret cursor which scans over alternative values on the number line. When the pointer
button is pressed, the parameter widget issues notification to the main program and moves the
thick arrow to the new location. A new parameter value may also be typed in from the keyboard.
In this case, pressing the return key completes the entry and moves the thick arrow.

Pointer positioning has a pixel-sized granularity which can lead to unfortunste choices for
number-line-chosen parameter values; for example, values of 0.997 and 1.058 might be available,
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Figure 5-3: The parameter choice number line interaction widget. Instantaneous parameter
changes are made by clicking the pointer over the desired new value.

but 1.000 unattainable because there is no pixel to choose between 0.997 and 1.058. Because
the number line is shown with round values at tic marks, it is desirable to have those tic mark
values selectable. The actual pixel dimensions on the number line are used to establish a working
selection granularity, and the available values are chosen so that they increment by 1,2,0r 5 in
the last decimal place, depending on the scale, without skipping as the pointer is dragged down
the number line.

Because notification is made to the main program at the precise instant of changing the thick
pointer position, the simulation can be updated and transient behavior noticed on any running
plots while the parameter is still available for further modification.

§.2.5 Plct setup menus

A menu of axis choices provides a graphical interface to create new plots and to modify existing
plots. Each of the three possible vertical axes and the horizontal axis are defined by a variable
choice, minimum and maximum points or paper speed, and a title notation for the plot. Choosing
a variable from the circuit diagram fills in default values for all fields, which are then modifiable
by the user.

5.2.6 Patient case environment

A patient case database was added to the user interface which allows the definition of parameter

sets accompanied by a textual case history. The parameter modification number lines are altered
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to reflect percentages of the patient’s original parameter values rather than the real parameter
values. This keeps the parameter values a mystery?, so that students are forced to use clinical
reasoning to diagnose the disease based on the case history and hemodynamic simulation alone.

An instructor’s manual was written to aid the instructor with the development of new patieat

cases, and to provide documentation for program maintenance.

5.2.7 Printing results

The X utility “xdpr” is used by the program to print copies of plots made on the screen. A
specific plot of interest or the entire X display screen can be printed on a laser printer at the

touch of a button.

5.3 User interface implementation issues

In the course of the implementation effort, several issues surfaced which deserve attention. These
included problems with the numerical solution algorithms, simulation efficiency and response
time, and problems specific to implementation details on the chosen platform, M. 1. T. Project
Athena.

§.3.1 Numerical simuiation difficuities

There were technical difficulties with the numerical integration method for the mathematical
model. The simulation can fail to converge if the time slice is too long during early systole and
carly diastole, or if the ventricular capacitance changes too rapidly, or if the ventricular outflow
resistance is too low, or if any of a number of other factors causes a rapid change in ventricular
pressure. This is due to the stiffness of the system: some of the dominant time constants in early
and late systole are very skort. The simple Runge-Kuita procedure is known to behave poorly
when used on stiff systems, because time steps appropriate for the rest of the system are too large

for a saubset of the simulation time.

! Students can usually calculate unknown petient parameters by means of hemodynamic measurements in order to
guantify the diseass process being studied.
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I made attempts to improve simulation efficiency by
¢ reducing the stiffness of the system, and
e tailoring the integration method.

To reduce the stiffness of the system, the difference between the shortest and longest time
constant must be reduced. The shortest and most destabilizing time constants are the RC time
constants for ventricular ejection, which are around 2 ms for both ventricles. Fortunately, the
pressure gradient between ventricle and artery is normally very small, so a simulation time
step of 2 ms is not quite necessary. However, a rapidly changing veatricular contractility can
increase this gradient, leading to convergence failure if the step size is too large. Our Ci(t) and
C.(t), designed to mimic physiological experimental results (see Section 4.1.5, page 38), were
initially more steep in early systole than data on human ((1/P)dP/dt) ms. indicate. Reducing
the maximum slope of the capacitance and removing discontinuities in dC;(t)/dt and dC,(t)/dt
increased the experimentally-determined minimum time step dramatically; however, the slope of
the ventricular pressure tracing was extremely sensitive to such changes. Therefore, a maximum
ventricular slope was selected (see Section 4.1.5, page 38) which was within reasonable limits
for ((1/P)dP/dt)mae. and which produced an acceptable appearance for ventricular pressures.

Increasing the cutflow resistance or increasing the instantaneous ventricular capacitance would
directly increase the RC time constant, which would also increase the minimum time step.
Unfortunately, increasing the resistance by a significant amount would cause nonphysiologic
outflow gradients to appear, indicating an arterial stenosis. An increase in capacitance would
decrease contractility, and hence pressures, below the desired level. Therefore, these parameters
have not been modified.

To tailor the integration to the model, I experimented with varying time-step methods. It
seemed sensible to make the time step dependent on the local siope of the ventricular capacitance
curve, but I was never satisfied with an ad-hoc method that was both robust and efficient in for
all simulated patients. However, a general adaptive-timestep technique for stiff systems [48] was
recently found to be robust in the face of massive parameter deviations, even with simulation
parameters producing time constants five orders of magnitude shorter than normal. This adaptive
technique compares two fourth-order Runge-Kutta steps of different sizes to determine the max-
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imum error in the state variables. This error is used to control the step size. In this unclocked
pseudo-real-time simulation, adaptive timestep integration causes a fast spurt of plotted data in
diastole and slower plotting in systole, which might be misleading to students; therefore, the
original simple Runge-Kutta simulation is left as a compile-time option. Another option is to
clock the plotting of data to the screen from a buffer; however, a faster computing platform would
be needed to fill such a buffer as fast as it is emptied, and the illusion of real-time performance
would thus suffer with the current hardware.

5.3.2 Interactive responsiveness of program

Data from the program is currently produced at the maximum rate and displayed as soon as it is
computed. For IBM RT and DEC VaxStation 3100- class workstations, running at 3-S million
instructions per second, this produces output at a maximum rate of approximately 0.75 s of data
per second, or three-quarters real time. Running on a faster computer, such as a Sun Sparc Station,
produces data several times faster, making real time operation feasible. If such fast workstations
were to be used as the delivery platform for student use, the data could be clocked to real time,
which would convert the program from a pseudo-real-time simulation to a real-time simulation.
A side benefit of such a clocked-output system would be improvement in the responsiveness to
user input. Currently, a running simulation with many active plots causes a backup of unplotted
data in the X server queue. As a result, the reactions on the screen of pointer motion, button
clicking, and keyboard entry can be delayed significantly. For instance, when one moves the
pointer over a push button on the screen, the button should automatically highlight to indicate
its selection. If the pointer is dragged over several buttons, as is usual since they are clustered
together, the user may see, for instance, several seconds of continued simulation followed by the
repeated highlighting and unhighlighting of several buttons. If a button has been pressed in the
meantime and no response was noticed, the user may then see his button presses received and
new windows appearing, but all separated from the requesting action by enough time that the
user may not realize what caused the new windows to appear.

Activities could be prioritized such that user interaction has precedence over plotting of
simulation data. Though this has been done in the top-level program, the layering of event
queues and the nature of the X protoco! make useful prioritization impractical: all pending X
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is plotted.

As long as the number of active plots is kept to a reasonable number, the response is quick,
so that reactions to pointer motion and button presses remains intuitive and understandable. Thus
the objective to Provide a real-time simulation with a dynamic user interface has been achieved.

5.3.3 Difficulties with the computing platform

* Frequent incompatible changes to the X Window System, Xt Toolkit, and Xaw Athena
Widget Set.

* Bugs in the X Toolkit and Athena widgets.
¢ Frequent changes in the Project Athena operating system utilities and network resources.

* Problems making bitmapped printouts to an “unsupported” printer, the IBM 3812 Page-
Printer in the E25-131 cluster.

rest of Project Athena.

* Problems porting the software to the IBM RT High C compiier, and tracking that compiler’s

development to the Current version 2.1y,

® A bug in the dbx debugger on the IBM RT which causes unreliable reporting of the values
of double-precision floating point variables from within the debugger.
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These problems were largely resolved after the first few releases of the X Window System
Ve.sion 11, but significantly hampered development. The conversion of the program X Version 10
to X Version 11 was especially time consuming, as were compiler bugs in the early versions of the
High C compiler for the IBM RT/PC. All of the problems listed above have been competently
managed by the Project Athena staff and the hardware manufacturers, such that they pose no
barrier presently to further development.
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Chapter 6

The Baroreflex Control Model

The CVSIM program responds appropriately to dynamic parameter modifications of capacitances,
resistances, heart rate, blood volume and trans-thoracic pressure. However, the system as de-
scribed thus far operates without feedback control. )

In order to produce a realistic simulation of a disease process, the student must take care to
alter all parameters known to be under the influence of physiological feedback mechanisms. For
instance, a sudden loss of blood would cause a reactive tachycardia in a normal individual, but in
the uncontrolled simulation, heart rate remains constant until modified by the user. In this mode,
the student must become the cardiovascular control system.

This chapter describes an addition to the hemodynamic model in the form of an automatic
feedback control system: the arterial baroreceptor reflex, or baroreflex. The baroreflex simulation
was designed as a simple, intuitive extension of the basic hemodynamic system as implemented
in CVSIM.

6.1 Homeostatic mechanisms in the cardiovascular system

The mechanical properties of the cardiovascular system are modulated by a network of homeostatis-
maintaining feedback mechanisms. They inciude both hormonal and neural effects on the heart,
peripheral microvasculature, veins, and blood volume in feedback response to pressure, volume,
and chemical proprioceptors within the cardiovascular system, the pulmonary system, and the
brain. Only the short term control of arterial pressure, acting over seconds to minutes, will be

67
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considered here; mechanisms with a slower time course, including hormonal and renal compen-
satory mechanisms and local tissue oxygenation blood flow reflexes, are ignored.

The arterial baroreceptor is not the only component of short-term control of the circulation.
There exist poorly understood so-called “low-pressure” baroreceptors in the pulmonary vascula-
ture and the atria which are known to regulate blood fluid volume and are thought to influence
heart rate! and possibly peripheral venous tone [36], [33], [26). Because of difficulties in deter-
mining parameters for such a poorly-understood system, and because the systemic arterial control
mode] seems to be more important for short term control of the systemic circulation, we will

ignore these low-pressure reflexes in this study.

6.2 The baroreflex

The arterial baroreflex is the principle mediator of short-term control. Carotid artery and aortic
stretch receptors transmit to the autonomic nervous system a signal (§) which is modulated in
rough proportion to arterial blood pressure fluctuations (Figure 6-1). A fast parasympathetic
reflex arc through the vagus nerve tightly controls heart rate through the sino-atrial (SA) node,
while slower sympathetic fibers modulate the strength of ventricular contraction and peripheral
vascular tone in addition to a slow contribution to heart rate.

Many approaches have been taken to characterize components of this system. Transfer func-
tions for the baroreceptor, SA node, and other portions of the system have been approximated
in open-loop and closed-loop conditions in animals and in man [52], [51]. In the early 1960’s
Noordergraaf, Beneken, and others [44], [3], developed complex analog computer models incor-
porating the baroreflex. More recently, DeBoer, Karemaker, and Strackee [14] derived a simple
proportional control model based on physiological concepts which appeared suitable for addition
to our simulation. A more general mathematical approach is taken by Appel, using parame-
ter estimation techniques to derive transfer functions between heart rate and blood pressure [1].
Parameter estimation methods, however, do not identify the physiologic origins of the control
equations. I therefore developed a continuous-time model which uses an approach similar to the
beat-to-beat model of DeBoer et al. Although DeBoer et ai. do not use the terminology of digital

'The so-called Bainbridge reflex mediates heart rate increases in response to increased atrial filling.
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Figure 6-1: A general outline of the baroreflex control loop. The autonomic nervous system
(ANS) receives pressure deviation signals S from arterial pressure receptors and exerts homeo-
static controlling actions on the hemodynamic system. (Adapted from Madwed [34].)

signal processing, their work will be restated in those terms where appropriate for simplicity of

comparison to my model.

6.3 The DeBoer model

The DeBoer et al. cardiovascular system model is based on a set of beat-to-beat difference
equations for the control system and & windkessel model of the circulation. Eq. (6.1) describes an
“effective blood pressure deviation™ measure, 3', which accounts for the saturation of baroreceptor
response at extreme pressure deviations:

s'[n] = 18 tan™! =2 (6.1)

18

where the blood pressure setpoint, so, is set to a target pressure for s[n], the systolic pressure.
This arctangent mapping preserves the baroreceptor sensitivity around the setpoint, while limiting
the maximum signal to +18x /2 ~ +28 mm Hg deviation from the setpoint.
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Figure 6-2: Unit sample responses for heart rate (a[n]) and windkessel RC time constant 6(n))
feedback, from the DeBoer et al. model [14].

The effect of the baroreflex on heart rate is described as & unit sample response for the
one-beat-per-sample discrete model. These unit sample responses, a[n] and b[n] in Figure 6-2,
are convolved with the s'[n] signal to generate a reflex signal for altering the heart rate and the
windkessel time constant. Eq. (6.2) shows the calculation of heart rate based on the pressure
during previous beats. The inter-beat interval I [n] is adjusted by the current s’ [n] signal filtered
through convolution with a[n]:

7
In)=1Iy + E alk] s'[n — k] (6.2)
k=0

where the afi] in Figure 6-2 describe a fast « .gal response (a[1]) equally weighted with a slower
Sympathetic response (a[3] through a[7]). Similarly, Eq. (6.3) describes the effect of baroreflex
on the arterial outflow time constant:

T*[n]=T"*- 57_: blk] s'[n — k] (6.3)
k=0

where T is a baseline RC' constant for the peripheral circulation and T*'[n] is the calculated
RC time constant for beat n.
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The DeBoer et al. model included approximation equations incorporating venous return, car-
diac contraciility, and peripheral circulation which are not applicable to this simulation because
these parameters are already modelied individually in CVLIM, whereas they were treated in
combined forms by DeBoer. The first of these equations is the following:

Pln]=vIn-1]+a

This computes the next beat’s pulse pressure P(n| as a funciion of heart rate and thus venous
filling time, according to Starling’s law. Pulse pressure in the CVSIM model is determined
instead through the time-varying elastance simulation which causes a pulse pressure dependence
on cardiac filling, contractility, and the state of the systemic and puimonary vascular beds. DeBoer
et al. also used a windkessel model of the peripheral circulation:

Din] = S[n — 1]~ 0

in which the decay of arterial pressure to an end-diastolic value D[n] from the previous systolic
pressure S[n — 1], over the diastolic period I[n — 1], is dependent only on T'[n — 1], the peripheral
RC time constant. Again, the CVSIM model already directly accounts for this behavior in a
more detailed hemodynamics simulation.

6.4 Control system design

Four limbs of the baroreflex were modelled for implementation in the CVSIM program: heart
rate, cardiac contractility, peripheral resistance, and venous tone (see Figure 6-1). The controller
is modelled as a set of parallel linear filters. Parameters for this model were determined from
published findings on open-loop gain and receptor, nerve, and end-organ delay timings in humans.
The control model was verified by comparing closed-loop gain, time response, and experimental
stability to human laboratory datz.
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6.4.1 The barorefiex model

The CVSIM program models the pulsatile nature of the cardiovascular system with time steps on
the order of 10 ms, whereas DeBoer et al. used a beat-to-beat model.2 Egs. (6.1), (6.2) and (6.3)
were incorporated directly into our model, with s[n], systolic pressure indexed by beat n, repiaced
by s(t), current intra-beat pressure indexed by time ¢ at a small time step granularity, which is a
more realistic approximation of input to the baroreceptor. The a[n] and b[n] from Deboer et al.
were replaced by more accurate impulse responses for sympathetic and parasympathetic responses
(see Section 6.4.2, page 75). A 30 second history of s'(t) values is kept for the convolutions,
which are performed for periods of 0.5 s, rather than at every CVSIM timestep. The arterial
pressure signal is averaged to provide values for successive 0.5 s periods as input to the control
filters. This coarser timestep for the control system (see Section 6.5.3, page 80) was used to
increase simulation speed while maintaining an accurate feedback response.

Two implemented refiex limbs were not directly addressed by the DeBoer et al. model: the
well-known control of (1) ventricular contractility and (2) venous tone [24]. Since Cl,eye and
C'r,sys correspond to the capacitance® of the ventricles during systole, a proportional modulation

of these values was developed and scaled to obtain realistic minimum and maximum contractility:
30
Cl.nyu(t) = Cl.rayno + J{. o C(k) 8'(t - k)dk (6,4)

This formula mimics Eqgs. (6.2) and (6.3) for continuous time, but applies control to contractility
with an impulse response c(¢) to mimic the 3-sympathetic response time.

A similar control model is proposed for peripheral venous tcne. The greater portion of
volume in the peripheral veins is modelled by the zero-pressure filling volume, or charge offset
of the venous capacitor (V,0). The linear capacitance contributes relatively less to venous blood
storage capacity: 2000 ml of the average 3200 ml in the systemic venous compartment is in
the unstressed (zero-pressure) filling volume (see Section 4.1.6, page 41). Therefore, a linear

modulation of V.o would regulate venous blood pooling appropriately to mimic a-sympathetic

?DeBoer et al. [14] used one simulstion step per beat.
Recall that capecitance is the reciprocal of elastance, a measure of contractility.
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control of venous tone:
30
Violt) = Vo + ./» (k) (¢ - k)ak (6.5)

Thus the baroreflex is modelled as a bank of four parallel linear filters, described by unit
sample responses a(t), —b(t), c(t), and d(t), with the “effective arterial pressure deviation” 8'(t)
as input. These filters provide feedback control to hemodynamic system parameters hr, Cloeyss
Cr eyer Ra, and V9 to complete the baroreflex model. All that remains is to design the individual
filters, which are composed of temporal responses scaled to overall open-loop gains.

6.4.2 Filter temporal response design
Delays in the baroreflex response

Because of the beat-to-beat nature of DeBoer’s system, the delays inherent to neural feedback
were modelled inaccurately. Returning to the basic physiology, let us investigate the sources of

delay in the baroreflex:

Blood transport delays Delays associated with the traversal of a bolus of blood through the
system are incorporated to a first approximation by the uncontrolled lumped parameter
model. Transport delays are based on filling times for each compartment of the system
(see Table 4.2.). Pressure wave propagation through elastic tubes is not modelled; however,
this characteristic time is less than 100 ms and is thus ignored.

Baroreceptor and efferent nerve time responses These delays are short (100 to 300 ms), and
are commcn to all limbs of the baroreflex.

Central nervous system processing The most active CNS portion of the reflex arc is short (less
than 10 ms) and therefore ignored.

Efferent transmission and effecior organ response The bulk of the delay occurs here, and

varies markedly with limb of the autonomic nervous system and effector organ.

Timing data for P, to effector organ activity was obtained from Borst and Karemaker [9),
Madwed [34], and Berger et al. {5). Borst and Karemaker [9] measured the latency for initial
response to electrical stimulation of the carotid sinus nerves, finding & 0.55 second delay for
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Nerve Type Latency (s) Peak action (s) Final response (s)

a-sympathetic 2.0 5.0 30.0
3-sympathetic 2.0 5.0 30.0
Parasympathetic 0.5 0.5 1.0

Table 6.1: Delay for baroreflex response to a step change in P,. The parasympathetic timing
shown includes a delay representing the exitation—contraction coupling time for heart rate changes.

changes in heart rate, and a 2-3 second delay for diastolic pressure change, which was thought
to reflect a 2-3 second delay in peripheral resistance reduction. These delays correspond to
parasympathetic and sympathetic response times, respectively. Madwed [34] reported 2 3-S5 s
latency for 3-sympathetic response, and and a 5-8 s latency for a-sympathetic response. Time
until 100% response was 10-15 s for 3-sympathetic and 20-30 s for a-gympathetic signals,
Berger et al. (5], from the same laboratory, indicate that the difference between Madwed’s a-
sympathetic and 3-sympathetic timings, which were inferred from the time difference between
cardiac inotropic response and peripheral resistance response, were likely corrupted by vagal
parasympathetic activity in the cardiac experiments, and that a- and B-symputhetic response
times are probably the same. Their data forms the basis of the filter design, as will be shown in
the next section. Delay times pertinent to the simulation are listed in Table 6.1.

Our model assumes that the onset and offset times of these reflexes are equal; however, it
is known that they are not [52]. The onset of a positive sympathetic response occurs over a 15
0 30 s interval, but withdrawal of activity is known to take considerably longer than that, due
to slow reuptake of acetyicholine at presynaptic nerve cells. Most other models also meke this
simplification [4], (43]. The model will respond faster to events which raise arterial pressure than
is physiologically accurate, if it is to respond accurately to lowering of arterial pressure. The
body maximizes its ability to react quickly to a drop in pressure, teleologically because a rise in
pressure is a less immediate threat to life than is a sudden drop in pressure, which could cause
syncope.



6.4. CONTROL SYSTEM DESIGN 73

Parasympathetic impulse
response (bpn/Hz)

.3 ] i | ] ] | | |
-40 -20 0 20 40
Time (sec)
06 [

Sympathetic impulse
response (bpm/Hz)

-40 -20 0 20 40
Time (sec)

Figure 6-3: Impulse responses to sympathetic and parasympathetic nerve stimulation. From
Berger, Saul and Cohen [5].

Impulse responses

The timings in Table 6.1 indicate initial delay, time to maximum slope, and time to final vaiue
for a response to a step change in arterial pressure. A more direct implementation results from
examination of the impulse response, which is simply the time derivative of the step response.
Impulse responses of the heart rate response to sympathetic and parasympathetic stimulation
in man were recently derived by Berger et al. [S], (Figure 6-3). These impulse responses
were used to design finite impulse response filters to mimic the response of the baroreceptor,
autonomic nervous system, and end-organs in effecting the baroreflex. The impulse invariant
design technique is ideal for such an application: Figure 6-4 shows a schematic of the designed
parasympathetic and sympathetic filters. In actuality, these continuous-time representations were
sampled with a 0.5 second period and scaled to sum to the appropriate gain to obtain the required
discrete-time unit sample responses.

In comparison to the baroreflex filters, the efferent nerve stimulation experiments of Berger et
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Figure 6-4: Sympathetic and parasympathetic feedback impulse responses for the baroreflex
model. A linear combination of these two filters derived from gain studies (see Section 6.4.3)
forms the filiers for each of the four reflex limbs.

al. do not include the baroreceptor organ response or central nervous system delay; however, as
we have seen, the delays associated with these are short (300-500 ms) and relatively fixed, and
therefore were modelled as a short pure delay in series with the sympathetic and parasympathetic
end-response filters.

The area under each impulse response is scaled according to the calculated gain from Sec-
tion 6.4.3 to complete the filter design for each reflex limb.

6.4.3 Feedback gain determination

Each limbofthereﬂexisdesén’bedby its filter’s time response which is scaled to the overall
filter gain, or reflex sensitivity. The adopted gain values are listed in Table 6.2.

The baroreflex heart rate sensitivity is known to be in the range of 10 to 20 ms/mmHg {14)].
The values from DeBoer et al. of 9 ms/mmHg of 3-sympathetic feedback plus 9 ms/mmHg
of parasympathetic feedback, for an overall final sensitivity of 18 ms/mm Hg, were used in the
model.

The baroreflex contractility sensitivity has not been completely worked out. Sagawa and



6.4. CONTROL SYSTEM DESIGN m

Reflex Limb Gain Nerve Timing
heart rate, hr 180 ms/mmHg B- & parasympathetic
LV contractility, Ci,,y, 0.007 mi/mmHg/mmHg 3-sympathetic
RV contractility, Cy,,ys 0.021 mi/mmHg/mmHg (-sympathetic
peripheral resistance, 0.011 PRU/mm Hg a-sympathetic
Ra
venous zero-pressure 265 mi/mmHg a-sympathetic
volume, Vo

Table 6.2: The reflex gain values used in CVSIM.

co-workers [53] reported that the end-systolic elastance E.,, = (P(t)/V(t)),,,. changes in
response to baroreflex activity. This index increased 65% with left stellate stimulation, and
decreased 113% through maximal carotid sinus and vagal stimulation; & maximum value of
227% increase was measured during cerebral hypoxia. Based on this data, a sensitivity which
produces a maximum of 100% increase in contractility for the maximal limit of baroreceptor
withdrawal was adopted.

The baroreflex peripheral resistance sensitivity is not readily available from the literature.
However, the windkessel model combined with DeBoer’s rough sensitivity to change the RC
time constant provides a reasonable approach to resistance seasitivity. I have thus defined the
resistance deviation as 1/C, times DeBoer’s T* as described in Eq. (6.3).

The baroreflex venous tone sensitivity has likewise little directly applicable data. Guyton [24]
has asserted that peripheral venous volume can change as much as 1000 ml due to postural changes
alone. To make a first approximation, I have chosen 750 ml as a reasonably physiologic limit oa
venous volume excursion due to the baroreflex. When the arctangent limiter equation for s’(t)
is considered, this translates to a gain of 26.5 ml/mmHg around the setpoint.

The default setpoint pressure so from Eq. (6.1) is set to 98 mm Hg in order to maintain the
mean arterial pressure at 99.5 mmHg for botk the normal uncontrolled CVSIM model and the
unperturbed controlled model.
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6.4.4 Theoretical stability

It is known that the physiological baroreflex is at best only marginally stable: large step inputs
in normal subjects reveal an underdamped oscillatory response [52], which is more pronounced
with hemorrhage [34]. This marginal stability can also be found with the modelled barorefiex.

The controlled hemodynamic system can become unstable if positive feedback can be achieved
through a combination of long error signal delay and large loop gain. The root locus of the
complete system could be calculated, since the controlled and controlling system both have a finite
number of poles. For this simulation, the controller has 60 poles, corresponding to 60 samples
of impulse response, and the controlled system has six, corresponding to the six compartments.
Two of those roots trace out a path in time as ventricular elastance changes. It is easily seen
that both the controlied system, an RC circuit with a simple topology, and the feedback filters,
finite-impulse-response systems, are both intrinsicaily stable. However, if viewed together as a
linear system, discounting the arctangent limiter of the baroreflex, the controlling system can
move some of the poles of the controlled system across the zero point on the real axis and into
the unstable region if the gain and delay in the feedback loop are high encugh.

The incorporation of the soft limiter (s’ = 18tan—1s/18) on the error signel s guarantees
that the state variables will not increase without bound; however, this nonlinesrity can give rise
to chaotic behavior if the system is driven to the nonlinear limits of s’. A complete description
of the stability of the system requires utilization of nonlinear control theory which is beyond the
scope of this thesis.

6.5 Baroreflex Model Implementation

The baroreflex model was implemented directly on top of the previousiy-developed CVSIM
program. User interface windows were designed to permit dynamic activation and modification
of the baroreflex system. All interaction between the reflex model and the hemodynamic plant
is accomplished through modification of controlled variables and a heart rate integrator routine.
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BARORECEPTOR REFLEX PARAMETERS

BARORECEPTOR REFLEX CONTROL [Reftexes are ON
Heart Rate feedback:
Conwactlity feedback: ACTIVE

Art. Resistance feedback: w

Venous tene feedback: l ACTIVE I
Modify Reflex Parameters

Figure 6-5: User interiace windows for the baroreflex control system. The window on the left
allows partial or complete activation of the control system. Clicking on the bottom “Modify
Reflex Parameters” button produces the window of number lines on the right. The scales used
for passive tone are scaled such that +1 is the maximum active response from the baroreflex;
those for gain are given in units of ms/ml as in the heart rate reflex. The separate gain for each
limb of the reflex is currently not available for modification.

6.5.1 User interface

The student can selectively engage or disengage any of the four reflex loops via buttons in a
baroreflex control box. A more detailed control is given by a box of number line parameter mod-
ification widgets (see Section 5.2.4, page 59) for student modification of arterial pressure setpoint
(0), heart sympathetic gain, vascular sympathetic gain, parasympathetic gain, and optional tone
offsets, to facilitate experimentation. (Figure 6-5). Every time the reflex system is activated, the
user is queried whether to use the current history of s'(t) or whether to reset the '(t) history to
the current value. This gives the user some control over the state of the baroreflex at start-up.
Carotid sinus pressurization experiments can be mimicked by changing the pressure setpoint in
the same direction as the desired baroreceptor pressurization.

When a student selects a hemodynamic parameter to modify by the normal parameter modi-
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fication system, such as heart rate, for example, the parameter modified is the heart rate for the
uncontrolled system, which is used as the reference heart raie to which deviations are applied.
In contrast, the plotted values for heart fate etc. are the controlled parameters, so that the student

can directly observe the transient effector actions of the control system.

6.5.2 Hemodynamic parameter centrol

The hemodynamic parameters Clayss Cr oys, Ra, and V,q are modified by the control system
at each control time step (0.5 s), maintaining a consistent simulation by applying the constant
volume constraint (see Section 4.2.4, page 47).

In order to add a dynamic heart rate capability to the hemodynamic simulation, the program
was modified to accept an external signal to determine the onset of a new beat. The algorithm
uses a heart rate weighting function on each Runge-Kutta iteration, summing the values received
until the product of the rate sum and the step size exceeds unity.* Thus the heart rate signal is
integrated over time, producing beats after traversing each unit area under the heart rate curve,

6.5.3 Time step choice

The analog model was quantized and the impulse response converted to a digital filter to incor-
porate the control model into the hemodynamics simulation. The chosen time step of 0.5 s for
the feedback loop simulation may seem large, since the hemodynamics simulation gives wave-
forms which vary over much smaller time scales. However, the time response of the autonomic
nervous system is not nearly as short as the compartmental time constants, and therefore can be
simulated in larger steps without losing accuracy. As can be seen from Figure 6-4, the simulated
sympathetic feedback occurs over 2 to 30 seconds, and has no fine features of interest below two
seconds. The parasympathetic feedback occurs more quickly, over 0.5 seconds. Since it is 50
fast, the precise timing of the parasympathetic branch is not important to the general behavior of
the control system. A simple model of the parasympathetic feedback can be obtained by sum-
ming the previous 0.5 seconds of the pressure signal. It is not necessary to sampie the impuise
responses at the Nyquist frequency, because the fine high frequency structure is not of interest,

“This is an IPFM model.
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Because calculation of new parameter values and parameter update constraints takes valuable
processor time away from the rest of the simulation, a time step of 0.5 seconds has been used
for the feedback filter implementation.

6.6 Control System Verification

The control system implementation was tested to verify its closed-loop behavior by comparing
closed-loop gain, time responses, and stability against human experimental data where available.

6.6.1 Steady state closed-loop gain

The baroreflex acts to maintain blood pressure homeostasis; this homeostatic tendency can be
investigated through studying the closed-lcop gain of the system. Since the baroreceptor responds
to the pressure difference across the blood vessel lumen, en increase in the neck tissue pressure
(NTP) would cause a pressure-loss signal to be transmitted; this would result in a reflex action
to raise blood pressure.

Mancia et al. [35] measured the closed-loop gain of a system defined with outpuis of mean
arterial pressure and heart interval® and input of externally-controlled neck tissue pressure. Pres-
sure was applied via a neck chamber to achieve expected NTP in the range of +50 mm Hg for
periods of 2 minutes at a time. The NTP was calculated as 86% of positive and 64% of negative
neck chamber pressures, in accordance with earlier studies on external pressure transfer to the tis-
sues. Onset of pressure changes was rapid: the neck chamber reached 90% of the target pressure
within 1 s of application, approximating a step change. Data were collected from experiments
on 11 subjects and regression statistics computed.

A similar experiment was conducted with CVSIM for comparison: mean arterial pressure
and heart interval were measured after step changes of s in increments of 10 mmHg to +40
mmHg in the normai simulation, and regression statistics calculated separately for positive and
negative changes. A comparison of the average linear regression slope coefficients to a simulation
on CVSIM is given in Table 6.3. The Mancia et al. data reveal an asymmetric late response:
closed-loop gain was higher for increases in neck tissue pressures than for decreases (Figure 6-6).

® Heart interval units are s—!.
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Mancia et al. mean regression coefficients + standard deviations

MAP (mm Hg) HI (ms)
NTP Early Late Early Late

Increased 0.44+0.13 0.65+0.16 | -3.4+1.6 -2.7+1.4
Decreased 0.55+0.19 0.41+0.13 | -25+3.3 -0.1+1.5

Simulation regression coefficients from the CVSIM model

MAP (mm Hg) HI (ms)
S0 Early Late Early Late
Increased 0.54 0.72 -3.8 -3.6
Decreased 0.50 0.63 -4.9 -4.1

Teble 6.3: Early (5-15 s) and late (90-120 s) responses in mean arterial pressure (MAP) and
heart beat interval (HI) to step changes in neck tissue pressure. The first table is from 11 human
subjects; the second is from a CVSIM simulation on the “normal” patient. Values are reported
as linear regression coefficients. The human data, from Mancia et al. [35], is for calculated neck
tissue pressure as partiaily transmitted from neck chamber pressure.
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Figure 6-6: Changes in mean arterial pressure (MAP) and heart interval (HI) induced by changes
in neck tissue pressure for a set of 11 human subjects. The dashed lines represent the carly
respoase, the continuous lines the steady-state response. See Table 6.3 for pumerical values. The
asymmebeetweenincmsedanddecmsedminmehtemponseisapperenL From Mancia
et al. [35].

This trend is not as striking in the CVSIM simulation data.

Intra- and inter-individual variation in baroreceptor gains is large: the baroreflex sensitivity is
dependent on several factors, including for example arousal state and general anesthesia [52). In
addition, trained athletes have reduced gains, and in fact, seemingly barely adequate control [58].
Considering the wide variability of baroreflex sensitivity, it is comforting to note that most of
the gains during early (average of 5-15 s) and late (average of 90-120 s) response times in the
CVSIM model are within one standard deviation of the 11-patient average from Mancia et al. The
only major deviations occur in the late responses to decreased neck tissue pressure. As noted
in Section 6.4.2, the slow time course of sympathetic withdrawal was not incorporated into this
model; this may account for most of the difference in the late response.

6.6.2 Transient response to step inputs

An example of the transient response to changes in the arterial pressure setpoint s, is given in
Figure 6-7; a human example for comparison with the same varisbles is given in Figure 6-8. A
noticeable difference is the oscillatory ringing in the CVSIM response.

Baroreceptor setpoint changes and large hemodynamic parameter changes produce under-
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Figure 6-7: Simulation response to +40 mm Hg step changes in setpoint pressure. The time axis
is 0.8 cm/min, or 75 s/cm, contrary to the label in the graph. Compare to Figure 6-8.



6.6. CONTROL SYSTEM VERIFICATION 85

[ +50
NCP ==y r L——'{ mm Hg

ABP

Figure 6-8: Hemodynamic changes induced by decrease and increase in neck tissue pressure in a
human subject. NCP = neck chamber pressure; ABP = pulsatile arterial pressure; MAP = mean
arterial pressure; HR = heart rate tachograph trace. Time is marked in 10 second intervals. From
Mancia et al. [35].

damped responses, which can be minimized if the feedback gain is reduced. The oscillations
are damped by an amount which is dependent on the current hemodynamic state. When the
arterial pressure is low, sustained low-frequency oscillations can result (for example, see the
first step deviation in Figure 6-7). Several investigators have reported such osciilatory bebavior
in compromised cardiovascular systems [56], [14], [18]. Madwed [34, p. 99! reported similar
sustained oscillations in dogs after hemorrhage. Madwed's oscillations were at a frequency 0.05
Hz, whereas the osciliations in the CVSIM data are at 0.03 Hz.

6.6.3 Experimental stability

The underdamped responses to dynamic parameter manipulations in CVSIM are indicative of
marginal stability of the system. However, the oscillations produced decrease in magnitude with
each cycle unless the sympathetic gain is raised or other parameters significantly varied.

With the parasympathetic response intact and set to the normal value of 9 ms/mmHg, the
sympathetic gain must be raised from its normal of 9 ms/mmHg to over 14 ms/mm Hg in order
to produce sustained, nondecreasing oscillations. With the parasympathetic feedback gain set
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to zero, as in pharmaceutical parasympathetic blockade, the sympathetic stability threshold is
reduced to 13 ms/mmhby. Values above 9 ms/mm Hg for sympathetic gain were observed to
cause a dramatic increase in the time required for dissipation of oscillations.

Classical bounded-input/bounded-output instability is impossible for this system because of
the feedback limiter (tan~') and the stability of the separate linear components, as was described
earlier.

Thus we see that the baroreflex control sysiem model achieves the limited objective of a
first-order approximation to the physiological system: the closed-loop gain, temporal responses,

and oscillatory behavior are similar, but not identical, to those observed in humans,.



Chapter 7

Cardiovascular Simulator Utilization

The success of this project is ultimately decided by those for whom the software was developed:
students. This chapter describes the use to which CVSIM is placed and evaluates the simulator
based on student participation and responses to questionnaires.

7.1 Usage in Engineering and Medical Courses

Engineering undergraduates, medical engineering graduate students, and M. D. candidates are
exposed to the simulator early in the term during a unit on hemodynamics. They become familiar
with the program through reading a user manual, attending a hands-on introductory laboratory,
and performing a set of take-home problem sets. The M. D. course returns to the simulator
later in the term for use as an adjunct to patient case studies, whereas the undergraduate course
includes a student case presentation based directly on the simulator.

The user manual (included as Appendix A) was developed to introduce students to CVSIM
and the Project Athena computing environment. The manuai begins with a succinct description
of the mathematical models associated with the simulator, followed by a description of Project
Athena, and information on obtaining accounts and logging in to the system. A set of tutorial
exercises guides the student through all the interaction windows of the user interface, and leads
to an introductory hemodynamics problem. The final part of the user manual is a reference
description of the user interface and system parameters.

A laboratory session is held to acquaint users with the system and to allow studeats to
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work on their first simulator assignment in a supportive environment. One or two homework
assignments use the simulator to explore specific hemodypamic issues. Students are required
in some assignments to submit simulator printouts and to describe their findings, while in other
assignments students may electively use the simulator to verify their understanding for a particular
question.

In some semesters, course instructors have assigned presentations of patient cases to pairs
of students. For these presentations, students study a case history, investigate the hemodynramic
state of the associated patient simulation, and from this diagnose the patient’s disease and assess
hemodynamic compromise. They then prepare overhead graphs to demonstrate the important
hemodynamic consequences of the patier.t’s disease. Their methods and findings are presented
to the class. The simulator has also been used in a take-home mid-term examination question on

hemodynamics.

7.2 Utilization evaluation methods

The fall, 1989 group consisted of 15 M. L. T. undergraduates, predominantly upperclass engineers,
of whom eight completed the questionnaire. The spring, 1990 group consisted of 46 Harvard and
M. L. T. graduate and medical students, predominantly M. D. candidates, of whom 25 completed
the questionnaire. All studenis used the simulator; however, the versions were different each
semester. The fall and spring versions of CVSIM operated as described in the user manusl
(Appendix A), except that the ability to mark plots at points of interest with precise values was
not introduced until the spring version.

7.2.1 Usage monitoring

Whenever the simulation was run from any Project Athena workstation, a log entry was recorded,
including user name, date and time the simulation was started, and date and time the simulation
was ended. These logs were used to caiculate usage time for each student and for the class
as a whole. At the conciusion of each simulation session, the user was prompted for general

comments about the program and any difficuities encountered.
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7.2.2 Questionnaires

In order to assess student opinion in a more objective manner, a questionnaire was developed con-
sisting of agree-disagree statements and short-answer questions pertaining to the cardiovascular
simulation and its incorporation into the course. The fall questionnaire contained 15 agree-
disagree statements and 11 short-answer questions, whereas the spring questionnaire contained
18 agree-disagree statements, four short-answer questions, and space for sdditional comments.

For each statement, students were asked to rate their agreement on a scale from 1, for
“Strongly Agree,” to 5, for “Strongly Disagree.” The statements were developed in paired sets,
each pair asking about the same topic, one with a negative tone and the other with a positive
tone. These statements were interspersed to arrange negative statements in proximity to posiiive
statements, and with several unrelated statements separating any two siatements in a matched
pair. This careful construction of the questionnaire was done to allow more accurate reporting of
opinion by eliminating some forms of reporting bias, and to provide a mechanism by which the
consistency of each individual’s answers can be tested [19].

Students were aiso asked to provide short answers to open-ended questions, and encouraged
to conclude with any additional comments. At the end of the questionnaire, they were asked to
opticnally provide their names and login identification so that their answers might be correlated
to their usage of the program and their performance on hemodynamics assignments.

7.3 Student—program interaction results

Students in the fail, 1983 class of 6.022J/2.792J/[1ST-542J and the spring, 1990 class of HST-090
provided test populations on which to evaluate the usage of the simulator es described above.
No control group of simulstor-deprived students was available, because the instructors feit the
use of the simulator to be a necessary componeat of the subject. The fall term and spring term
student populations, assignments, and questionnaires were different from onc another, so they
will be discussed separately.
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Figure 7-1: Number of logins and hours used per day, fall 1989, from a group of 15 undergraduaie
students. The large amount of activity in late October immediately preceded a pair of student
presentation sessions based on CVSIM.

7.3.1 Program usage evaluation

Log messages were recorded every time the simulation was started and stopped. Because some
students left their programs running and others killed the simulation before the end-time log could
be written, some of the end-time logs are unavailable. As a reasonable substitute, the average
usage time was calculated from available end-time logs and used in place of the recorded usage
time for a missing 12% of the ;md logs in the fall group and 30% of the end logs in the spring
group.

Figures 7-1 and 7-2 provide a comparison between the usage habits of the undergraduate and
graduate/medical student populations. The undergraduate utilization of the simulator was more
limited in the course calendar, but undergraduates individuaily spent more time per day on the
simulator than the graduate/medical students. Both populations used the simulator in spurts which
coincided with assignments; however, the background activity, outside of specific assignments,
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Figure 7-2: Number of logins and hours used per day, spring 1990, from 2 group of 45 grad-
uate/medical students. Note that although “hours used” appears similar to Figure 7-1, the per-
student usage is less by a factor of 3. Peaks are noted corresponding to an orientation isboratory
Feb. 12, problem set due Mar. S, home quiz due Mar. 22, and patient case discussions on Mar.
28, Apr. 18, and Mzy 9.
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appears to be greater for the graduate/medical student population. Because of the difference in
amount of time spent per student per day, it appears that the graduate/medical students were able
to make more efficient repeated use of CVSIM than the undergraduates.

7.3.2 Questionnaire resuits
Agree/Disagree statements

The agree/disagree statements are listed in Tables 7.1 and 7.2. The statements are ordered in
matched paire rather than in the questionnaire sequence. Means, standard deviations, and ¢-
statistics were computed for each pair to determine whether that pair was answered significantly
favorably or unfavorably.! A mean iess than three on a first question, or greater than three for a
second question in each pair corresponds to a favorable result. Negative differences correspond
to a favorable balance between the two questions.

Although only eight questionnaires were obtained from the fall, 1989 group, four out of the
seven statement pairs showed statistically significant differences; only one of those four had the
difference in the unfavorable (> 0) direction. The students responded that the simulator project
was worthwhile, that they enjoy exploring simulations, or at least do not avoid computers; that
the software and hardware ran acceptably, or at least that the printer was not always broken;
and that course software can make the material easier to understand. The students in the fall
group did not find any utility in the simulator beyond the specific course assignments. They were
more equivocal about whether CYSIM was boring or fun and whether such simulations should
be developed for all their other subjects.

In contrast, the spring, 1990 group of 25 questionnaires from graduate and medical students
had significant differences between every pair of answers, with only one pair with an unfavorable
response. This group was adamant that the simulation was useful, fun and effective at demon-
strating how hemodynamic variables depend on component properties (p < 0.0005). They also
thought that they would not have learned as well without the simulator, that its use should be
required. and that they used the simulator outside of the normal simulator assignments. However,
they did not generally utilize the written documentation for CVSIM.

'Roser [$0, p. 243] ic a good spplied statistics text.
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STATEMENT MEAN STDEV p VALUE
1: Agree - 5: Disagree (N = 8)

1. The Cardiovascular Simulator project was a useful leamn- 1.63 1.06
ing experience.

5. The project was a waste of time. 438 0.74
DIFFERENCE: -2.75 < 0.005
3. 1 wish all courses used software such as CVSIM. 363 092
9. I avoided using the software as much as possible. 3.50 141
DIFFERENCE: 0.13 NS
6. I like expioring computer simulations. 3.25 1.04
15. I aveid computers whenever possible. 4.25 0.89
DIFFERENCE: -1.00 < 0.1
8. Ihad fun using the program. 3.00 1.07
2. Using the software was boring. 2.63 1.06
DIFFERENCE: 0.38 NS
10. T used the simulator for other problem sets as well as the 5.00 0.00
project.
13. ‘The simulator was useful only for the project assignment. 3.50 1.20
DIFFERENCE: 1.50 < 0.005
12. The software and hardware all ran smoothly. 3.060 0.93
7. The printer was always broken or out of paper. 4.25 1.16
_ DIFFERENCE:  -1.30_ < 0.05
14. The simulator was essential for me to understand cardio- 3.7 1.16
vascular hemodynamics.
i1. No amount of course software would make the material 4.50 0.53
easier to understand.
DIFFERENCE: -0.80 < 0.1

4. The project would have been better without the computer.  4.00 0.53

Table 7.1: Fall, 1989 questionnsire statement responses. Statements are paired by category, with
the positively-phrased question first in each pair; the original ordering of questions is listed to
the left. A negative difference of means corresponds to a favorabie rating. Significance was
calculated from paired t-tests for the difference in response between the positive and negative
question forms for each topic (NS = no significant difference).
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STATEMENT MEAN STDEV pVALUE
1: Agree - 5: Disagree (N = 25)

e

1. The cardiovascular simulator provided a useful leaming expe- 1.56 0.71

rience.
4. The simulator assignments were a waste of time. 3.84 1.31
DIFFERENCE: -2.30 < 0.0005
8. I had fun using the program. 220 1.00
2. Using the software was boring. 384 1.07
DIFFERENCE: -1.60 < 0.0008
3. The use of the simulator should remain mandatory for everyone 228 117 ]
taking HST-090.
14.  Although the simulation is fun for some people, its use should 3.00 141
not be required formally in the course.
DIFFERENCE: -0.60 < 0.15
5. The simulator is effective in demonstrating how hemodynamic 1.68 0.83
variables depend on component propeities.

16. The simulator is not helpful for understanding complicated 340 1.53
physiological interactions with many parameters.
DIFFERENCE: -1.70 < 0.0005
1I. The control system model is an important adjunct fo experi- 2.30 1.06
ments on the uncontrolled system.
7. 'The control system model was cifficult to use effectively. 3.55 1.18
DIFFERENCE: -1.00 < 0.01
I8. I used the simulator electively to understand concepts or work 3.16 1.49
on assignments outside of the explicit simulator assignments.
9. I avoided using the simulator as much as possible. 3.76 1.27
DIFFERENCE: -0.60 < 0.15
13. I would not have understood hemodynamics nearly as well 252 1.16
without the cardiovascular simulator.
10. No amount of computer software would make the course con- 4.12 1.27

teat easier to understand.

. DIFFERENCE: -1.60 < 0.0005
6. 1 like exploring computer simulations. 240 1.12
15. I avoid using computers whenever possible. 424 1.13

DIFFERENCE: -1.80 < 0.0005

17. The documentation for the simulator was helpful. 283 0.92 ‘
12. 1 did not utilize the CVSIM user manual very much. 2.08 1.26
’ DIFFERENCE: 0.64 < 0.1

Table 7.2: Spring, 1990 questionnaire statement responses. See caption of Table 7.1 for organi-
zation. A negative difference corresponds to a favorable rating.
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There are many confounding factors that might have caused the differences between these
populations of students: medical students may be less frank in the responses or have lower
expectations about teaching software than M. I. T. undergraduates or the instructors or teaching
assistants may have imparted different information regarding the simulator; however, there are
several other possible reasons which deserve consideration. The graduate and medical students
may have been more open to new teaching approaches, more direct in their approach to problems,
and more mature in their evaluations than the undergraduates. It may be that a less intensive
assignment mix over a longer period of time engenders a better feeling towards the simulator, or
that the hardware or software actually performed better in the second term.

Note that these generalizations may not be accurate: pitting the disagreement of a negative
question against the agreement to 2 positive question in no way guarantees validity of results. The
results are dependent on the student’s predilection to answer favorably, the emotional appea! of the
statements, and other criteria which are difficult to identify. However, to improve drematically
on the validity of the study would be of little benefit compared to the subjective information

available from free-form comments.

Written comments

Valid objective utility information is difficult to obtain and of dubious value compared with the
wealth of subjective reactions in oral and writien comments from studeats and course faculty.
The short-answer questions from the questionnaires can supply much more information with less
cost than a whoily objective approach.

Students were solicited for written comments through the questionnaires, through electronic
mail, and as part of a laboratory writeup. A complete transcription of the fall, 1989 and spring,
1990 responses is given in Appéndix B. For a totally unbiased view of the datz, one should read
the appendix itself. I will oniy attempt to provide my impressions of the student comments.

Fall 1989 comment impressions The undergraduates were asked for general impressions, de-
scriptions of problems, descriptions of what was learned, and how the course and software might
be improved. Most of the students’ responses to general questions were favorable: most students
mentioned “useful” as a general impression, although a few thought that it was difficult to become
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familiar with the user interface. Most complained about the inability to show two different sim-
ulations simultaneously, although that was possible if the student ran two independent instances
of CVSIM on his or her display. A few reported cra.! =3, presumably due to programming bugs.
Listed strengths of CVSIM included a good representation cf how changes to the cardiovascular
system affect the state of the system, of how computer model implemeniations can show the
limitations of mathematical knowledge about a system, and more specifically it was strong in
teaching about time-varying elastance theory, linear resistance, and compartmental capacitance
models of physiology which are an integral part of CVSIM. Several students mentioned the
need for a computer-based tutorial; evidently the introductory lab in that term was insufficient to
acquaint the students with the computer program.

Spring 1990 comment impressions The Ph. D. and M. D. candidates were asked fewer writ-
ten questions than the undergraduates; however, the questions covered the same general topics.
The medical students enjoyed seeing the pressure — volume loop and the complex interactions
between parameters and variables. Some said that the simulator provided a good framework for
understanding physiology: one stated that most of what he or she learned about physiclogy was
from the simulator. One of the assignments during the term required the calculation of stroke
work from a P-V loop, which was not easy to determine; this engendered some negative feel-
ings. The major problems for these students were slowness of the IBM RT/PC computers and
problems waiting for printouts from the now-defunct IBM 3812 PagePrinter. Overall responses,
however, were positive, and seemed to refiect an enjoyable leamning process. There were very
few recommendations for an on-line tutorial: the introductory laboratory may have been betier
managed, or possibly the medical students had less trouble mastering the user interface.



Chapter 8

Discussion

In this thesis I have described my efforts to improve and extend a computer teaching model of
cardiovascular hemodynamics. I have provided verification of the model parameters from the
physiclogy literature; developed, implemented, and verified a model of the baroreflex control
system; designed and implemented an advanced real-time graphical user interface; and demon-
strated the utility and acceptance of the resulting computer program in the teaching environment
for which it was designed.

Although the objectives stated in Chapter 3 were met, there remain many possible improve-

ments which would provide a more accurate and versatile simulation.

8.1 Possible model enhancements

A trade-off is inevitable between the elegant simplicity of a model and its performance in com-
parison with observed data. When modelling a complex physiological system for educational
purposes, decisions must be made to restrict the scope of the model and to ignore certain physio-
logical realities, in order to keep the system as intuitively understandable as possible. However,
carefully chosen model enhancements can illuminate additional physiological principles and en-
rich the learning experience. The barorefiex control system is one example of the many exteasions
which can be made. I will give a brief overview here of some possibilities for further efforts in
developing the hemodynamics and barcreflex teaching models, and will describe some simulation
experiments which an improved model and interface could facilitate.
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8.1.1 Hemodynamic model enhancements

Although an attempt was made to provide the best linear lumped-parameter model of hemody-
namics, there are several areas in which the partially-nonlinear aspects of the physiology could
be incorporated to the advantage of the student.

Compartmental volume limits

The curreni model has no upper bound on the volume of a compartment: volume increases linearly
with increased pressure ad absurdum. This is especially problematic in the right ventricle, which
is filled to its well-defined capacity in diastole in the normal regime of cardiac function.

It was necessary to decrease C, 4i, and increase R, in order to maintain appropriate levels
of filling during normal operation; even so, the cardiac output responds inaccuretely to iticreased
heart rate because RV filling is overly dependent on filling time. If each compartment had a
maximum volume “V,,." defined, beyond which no inflow were allowed, the diastolic ventricular
compliances could be increased. In such a volume-limited simulation, heart rate would have &
greater, and more physiologic, effect on cardiac output and arterial pressure than in the current
model. Alternatively, a breakpoint in the pressure-volume relation could be defined, beyond
which the incremental capacitance is greatly reduced. This alternate epproach might allow a

more accurate modelling of the approach to maximum volume.

The collapse of veins

It is also possible for volumes to become negative in the current simulation. This unsavory
situation can develop when the external pressure on a vessel is increased 1o greater than its internal
pressure. This could happen, for instance, during the Vaisalva maneuver, when transthoracic
pressure can reach +40 mm Hg, and the pulmonary vascular pressures were originally around 30
mm Hg.

Instead of collapsing, the veins *“mathematically intussuscept” into their adjacent compart-
meats, giving up blood volume that they do not have. This problem could be rectified by a
nonlinearity to prohibit outflow from compartments with zero total volume.
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Pulmonary resistance and the vascular waterfall

The pulmonary system poses special problems in modelling. The pulmonary microvasculature
sits in a bed of varying external pressure due to gravity effects on the lung. As cardiac output
increases, blood is forced higher into the lung tissues, and the number of parallel capillaries in use
is increased. This gives rise to a decreased R, for increased flow, resuiting in a more constant
P,,. Permutt and Riley [45] described this “vascular waterfall” mathematically. In order to model
the pulmonary resistance adequately for detailed pulmonary hemodynamics experiments [38],
[42], it will be nzcessary to make R,, dependent on P,, and P,,. It may be enough to make
the resistance a function of P,, alone; this would reduce the required computation of resistance

to the equivalent of a one-dimensional look-up table.

Nonlinear arterial system

The most visible and important time-invariant compartment in the simulation is the arterial system.
There are three ways in which this system is modelled inaccurately to the extent that it is noticeable

by students:

o The physiological arterial system is nonlinear over the range of pressures pertinent to the

simulation.

e There is no model for the deceleration and rebound of blood at the end of ventricular

ejection, and therefore no dicrotic notch.

e The arterial pressure is given only at the root of the acrta: transformation of the pressure
pulse through the branching arterial tree is not modelied, whereas it is easily measured in

humans.

The easiest addition would be a nonlinear pressure-volume relation for the arterial compart-
ment (see Section 4:1.3, page 34). Li et al. [32] have proposed an iterative approach to estimating
the nonlinear arterial compliance in man. For modelling specific patients, this would be a great
improvement over data obtained from autopsy studies such as in Figure 4-1. However, we gen-
erally are not interested in modelling a specific subject, but in putting together the essential
concepts which are the bases of the system’s behavior. For this reason, it may be preferable to
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approximate the arterial pressure-volume relation by a smooth curve which might be modifiable
by the student to alternatively mimic young, relatively elastic arteries or elderly, atherosclerotic
arteries. The most obvious result of such a nonlinear model would be that hypertension leads to
larger pulse pressures.

In order to produce a dicrotic notch in the arterial pressure waveform, the inertance of blood
must be modelled. This would require, in electrical circuit terms, the addition of an inductor
element in series with ventricular outflow. Although the dicrotic notch is visible in arteriai
pressure tracings, it is not of overall significance to the circulation, It might be useful, however,
to have an optional dicrotic-notch generator to demonstrate the origin of this ubiquitous arterial
pressure feature.

The distributed properties of the arterial tree have not been addressed by the model. Many
comprehensive arterial models have been developed, but most would require the addition of
several parameters to the system, and would unnecessarily complicate the simulation for students.
If the distributed properties are to be investigated, it shouid be done using a model independent
from the current one.

It would be reasonable to attach an externally-defined model to CVSIM through a set of
programmed routines; however, a description of how to do so is outside the scope of both this
thesis and the courses for which CVSIM was designed.

The addition of atria

It might be useful to add atrial compartments to the simulation. This would require the addition
of four elements: two time-varying capacitances and two resistances. Their primary utility would
be in studying high-output stats such as exercise, and possibly atrial stretch reflexes and other
more sophisticated matters. Cirrently, compatation time is enough of a concern to require the
fewest number of parameters possible; atria were deemed to be insufficiently important to the

simulation and were thus jeft out.

Left and right heart time-varying elastance

In the investigation of time-varying elastance of the ventricles, it was learned that the current
C'i produces an E(t) which does not agree closely with a published average ((1 /P)dP/dt)maez
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of 44 s~1. The current model reflects a relatively weak isovolumic contractility. In addition,
the radically different geometries of the two ventricles lead to different E(¢) curves for left and
right, which could be based in part on human RV elastances measured by Italia and Walsh [16].
Separately determined Ey(t) and E,(t) with a careful, multiple-parameter fit for each ventricle

would be an improvement over the provisional elastance curve in CVSIM.

Force-length-velocity modelling of the contracting ventricle

Our model assumes a time varying capacitance of the ventricle, in common with Sunagawa and
Sagawa [60], as the basis for the driving force in the circulation. Cardiac contraction can be
more carefully modelled as a set of functions relating maximal force to fiber length, and maximal
velocity to fiber length. Beyar and Sideman have developed a model which incorporates the
force-length-velocity model to determine the cardiac outflow [7]. However, for simplicity our
model uses only the time-varying elastance and the inflow and outflow resistances to determine
flow, even though it may lead to unrealistic fiber-shortening velocity and large forces on the heart
muscle.

An implementation of the force-length-velocity model to determine outflow during ejection
would provide a much more accurate model of the ventricle, especially in pathological situations.
For example, in critical aortic stenosis the current model develops a very high pressure peak in
early systole due to rapidly-rising E(t); this anomaly could be prevented by a contraction-based
model.

8.1.2 Reflex model enhancements

The barorefiex control system could be improved in several ways. As with the basic kemodynamic
model, there is always a trade-off between simplicity and accuracy which must be considered in
the context of teaching physiology.

Assymetric sympathetic response

As described earlier, sympathetic withdrawal has a much slower time course of action than
sympathetic stimulation, because of the continued presence of neurotransmitter in the synapses

after stimulation has ceased. One could use the current sympathetic impulse response for the
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onset of sympathetic activity, and substitute another impulse response with a longer delay for
sympathetic withdrawal. This would incorporate nonlinear behavior in the form of a switch,
which would choose the fast response when s is increasing, and the slow response when s,
is decreasing. This would require that an additional signal history be kept, to store the action-
or-withdrawal state of the sympathetic system. The implementation implications of such an

asymmetric systera have not been fully considered.

Gain versus oscillation

A more complete analysis of the delay and gain associated with the baroreflex, with particular
emphasis on parameter sensitivity, should be conducted to evaluate the stability of the controlled
CVSIM model as compared to physiologic studies. Sagawa’s analyses might prove useful for
this study r51].

Recently it was found by Clark [13] that the unmodified DeBoer model exhibits marked
parameter sensitivity, an unstable oscillation pattern being easily demonstrated by small parameter
deviations. A defect in that model is that the feedback time response is dependent on heart rate
due to the beat-to-beat nature of the data. Although underdamped oscillations are observed, the
current CVSIM model as implemented here does not show such marked parameter sensitivity,
Small feedback gain modifications have proven effective in restoring behavior well within the
limiting bounds of s’ for all hemodynamic parameter settings which have been investigated.

Availability of control system parameters for modification

Currently, only the pressure setpoint sy and overall parasympathetic and sympathetic gains are
available for user modification, In order to perform comprehensive experiments in cardiovascular
control, the impulse responses, or at least the mean delay times, should be under user control.
Additional user interface widgets are all that is needed to put the control system completely under
the control of the experimenter.

Automated s, setpoint choice for nonstandard patients

When the control system is activated on a patient with a mean arterial pressure different from

the expected 99.0 mmHg, a baroreflex response is initiated o return the blood pressure to the



8.1. POSSIBLE MODEL ENHANCEMENTS 103

setpoint. Frequently, it would be preferable to automatically change the setpoint to the current
mean arterial pressure; this would be a crude model of the well-known “long time constant”

adaptability of the baroreceptor.

Additional hemodyramic reflexes

It is known that the arterial baroreceptors do not provide the only input signal to short-term cardio-
vascular regulation. The atrial stretch and other low-pressure venous and pulmonary baroreceptors
probably have as great an infiluence on venous tone, for example, as do the arterial receptors,
and they have a significant input to the heart rate [33], [26], [27]. A general, user-configurable
control system could be developed which linearly controls any parameter based on any set of
variables, with a graphically-specified impulse response. Such a “universal control” model might
even be useful as a tool for original physiology research.

8.1.3 Possible extension for physiological experiments

With CVSIM as a basis for experimentation, it would be desirable for the experiments described
in physiology textbooks to be easily accomplished on the simulation. Some things, such as
Guyton’s cardiac output/venous return curves, are difficult but possible to accomplish with the

current CVSIM; others require model or user interface extensions to be performed.

Altered network topology: shunts

Many students have asked about the possibility of producing shunts of various kinds in the
simulation. Currently, this is not possible: each additional connection would add terms to two
of the state equations, which are not modifiable except at program compilation. If students were
to write their own set of simula-tion equations and compile their own programs, however, almost
any network could be realized. This would change the nature of the student interaction, allowing
much more flexibility and a deeper appreciation for modelling constraints. It seems infeasible at
present to add topology flexibility to the run-time computer simulation: too much computational
overhead would be involved in checking all the possibilities.

There are a few simple topology enhancements which would cover most of the physiologically
relevant flow anomalies and which could be added more easily: valvular regurgitation could be
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modelled with leakage resistances in parallel with the diodes, and 2 possible ventricular shunt
could be added by connecting the ventricles by a resistance which is normally very high.

Open-system experiments

Many of the classical physiology experiments involve opening the cardiovascular system of an
animal and controlling all parameters except those of interest; for exampie, the Starling heart—
lung preparation. It would probably be easier to develop separate sets of state equations for each

such experiment, and then provide a menu of situations from which to choose a simulation.

Cardiac output/venous return curves

One of the more useful concepts in understanding the interaction between the heart and the
vascular system is the cardiac output/venous return curve. Guyton developed this approach [24],
which displays a curve of cardiac output given a consistent heart under varying loads, and a curve
of venous return given a consistent vascular system under varying cardiac pumping strength. The
intersection of the two curves is the normal operating point. Interventions can be described as
moving either the cardiac output curve or the venous return curve, or both.

It is fairly difficult to produce this graph with CVSIM (Figure 8-1), because it requires
connecting operating points from multiple steady-state experiments. A user interface object
which allows the collection of data points and then plots them on a graph would make such

experiments much easier.

8.2 Possible implementation enhancements

In addition to enhancements of the underlying mathematical models, there are several interesting

possibilities for improving the implementation and user interface.

8.2.1 Clocked output for real-time operation

When the simulation was first being developed as a dynamic simulation, the workstation platforms
were slow enough to make actual real-time simulation infeasible. However, the part three years

has seen an incredible increase in the processor speed of engineering workstations: the simulation
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Figure 8-1: Guyton’s cardiac output/venous return curve reproduced from CVSIM. The cardiac
output curve was obtained by varying total blood volume in 500 ml increments from 3500 ml
to 6000 ml. The venous return curve was obtained by varying cardiac diastolic compliances
from systolic values to twice the normal diastolic values; this changes the stroke volume, so that
cardiac output varies. The irreguiarities in the venous return curve are the result of changing
the right and left heart compliances unevenly as the values shift between a ratio of 2:1 for large
capacitances and 3:1 near the systohc values.
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now runs on a DECstation 3100 at up to 4.5 times real time! With the expectation that hardware
capabilities will only increase, it would be reasonable to tie the simulation time to real time using
the system clock, and to allow other processing, such as a tandem simulation, to occur with the
remaining clock cycles. This would not be an unreasonable addition in practice; it simply has
not been done yet. An additional benefit to a clocked simulation would be an improvement in
the response time for mouse button clicks, since the X instruction queues will not be filled at the

maximum possible rate.

8.2.2 Multiple patients

One of the most common complaints about the simulator is that it presents only one patient
at a time. With increased processor speed, it would be easy to adapt the user interface to
control multiple distinct simulations. A difficult part of this addition would be a mechanism for
distinguishing the simulations graphically; they could be numbered or named, but space for the
simulation name or number must be created for all of the plot and interaction windows. If color
workstations were available, it would be a simple matter to give each patient a different color

scheme.

8.2.3 User storage and retrieval of simulation state and images

After a long simulation run, it might be desirable to go back and look at variables which were
not originaily plotted; saving portions of the simulation data on the student’s digk space would be
even better. It is not currently done because of the overhead involved in moving large amounts of
data during the simulation. Perhaps an option to “capture” simulation data to disk at appropriate
times in the experiment would mamtam normal simulation efficiency while supplying the needed
functionality.

Likewise, images of data should be saveable. Use of X commands in Unix allows complete
freedom of storage, manipulation, formatting, and printing of the X windows from the simulator,
but this is not documented in CVSIM and does not have the point-and-click simplicity of the
built-in screen dumps. A few buttons could be added to the simulator for loading and dumping,

as well as printing, X windows.
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8.2.4 Automated interventions

Some students have been disappointed with the lack of “realistic” physiological state and interven-
tion choices in CVSIM. These comments have usually been phrased in terms of drug action; for
example, “Why can’t I just give the patient some epinephrine and watch what happens?” Instead,
the student must estimate the actions of epinephrine on the circulation, and modify the relevant
parameters. Some of the course faculty have praised this requirement for rigorous understanding
of drug action; however, most students will not try complex parameter manipulations because
of the difficulties involved in arriving at a “correct” simulation. The addition of a menu of
drugs, which would modify the system appropriately according to a time course of action, would
enhance the clinical flavor of the student interaction, especially for the patient case studies.

In addition, it may be useful to allow for arbitrary time-varying parameters. For instance, P,
and R, are known to vary with breathing. Studies of baroreflex control and other simulations

with long time constants would be made more realistic by such variations.

8.2.5 Spectra of variables

The study of cardiovascular control relies heavily on frequency-domain methods. A widget which
plots the Fourier transform of Kaiser-windowed heart rate or arterial pressure, for instance, would

allow for some interesting comparisons to the cardiovascular variability literature.

8.2.6 Improved printouts

Currently, the printouts obtained from the simulator are simply X screen dumps produced by the
xdpr command. Much higher-quality graphics can be produced from the PostScript printers by
constructing PostScript code directly from the plot data rather than printing the grainy-appearing
screen windows. This would require the saving of plot data, but data storage is desirable anyway

for user-specified redrawing of plots.

8.2.7 A dynamic simulation graphics library

The ultimate in flexibility for simulation wonld be for the student, or researcher, to write his or her

own mathematical simulation routines, and to provide hooks for the user interface to manipulate
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the simulation. The major problem is the definition of a flexible simulation-to-interface protocol.
One might imagine a table of parameters, their names and limits, etc. as in parameter.db
(see Section C.3, page 201), with predefined functions to be called at specified times, such as at
startup, when requesting new data, or when a menu item is selected by the user.

In addition, the more versatile sections of code, principally the Plot and NumberLine widgets,
could be used by any other X program requiring dynamic parameter manipulation and plotting.
The X Toolkit protocol makes it very easy for an application programmer to “drop in” the widgets
of his choice, including those created for this dynamic simulation.

8.3 Conclusion

The cardiovascular simulation CVSIM is itself a dynamic entity, and will never be complete.
Its utility in teaching the basics of hemodynamics is unquestionable, but equally unquestionable
are current deficiencies and possible improvements. As technology and physiologic knowledge
continue to advance, there will always be room for additions and corrections to the cardiovascular
simulator. I hope that its present incarnation will survive long enough to touch the lives of many

future doctors and researchers.
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Part I: User Manual

The simulator has been designed to be as user-friendly and self-explanatory as
possible. Part I of this document, the User Manual, will serve as an introduction and as a
description of the program's major features. Examples and student exercises round out this
introductory material. The user is strongly encouraged to read through Part I, performing
the examples and exercises to become better acquainted with all aspects of the program.
Part I1, the Software Reference Manual, describes every element of the user interface in an
organized fashion.
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1. Introduction

Purpose

The Cardiovascular Simulator is a dynamic computer simulation of human
cardiovascular hemodynamics, primarily intended for students of physiology and medicine.
It is implemented on engineering workstations running the X Window System, allowing
the student to perform a variety of measurements in a real-time simulated cardiovascular
system, not all of which would be possible in an animal laboratory. The simulation is
based on the lumped-parameter mathematical model taught in Quantitative Physiology and
Cardiovascular Pathophysiology courses in the Harvard-M. 1. T. Division of Health
Sciences and Technology.

Project Athena

The computer simulation is implemented on the M. 1. T. Project Athena student
computing network, composed of Unix workstations donated by I. B. M. and Digital
Equipment Corporation. These workstations are connected on a campus network, and
utilize the X11 window system. Project Athena staff are available for consultation and to
report problems. Many other scientific and word-processing packages are available on
Project Athena; see Getting Started on Athena for more information.
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2. The Model

The Basic System

The model which forms the basis of the simulator, based on an analog computer
implementation by Defares [1], is shown in Figure 1. The cardiovascular system is divided
into four major sections: the left heart, the systemic (peripheral) circulation, the right heart,
and the pulmonary circulation. Each side of the heart is modelled by a variable capacitor,
representing the pumping action of atrium and ventricle as a unit, and two diodes,
representing the atrioventricular and arterial valves, and inflow and outflow resistances. In
total, the blood storage capacity of all vessels are lumped into six capacitances (Cj, C,, Cy,
Cr, Cpa, Cpv), connected by six resistances (Ry;, Rjo, Ry, Ry, Rro, Rpe), and four ideal
flow valves (Dy, Dio, Dyi, Dyo).

The program calculates experimental data based on constituent relations for each
clement and the continuity of flow through the system, analogous to Kirchoff's Current
Law for electrical circuits. For the resistive pathways (resistors), flow is the pressure drop
ii_cross the pathway divided by the resistance of the pathway, equivalent to Ohm's Law for
inear resistors.

Q=P/R Electrical Analog: i=v/r 1)

For the capacitative compartments (capacitors), fiow is equal to the time rate of
change of volume in the compartment.

Q. =dVydt i=dg/dt @)

The volume in the compartment can be expressed as the pressure times the compliance,
plus the the zero-pressure (atmospheric) filling volume.

Ve=P.C+ Vp q=vc+qo ?3)

Therefore, the change in volume is
dV/dt = d(P.C)/dt dg/dt = d(vc)/dt 4

This gives a complete equation for the continuity of flow:
Q. = C dP./dt + P. dC/dt i =cdv/dt+vdc/dt (&)

The lumped-parameter model is described fully by Eq. (5) applied to each of six
circuit nodes, with initial conditions. These equations are solved numerically, giving
pressure, volume, and flow through each compartment of the system. Initial parameters
are chosen which closely match experimental data from the literature. The variable
capacitances in the heart are driven by a pre-computed time function, also derived from
experimental data. The user of the simulator may modify all local and system parameters at
any time; the instantaneous response to such perturbations can then be visualized for any
pressure, volume, or flow at any point in the system.

User Manual 6/17/90 Cardiovascuiar Simulator



Pulmonary Pulmonary Pulmonary
Veins Microcirculation Arteries
""" """

Left Right
Ventricle Ventricle
Systemic Systemic 1 Systemic
Arteries Microcirculation Veins

I'A"' l'l'l'
R
Te. - To *

Figure 1. Circuit Diagram Equivalent of Lumped Parameter Model

The Baroreceptor Control System

The simulator incorporates a baroreceptor feedback control model in addition to the
hemodynamics described above. The baroreceptor senses arterial pressure, P,, producing
an afferent signal, S, proportional to the deviation of P, from the current setpoint pressure,
Psp. The physiological control pathways are described in Figure 2.

This control signal is used to modulate autonomic activity to control heart rate and
contractility, peripheral resistance, and venous tone. We have chosen a proportional
control law which updates HR, C)sys, C; sys, Ra, and Vg by adding to each of these
parameters a deviation consisting of a moving average of the control signal multipiied by a
gain factor. The model is based on the work of DeBoer [2]. Each limb of the response has
a specific delay due primarily to the response times of different autonomic nerve types and
end-organs. Afferent nerve and central nervous system delays also contribute to delay in
the control system (Table 1).

NERVE TYPE - LATENCY MAX RESPONSE LENGTH OF RESPONSE
Alpha-sympathetic 2.0 sec 5.0 sec 30.0 sec
Beta-sympathetic 2.0 sec 5.0 sec 30.0 sec
Parasympathetic 0.0 sec 0.5 sec 1.0 sec

Table 1. Delay values for reflex responses

Eq. (6) is the control equation for peripheral resistance. It incorporates a resistance setpoint

Ry, an alpha sympathetic tone constant T (usually zero), a gain factor ¥, and a moving
average of the control signal, S[n].

Cardiovascular Simulator 6/17/90 User Manuai



Parasympathetic .
ANS Sympathetic g »| SA Node

a

S
P + Arteriolar Resistance,
Sp Venous Tone, Heart Rate
' Contractility

Baroreceptors
Y Y
Pa
Arterial Pressure He modynamics

Figure 2. Baroreceptor Reflex Loop

L
Raln]=Ro+1+y kéo h(k] S[n-k] 6)

The other controlled parameters are set similarly, but with different values for 1, ¥, the
weighting function h(k], and the nominal parameter value setpoint.

: The gain values for heart rate and peripheral resistance were obtained from DeBoer
[2], whereas contractility and resistance gains were calculated directly from known near-
maximal physiological responses in order to produce reasonable activity. This
approximation may not hold for such a linearized operating-point control model; therefore
caution should be used when making physiological inferences based on the control system
model. For that matter, it should always be remembered that the cardiovascular simulator
is not by any means a complete model of hemodynamics — it merely serves as a linear
simplification for uglity in understanding the principles of the real, nonlinear system.

REFLEX LIMB GAIN RESPONSE TIMING

heart rate 18 ms/mmHg beta-sympathetic &
parasympathetic |

contractility 0.007 mymmHg/mmHg beta-sympathetic

peripheral registance ’ 0.011 PRU/mmHg alpha-sympathetic

VENous zero-pressure volume 26.5 m/mmHg alpha-sympathetic

Table 2. Gain and timing for reflex responses
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3. The Project Athena Computing
Environment

The cardiovascular simulator was developed for Project Athena, the student
computing environment at M. I. T. Project Athena combines the Unix operating system on
individual computer workstations with network-accessible resources such as printers,
software packages, and user accounts. While it is not necessary to know Uhix to run the
simulator, the student must be able to locate and activate a workstation, obtain a user
account, and manipulate windows in the X window system in order to use the software
effectively.

Project Athena provides a rich computing environment. In addition to the simulator
and software for other courses, a wide variety of scientific, mathematical, and
programming tools, word processing, electronic mail, and worldwide network access are
available to the interested student: see Getting Started on Athena and other Project Athena
documents for more information.

The Project Athena workstations

Each Athena workstation is an individual computer which relies on the network for
centralized file storage and user authentication. For instance, we maintain only one copy of
the cardiovascular simulator, which may be accessed simultaneously by several work-
stations.

HST and Whitaker College share a private workstation cluster in E25-131, which
will serve as the teaching cluster for this course. Currently there are eight IBM RT/PC
workstations, two DEC 3100 workstations, and a PostScript printer in the HST cluster
connected to the Athena network. There are also many other public computing clusters
across campus where this sofiware may be accessed.

How to register for an account

Find an unused, deactivated workstation which has the "Hit any key to start"
message or login window displayed. Hit a key and wait a minute if you do not already see
the login window containing the Athena logo.

If you have never used your Athena account, move the mouse so that the pointer is
on the small words "To register for a new account” and click the left mouse buiton. A
registration window should appear. Make sure the mouse pointer is inside this window,
and type in the requested information, hitting return when you are done with each question.
If all goes well, you should be able to log in within 24 hours.

N.B. All students mus: register for an account BEFORE THE INTRODUCTORY
LAB SESSION. -

How to interact with X

All Project Athena workstations use the X11 Window System for user interaction.
X manages your display screen, keyboard, and mouse as a collection of independent
windows, each of which may represent a single computer program (Figure 3). The
window manager allows you to move and resize these windows, and to choose a window
for input by placing the mouse pointer inside the borders of that window. Each window is
like a separate computer terminal, allowing you to do many different things at once. One
such program is the vt100 terminal emulator, called xterm. To have another terminal on
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your screen, just type xterm & (the ampersand starts the job in the background). The
window manager will inform you that a new window has been created by changing the
shape of the mouse pointer. Put the mouse pointer in the upper-left comer of where you
want the window and click the left mouse button. Now you have two computer terminals.
You must be careful to keep the mouse pointer inside the window of interest, because each
window will only accept input when the mouse pointer is inside its borders. In this way,
you ca? type a letter to a friend in one window while compiling a program in another, for
example.
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RTI INGRES BATARASE
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'
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Athsns User Services
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athenal cd /mit/het/Boc/TVSix/Duses
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Figure 3. An example X Window System screen

The top-level windows such as xtezms are manipulated by the window manager.
The window manager allows you to move windows around, uncover obscured windows,
reduce windows to icon form, etc. Project Athena has recently settled on the Motif
Window Manager, mwm as the default.
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Verify that you are using mwm

If each of your windows (except logout) has a small title bar with symbols in the
corners, as in Figure 3, you are using mwm. If not, you may wish to change to mwm so
that the course staff can help you with your window management problems. Ask a
consultant (by typing olc, see On-Line Help below) if you have a question about this
when the course staff are unavailable.

mwm usage summary

The two buttons at the right end of the title bar affect the size of your window.
Clicking your left mouse button on the left of these two iconifies your window. Clicking
the left button on the right one "maximizes" your window to fill the screen. To expand an
icon, double click on it with the left mouse button, or click once and then choose the
“Normal Size" entry on the pop-up window. Clicking and holding any mouse button on
the box at the left end of the title bar produces a menu offering functions listed in Table 3.
You can also bring up this menu by pressing either the middle or the right mouse button
anywhere along the border of your window, including the title bar. Look in Getting
Started on Athena for more information.

Function egion Mouse Mouse
Button Action
Move Title Bar _ LEFT g
Resize Edge or Comer | LEFT Dra
Tconify Right Corner LEFT Click
small box _
Deiconily Icon LEFT Double
Click
Shuffle Up | Edge or Comner | LEFT Click
Shuffle (In menu)
Down _
 Default Menu | Edge or Comer | RIGHT _| Click
Menu Ops. Background any Drag

Table 3. Using mwm to manipulate windows

Connecting te course software

There are many software packages on Athena which are accessed across a high-
speed network from a central location, rather than being loaded on each workstation. Each
software package is in a locker, a remote file directory which can be attached to your
workstation's file system. Your files are in a personal locker which is automatically
attached when you log in.

To attach a specific software locker, you can type attach <lockername>
where <lockername> is a user name or software package locker name. A preferable
way is to use the add command, which performs an attach and also allows you to use
the name of the software directly as a command. For example, to use the cardiovascular
simulator, type the following:

athena% add hst
athena% cvsim
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Know your printer

Most Athena clusters have one or more printers. Each one has a name, which
should be on the front of the printer. The printer in E25-131 is named imhotep, after an
ancient Egyptian physician. The cardiovascular simulator allows you to make printed
copies of plots on the screen. The cardiovascular simulator may ask you for a printer name
if you have not already specified one, so that your plots will appear at the printer in your
cluster. If the printer in your particular cluster is broken or overly busy, you may choose
any other printer on the system; but of course, you must then go to another building to pick
up your printouts. Feel free to refill the paper cassettes on these printers with the paper
provided, but DO NOT use overhead acetates or any other foreign paper material in the
printers.

Making printouts is relatively easy. To make a copy of a screen window while not
in the cardiovascular simulator, type at an athenat prompt xdpr -Pimhotep
(where imhotep is the printer name) and then click the left mouse button on the window
of interest. There are several other printing facilities listed in Getring Started on Athena.

On-line help with Athena

Whenever you have a question or problem with Project Athena's hardware or
software, except for the cardiovascular simulator itself, you can ask for help on-line. The
Athena olc command will connect you with a program to interact via electronic messages
with a live consultant. There is also a help command which provides menu-selected
information specific to Project Athena. The Unix manual pages are also available. If you
don't know how to do something, you can search the manual by keyword by typing
man -k <keyword>, where <keyword> is something about which you need
information. The full manual page about any Unix command <command> is available
by typing man <command>.
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INTRODUCTORY EXERCISES ON
PROJECT ATHENA

Log on to Athena using your own account. See "How to Register for an
Account” above, or see Gerting Started on Athena. Note: The login
process may take several minutes to completely initialize your
workstation, so do it before taking time to get settled into your seat.

Create a second xterm window, iconify it, and make the original onc
larger. Deiconrify the second, and put it behind the first. Move them so
that they are both completely visible. Destroy both of them, by typing
exit or by using the window manager. Make a new replacement xterm
window by clicking the left mouse button on the background and
releasing the button over the "New Window" seiection in the pop-up
menu.

After logging in to Athena, print something on the printer in your cluster.
First, use xdpr to print one of your windows. Note that you must
specify the printer name as i-. xdpr -Pimhotep. Repeat the
command, this time clicking on the background to get a picture of the
entire display.

(For advanced or curious users.) Become familiar with the foliowing
commands: Is, cat, more, mkdir, rm, rmdir, csh, Ipr, lpq,
Iprm. You may also wish to familiarize yourself with emacs, a text
editor, and scribe, a text formatter.

ALL USERS: Be sure to log out of the workstation before leaving. Do
this by clicking the left mouse button on the Logout window in the
lower right corner, and clicking on Yes, or alternatively by typing
logout to an xterm window. You must wait until the screen goes
blank and the new Login window appears to be sure you have logged out
successfully.
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4. Using the Simulator

Starting the simulator program
At the Unix prompt (athenat), enter the following commands:

athena% add hst
athena% cvsim

Specify the printer name if you are asked to do so. The printer in the HST cluster is
named imhotep. Eventually, the Cardiovascular Simulator will start up, providing a
Help Window and the simulator's main command buttons (Figure 4). These rectangular
outlined buttons are your main interaction with the simulator. You can use these buttons to
plot data from a new catheterization, to delete unnecessary simulation windows, to alter the
course of the simulation, and to print copies of your plots.
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The help window

Read the text in the Help window. This will explzin the use of the mouse. When
you have finished reading, you may wish to iconify the window using the window
manager, or delete it from the simulator command buttons. To delete it, click on the
DELETE command button, wait for the mouse pointer to change shape, and then point the
mouse on the help window and click again. Note: The Kill Program entry in the
window manager menu will kill the entire cardiovascular simulator, not just the window
from which it appears. You can see the Help window again whenever you wish by
clicking on the HELP command button.

The NEW PLOT button and the plot menu

When you first start the simulator, it is already simulating a normal patient, but the
patient has no catheters placed to measure pressure, volume, or blocd flow. You may
choose to plot any such variable that you wish, in effect placing a catheter in that location
and hooking it up to the appropriate transducers and strip chart recorders. To do this, you
choose NEW PLOT.

Setting a variable choice

First, click on NEW PLOT, which will pop up a menu allowing you to CHOOSE
VARIABLE for each desired axis. Up to three variables may be plotted on the Y axis
against any single variable on the X axis. The default variable for the X axis is TIME, and
does not need to be changed for most plots. Locate the CHOOSE VARIABLE button for
"Y axis 1" and click on it. Upon clicking CHOOSE VARIABLE, a window will pop up
displaying the schematic diagram for the model. When you click on one of the anatomical
areas, the electrical circuit equivalents for that area will be displayed. Click one of these for
a menu of values (pressure, volume, flow) which can be measured in that location.
Independent variables (resistances, capacitances, etc.) may also be plotted in order to keep
track of variable changes for transient experiments. For instance, you may wish to view
systemic arterial pressure versus time. Systemic arterial pressure is found in the capacitor
constituent of the systemic arterial compartment. After clicking on the artery box and on
the .cﬁmtor. click on the small box beside the variable name o choose that specific
variable.

Choosing plot style and scaling

When you return to the axis definition table you can change the axis title, limits,
and/or auto-scaling. To set a nonstandard axis limit or title, place the mouse pointer inside
the small window containing the current limit or title, and simply type in the new one.
Alternatively, you may select the autoscaling feature. Autoscaling reconfigures the axes to
keep the entire plot within the limits of the graph. Note that if you are looking at two
variables on the same Y scaling, any autoscaling may cause the axis scales to become
unequal, resulting in an unaligned plot.

If you wish to place TIME on the X axis, you have the choice of strip-chart style
plotting, in which the paper moves and the pen stays at the right end, or oscilloscope style,
in which the pen wraps around, erasing the preceding data. The oscilloscope style is more
efficient. You may also select paper speed, in centimeters per second, as the X-axis scaling
option. Slow plots such as 0.1 cm/sec can be useful for tracking changes over many
seconds.

Creating the plot window

Once you have finished choosing variables for the X and Y axes, clickonDO
PLOT from the bottom of the menu. The mouse pointer will change and a window outline
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Figure 5. Choosing a variable to plot.

will appear, indicating the need to place the plot with the mouse. Do so by clicking the left
button. You can change the initial size by dragging the mouse before releasing the button.
The plot can be re-sized using the window manager, and axes can be modified or old data
removed using the buttons provided within each plot. You may have as many plots active
simultaneously as desired; however, as the number of plots increases, simulation time will
begin to slow and user interaction times can become protracted.

Changing your mind

Any time the Axis Definition (NEW PLOT or MODIFY AXES) menu is visible,
you may alter the information in any of the fields containing a carat (",") cursor. To do so,

carefully move the mouse pointer into that field, and edit the field from the keyboard. Each
of those small areas is a miniature text editor. You can erase the information originally in
the field by moving the carat to the right (by clicking the mouse or using the arrow keys),
and deleting the unwanted text with the backspace key. The first keypress will also clear
out old characters. Any time a CANCEL option appears, clicking it will remove the entire
menu without changing anything.
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AN EXAMPLE: LV PRESSURE V. TIME

CLICK (using the left mouse button) while the mouse pointer is on the
words NEW PLOT.

CLICK on CHOOSE VARIABLE under Y Axis 1. The circuit diagram
pops up. The X axis is Time by default; no need to change it.

CLICK on the Left Ventricle box to reveal the circuit squivalents.

Move the mouse pointer to the capacitor, and CLICK on it when it is
highlighted.

CLICK on the black box beside "LV Pressure.” The schematic
disappears.

If desired, you may choose a variable (e.g. Arterial Pressure) as Y axis 2
using the above techniques.

CLICK on DO PLOT, from the bottom of the plot creation form. That
form disappears.

Place the mouse at the upper-left corner of an empty area of screen and
CLICK to place your new plot on the screen.

Cardiovascular Simulator 6/17/80 User Manual
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Changing parameter settings

Initially, parameters of the simulation mimic those of a normal individual. These
may be changed at any time with the SET PARAMETER command button. You can plot a
variety of variables continuously while changing parameters such as resistance,
capacitance, blood volume, and heart rate.

Creating a number line

Parameters are modified by clicking the left mouse button in a number line
representation of the possible values for a variable. To create a number line, click on SET
PARAMETER, then choose a parameter from the circuit diagram much as you would to
select a variable for plotting.

Transient behavior vs. steady state

If the simulation is running and you have a plot showing, you can watch pressures,
volumes, and flows change instantaneously as you click on different values of the
parameter. The simulation will take several seconds to reach a steady state after such a
parameter change. You can stop the simulation before changing parameters, then restart it
after changing them with the STEADY STATE restart option if you wish te compare steady
state situations side-by-side. More commonly, you will be interested in the tansient
behavior, which can be done on-the-fly or by stopping and re-starting the simulation using
the TRANSIENT restart option.

User Manual 6/17/80 Cardiovascular Simulator
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Figure 6. Changing arteriolar resistance while observing LV pressure.
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AN EXAMPLE: EFFECT OF ALTERING

PERIPHERAL RESISTANCE

Starting with a running plot of LV Pressure as in the preceding example,
one can monitor the effects of varying peripheral resistance (Figure 6):

Click on SET PARAMETER.
The circuit diagram appears. Click on Systemic Microcirculation.

Click on the resistor while it is highlighted.
Click on the "Arteriolar Resistance" box from the menu.

Place the new window on an empty screen area.

A number-line window labeled "Arteriolar Resistance" appears, allowing
you to slide a carat-shaped mouse pointer over the scale, and then to select
any specific value by clicking the left mouse button. You should be able
to visualize the effect on your active plots immediately.

User Manual
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INTRODUCTORY EXERCISES ON
HEMODYNAMICS

At your initial session with the cardiovascular simulator, plot the
following graphs:

Plot left ventricular pressure and left atrial (pulmonary venous) pressure
versus time, as you change blood volume, venous capacitance, and
venous zero-pressure volume. How are these parameters alike? How are
they different?

Plot left ventricular pressure and arterial pressure versus time, while
inprqaging left ventricular outflow resistance. What disease does this
mimic?

Left ventricular pressure Py, versus left ventricular volume Vyy, and Ppy v.

Vv, the classic P-V loops. Put volume on the X Axis. Try varying heart
rate, then LV contractility. What properties can you deduce?

19
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Stopping the action
The STOP / RESTART button

Using the command buttons, you may STOP the simulation and then RESUME it,
cither immediately or after a stable situation is detected (minimal beat-to-beat variation).

Reference Manual provide information on all the command buttons.
Printing

The PRINT button is generally equivalent to the xdpr command from Unix. In
order to get a hard copy of a plot on the screen, do the following:

1. Click on the PRINT button.

2. When the mouse pointer changes to a cross-hair ("+"), select a plot, or the screen
background to print the entire screen, and click with the left mouse button.

3. The workstation will beep at the beginning and end of dumping the screen, and will
become sluggish until the plot has been sent to the printer. Large plots will take
several minutes between the time the header page and the plot itself are printed.

Saving plots
NOT YET IMPLEMENTED.
Saving the simulation state
NOT YET IMPLEMENTED.

Using the baroreceptor control system

As described in Section 2, the simulator operates without any feedback control. All
homeostatic behavior observed is the result of the stabilizing effects of compliant vessels.
Physiologically, however, the cardiovascular system is controlled by a feedback regulatory
system which maintains blood pressure to perfuse the body under extreme conditions. The
anex;i]al baroreflex is the most important and well-understood of the short-term homeostatic
mechanisms.

When the simulator's control system is active, the parameter values for heart rate,
minimum systolic capacitance Cj sys» VEnous zero-pressure volume Vg, and arteriolar
resistance R; are used as the baseline values, to which control deviations are dynamically
added during the simulation, as in Eq. (6) of Section 2. One may display these parameters,
which have now become variables, in a NEW PLOT, to observe the time response of
baroreceptor control. If one increases the gain values somewhat and perturbs arterial
pressure, oscillatory behavior may be observed. This corresponds to an unstable system,
which is limited in amplitude by a'nonlinearity in the model: a maximum limit on the control
signal.

Turning baroreceptor feedback or and of f

The BAROREFLEX button activates the user interaction windows for the
baroreflex. The baroreflex system is initially off, because it is still under development and
is not a part of the current patient case study assignments. After understanding the basic
hemodynamics you should experiment with the system by clicking on the BAROREFLEX
ON/OFF butfton in the baroreceptor interaction window. Click the button again to turn the
baroreflex off.

User Manual 8/17/90 Cardiovascular Simulator
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Changing control system parameters

The setpoint (desired) arterial pressure is modifiable, as are the gain and basal tone
values for alpha sympathetic, beta sympathetic, and parasympathetic efferent autonomic
nerves. The system maintains an error in controlled arterial pressure from setpoint which is
proportional to the deviation of the uncontrolled system from normal — this is a character-
istic of proportional controllers, not a bug. Click on the MODIFY REFLEX
PARAMETERS button to change control parameters. The gain parameters are the cons-

tants (Y in Eq. (6)) by which the control signal (arterial pressure) is multiplied to obtain
offsets for the controlled parameters, such as heart rate. Tone parameters (1) are included,

to allow an effective constant offset in the affected controlled parameters, just as if one
s hnged the parameters directly.

= PRI S S S

Ul toart Rato fosdbiack: [ACTIVE ] L

........

--------

Figure 7. Baroreflex contrc! windows
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EXERCISE ON THE CONTROL SYSTEM

Tum on the control system with standard parameters, making sure all four
limbs of the control system (HR, Cir o Rq, Vy0) are active. Starta plot

of arterial pressure versus time, at 0.2 cm/sec paperrate. Cause the
patient to instantly loose around one liter of blood (set parameter: blood
volume), and watch the nse over about 30 seconds, noting the final
average arterial pressure. to a similar simulation without an
active baroreceptor control system. . '

User Manual 6/17/90 Cardiovascular Simulator
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Patient case studies

A set of clinical studies is available for you to test your knowledge of the
cardiovascular system's behavior under abnormal conditions. In each simulation, the
system parameters have been modified in order to simulate a specific disease. By clicking
on PATIENTS you will be offered a menu of clinical cases. Each provides a brief patient
history. Clicking on a case number will provide a case history and initialize the parameters
to a specific pathologic model. Study the "patient” by recording hemodynamic variables at
various points in the system. You should conduct your "cardiac catheterization” in such a
manner as to enable you to make a full diagnosis. You may change model parameters (e.g.
peripheral resistance) by percent changes in the initial values. The actual parameter values
are hidden. The SIMULATOR PARAMETERS button in this case is disabled. Click on
RESET to cancel the patient and return to a pristine state with a normal subject. You
should be sure to keep the baroreflex control system OFF while investigating patient cases,
because long-term compensatory responses are already built into the patient models.

Problems and bugs
Convergence failure

Occasionally when simulating a pathologic state or a preset example patient, the
mathematical simulation will fail to converge on a plausible solution, or will not attain
steady state. When this happens the user is notified of the situation via Project Athena's
zephyr windowgrams. If a problem occurs during a simulation, plotting usually stops
abruptly with a straight line shooting to an unrealistic variable value in response to a recent
parameter change. A quick readjustment of that parameter may allow for continuation of
the simulation; however, the simulation will halt itself after several retries if convergence is
not reached. When this happens, it is necessary to STOP the simulation, change the
offending parameter, and then click on RESTART with the STEADY STATE option. The
system is sometimes quite slow at updating the screen — do not confuse this with the
problem of convergence failure, about which you will be notified.

Baroreceptor control system

The baroreceptor control system is still a new and relatively unexplored feature of
the cardiovascular simulator. It can be difficult to use appropriately, especially when run
on a system altered to simulate a pathology. To apply it to a pathological state, set the Py
setpoint near the average current P,. Otherwise, the control system may pin all controlled
parameters to their limits while still unable to reach the desired arterial pressure.

Too many simultaneous plots

If the response to your keyboard or mouse inputs is very slow, it could be that you
are trying to plot too much at one time. Try clicking on the STOP button, then wait until all
action ceases. You should then be able to take corrective action (¢.g. DELETE unneeded
plots) before restarting the simulation.

Printer problems

You can reload printer paper yourself, using only the provided printer paper. The
printers are sometimes slow to print graphics; waiting five minutes is not uncommon.
Check Getting Started on Athena or the man command for information on lpq, lprm and
other printer commands which allow manipulation of the printer queue.

Network difficulties

Occasionally, the network on Project Athena becomes overloaded or incapacitated.
If while logging in you get the message, "Warning! Home directory is unreachabie,” you

Cardiovascuiar Simulator 811780 User Manua!
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should log out and try again. Similarly, you may have trouble connecting to course
software or printers. This is usually a temporary situation. If the condition persists, try
again a few minutes later or call the hardware hotline (3-1410).

We hope you enjoy using the simulator, and that it will give you a more intuitive
understanding of the lumped-parameter model and its strengths and weaknesses. As a part
of this course, you will be asked from time to time to evaluate the cardiovascular simulator
based on its educational merits and ease of use. Please keep a list of problems,
frustrations, and enlightening experiences while using the simulator. In addition, please
report significant problems with the software immediately to your course TA. Good luck!
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Part II: Software Reference
Manual

This manual briefly describes elements of the user interface to the cardiovascular
simulator. For a description of the model and examples of usage, see Part I, the
Cardiovascular Simulator User Manual.
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1. The Command Buttons

| o] s ]

Figure 8. The command buttons

New Plot

Brings up the axis definition window, which is described below. After finishing
with axis definitions, clicking on DO PLOT produces a new, independent plot.

Set Parameter

Brings up the parameter choice menu, described below. Only independent
variables are shown. Choosing a parameter produces a number line which may be used at
any time to change the value of that parameter.

Parameter List

Displays a complete list of basic simulation parameters, excluding the control
system. When a parameter has been changed from the default, it is marked with a "+" or

-" and the new value.

Stop Simulation

Halts the mathematical simulation engine, stopping any new plotting. Useful for
freezing the current transient behavior on the screen and for changing multiple parameters at
one point in time.

Start Simulation

Restarts the mathematical simulation engine after it has been stopped. The user is
asked whether to resume immediately in continuity with the preceding simulation
(TRANSIENT) or to establish steady-state behavior (STEADY STATE), in which case the
simulator waits until each successive beat is nearly the same before resuming the plotting of
data.

Cardiovascular Simulator 61780 Software Reference Manua!
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Baroreflex

Brings up the baroreflex control window. A main REFLEXES ARE ON/OFF
button will turn reflexes on and off. There are four limbs to the reflex (heart rate,
contractility, peripheral resistance, and venous zero-pressure volume), any of which can be
made active or inactive by clicking on the corresponding ACTIVE/INACTIVE button. To
modify reflex parameters, click on the BERORECEPTOR REFLEX PARAMETERS
button. This brings up a set of number line parameter modification number lines which
may be used to change reflex parameters in the same manner as the other parameters are
modified.

Patients

Brings up a list of numbered patient cases. Clicking on one of the cases sets up a
predetermined patient simulation, and displays a clinical case history. It is the
responsibility of the student to make the appropriate investigations to determine the
diagnosis. The parameter list is disabled, and parameter modification is altered to reflect
only percentage changes from the patient's original parameter values.

Save Plot
NOT YET IMPLEMENTED

Save State
NOT YET IMPLEMENTED

Print

The mouse pointer changes to a bullseye, at which time the user must point at a
window and click the left mouse button. Clicking on the background produces a printout
of the entire scre=n. All printouts are made on the printer named at the beginning of the
session.

Delete

The mouse pointer changes to a cross-hair, at which time the user must point at a
simulation window and click the left mouse button. This only works for the following
simulation windows: plots, number lines, parameter lists, the baroreflex control windows,
and the help window. The Kill Program menu selection, in contrast, will kill the entire
simulator.

Reset

Resets the simulator state entirely, returning all parameters to those of a normal
patient. After clicking, the user is asked to verify the action or to click CANCEL.

Quit
Exit the program. A confirmation is requested; CANCEL returns the user to the

simulator. All work not printed or saved will be lost. The user remains logged into the
workstation, and must log out before leaving.

Help

Produces a window containing brief help information about the cardiovascular
simulator.
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2. The Plot Axis Menu

The plot axis menu appears when the user requests a new plot or to modify an
existing plot. This menu allows the user to choose variables for one X and three Y axes to

be plotted on the same graph.

X Axis: IChooae Vriwlel

Variable Time
Title: utm

Foper Spoed o000 ]

Unitss Display Mode: [SeripChert

Y Rxis 13 IChoose Varlablol

Variable LY Pressure
Title: 1V Pressure

Minz |0.000000 | Max: [150.000000 |

Units: futo Rescale

Y Axis 2 Il:hoose Varisble I

Varisble Sustemic Arterial Pressure
Title: [Systoemic frterial Pressure |

Hin: 10000000 | Max: {150,000000 |
- Units: Auto Rescale
Y Axis 32 lChom Vrublel

Varisble Sustemic Microcirculatory Flow
Title: [Sustemic Microcirculatory Flos |

Hin: 10.000000 | Max: [200,000000 |

Units: Auto Rescale
Do Plot | Cancel

Figure 9. The Plot Axis Menu
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CHOOSE VARIABLE button

This button brings up the circuit diagram parameter choice menu (see Section 3)
from which a simulation variable can be chosen. After choosing the variable, default
values for plotting limits and the axis title are filled in.

Minimum and maximum values

These are filled in after choosing a variable, but may be changed. To set your own
limit, place the mouse pointer inside the small numeric window and type in the new value,
using the arrow keys and backspace to move over and delete existing text.

Axis label
The axis label can be modified similarly to the minimum and maximum values.

Auto-scale

The auto-scale button turns auto-scaling on or off. While on, any time data exceeds
plot boundaries, the axis will be recomputed to show all data. Note that the plot will never
reduce the maximum or increase the minimum values; auto-scaling only brings extremes
into view.

Strip-chart vs. oscilloscope mode

When the X-axis is TIME, a button in the X-axis section allows the user to select
either sirip-chart mode or oscilloscope mode. Strip-chart mode produces the impression of
a moving strip of paper drawn across the screen from the right edge of the window.
Oscillofsfcqpc mode redraws the data continuously from left to right. Oscilloscope mode is
more efficient.

Paper speed

When the X-axis is TIME, the minimum and maximum values are replaced by a
paper speed window. Paper speed car be changed from default (like the minimum and
maximum values), in order to see long-term changes or to carefully explore the fine
structure of a waveform.

DO PLOT and CANCEL buttons
The new plot or previous plot are not updated until the NEW PLOT button is
activated. CANCEL will remove the menu without making any changes to existing plots.

Changing your mind

All buttons remain active, even afier an axis has been defined. One can choose a
different parameter by clicking on CHOOSE PARAMETER, or remove that axis definition
from the plot by clicking on the DELETE button for that axis. CANCEL will completely
remove the plot axis menu and cancel all changes.
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3. The Parameter Choice Window

When choosing a variable to plot on an axis or choosing a parameter to modify, the
user is presented with a circuit-diagram equivalent of the cardiovascular system. To
navigate through this circuit, the user clicks the left button of the mouse on blocks,
components, and subcomponents of this diagram.

Figure 10. The Parameter Choice Window.

Choosing a functional compartment

One initially clicks on a functicnal body comipartment, such as the left heart,
systemic microcirculation, or the system parameters box. This will replace the
compartment name with a diagram of the sub-circuit contained therein. Moving the mouse
pointer out of the compartment will cancel this choice.
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Choosing a constituent

will produce a list of variables and Pparameters associated with that constituent. Capacitors
have associated with them pressure and volume variables, and capacitance and zero-
pressure volume parameters. Resistors have an associated flow variable and resistance

Choosing a parameter

A parameter is chosen from the list by clicking the mouse while pointing at the
small box to the left of the parameter name. Clicking on CONTINUE allows the user to
choose a different constituent.

Changing your mind

The CANCEL button at the lower right will remove the parameter choice window
with no change to the simulation, Clicking on CONTINUE in a parameter list allows the
user to choose a different constituent or to CANCEL the process.
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4. Implementation on Project Athena

Currently, the cardiovascular simulator is installed on the Project Athena system at
M.LT. The following paragraph is intended only for the curious or advanced user who
wishes to know more.

The cardiovascular simulator is written in C, using the X11 library, Xt toolkit,
Athena widget set, and two additional widgets built for the simulator: Plot and
NumberLine. While at a Project Athena workstation, one can attach to the Athena NFS
locker hst, which contains shell scripts and IBM RT and Vax executables in /mit/hst/rtbin
and /mit/hst/vaxbin. Because NFS does not cache executing code locally, the programs are
copied to the local machine before running, which improves performance. This is also the
course software development locker, with source code in /mit/hst/src.
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Appendix A: Model Parameters

Uncontrolled model

The mathematical engine for the cardiovascular simulator solves a set of six coupled
linear time-varying differential equations of the form

dx/dt = Ax+b @

by a fourth-order Runge-Kutta method. Eq. (7) can be interpreted in matrix form as
Kirchoff's Current Law for cach of six capacitors in the system, where x is a vector of six
pressures (the state variables), A is a time-varying square matrix describing the connections
btf:ftween adjacent compartments, and b is a vector containing transthoracic pressure
offsets.

The following parameters define the state of the simulation:

Clsys LV min systolic Vie LV zero-pressure Rio LV ocutfiow
capecitance volume resistance
C} dias LV max diastolic Va0  Arterial zero-pressure Ra Arteriolsr resistance
capacitance volume
Ca Arterial capacitance Vyvo Venous zero-pressure Ry Venous resistance
volume
Cy Venous capacitance V0 RV zero-pressure Rro RV outflow
volume resistance
Cr sys RV min systolic Vpao Pulmonary arterial Rps  Pulmonary
capecitance zero-pressure volome microvasculsr
resistance
Crdias RV max diastolic Vpvo Pulmonary venous Rji LVinflow
capacitance zzro-pressure volume resistance
Cpa Pulmonary arterial bv Total blood volume Pin  Transthoracic
capecitance pressure
Cpv Pulmonary venous hr  Heartrate
capacitance
Cardiovasculer Simulator /1770 Mode! Paramaters
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Barorecepter control system

The baroreceptor reflex response is computed by the following equations, which

are calculated once every 500 milliseconds:

5Tn] = 18arctan((s[n] - so)/18]

L
Mn] =1Io + kzc()a[k] s'[n-k])

(8)

®

* L
Rln] =Rg+ -é—.kzob[k] sTn-k] (10)
L
Cirsys[nl = Cireys0 + ng[k]-v'[n-kl an
L
Vi [n] = Vo - Td[kIs'[n-k] (12)
k=0
Variable Definitions:
n: Discrete time index
So: Arterial pressure setpoint
s: Aiterial pressure
s" Adjusted arterial pressure signal before time-averaging
Io: Nominal inter-beat interval
I Controlled inter-beat interval
a Impulse (unit sample) response for heart rate
b: Impulse response for peripheral resistance
c Impulse response for contractility
d: Impulse response for venous blood pool
Ry: Nominal peripheral resistance
R: Controlled peripheral resistance
C.: Arterial capacitance
Cirsyso: Nominal minimum left or right ventricular systolic capacitance
Cirss:  Controlled minimum left or right ventricular systolic capacitance
Vo: Nominal venous zero-pressure volume
Vyo: Controlled venous zero-pressure volume
Model Parameters 6/17/90 Cardicvascular Simuiator
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Appendix B: Getting Started on Athena

See additional handout.
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Appendix B

Questionnaire Responses

This appendix lists the answers to the written comments on questionnaires received from two
populations of students: undergraduates in the fall of 1989 and graduate M. D. and Pa. D.
candidates in the spring of 1990. Answers to the agree-disagree statemets are summarized in
the Utilization chapter, and are not included here.

B.1 Fall group: Undergraduates

A comprehensive list of short-answer responses for the eleven questions in the fall questionnaire
and general comxments follows. Questionnaire respondents are numbered from one to eight.

¢ What is your impression of the cardiovascular simulator?

1.

7]

It was in general a pretty good tool and helpful in understanding. Getting familiar
with the operation of the software was the initial problem though.

. The simulator was really helpful for me in understanding the cardiovascular system.
. It is one of the better X-Windows applications I have yet seen. It works well and

runs pretty fast, with relatively few bugs (not reproducible). As a learning tool it is
an excellent display environment. Better than watching a lecturer on a chalk board.

It is a useful tool. I think it is an exceilent beginning to a project that could be
extremely worthwhile.

. I thought it was useful.

161
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6.

7.

8.

APPENDIX B. QUESTIONNAIRE RESPONSES

It can be useful for someone who is interested in using computers, who understands
the basics behind using similar programs. I never had that background so it took me
a long time to understand what I was looking at.

An excellent simulation of a complex problem that could be a littie more user friendly
to really stupid people.

Generally, I liked it and thought it was well done.

* What problems did you have using the program?

1.

The program itself worked well as expected. However the Motif window system
posed probleims, especially with other simulators.

It would be helpful if we can display both the patient and the normal person’s infor-
mation on the same graph without having to erase the normal person’s data.

- Occasional bugs with clearly weird results. When this happened, “reset”ing the system

always worked fine. The bugs were not reproducible.

. Not being abie to look at the patient and case at same time. Not being able to look

at graph values exactly.

- You couldn’t change which printer you can use once you've started the program.

Although many parameters were plotted against time, after stopping the program I
did not necessarily want it to resume steady state but take off from where we left off.

- My main problem was knowing what to do next. It was also very time consuming to

explore the system to understand it.

- Very few and very minor: a) Not enough memory on the RT’s causing a lot of disk

swapping. b) Occasional crashes (very few) c) Printout scaling. I already talked to

you.

e What did the §imulator help you to learn about physiology?

1.

Helped one to understand the interactiveness of the different parameters, and the
effects of changes in the body. It was nice to see the slow changes resulting from

perturbations.
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. It showed be how changes in different part of the system affect the rest of the caz-

diovascular system.

. If we had had more time, exploring baroreceptors would have been very useful. As

it was, the case studies were the best examples of physiologic problems. It was most
useful in displaying interrelationships of variables.

It helped me leamn a lot about my case #2, and the effects of a change in resistance
on the CV system.

. Control mechanisms.

Not a whole lot.

. How resistance and pressure and flow work together.

. Hard to say. Helped me to learn about diagnosis and where/what symptoms to look

at.

e What did the simulator help you to learn about modelling?

1.

It made one realize the limitations of the model, and made you identify what the
model actually can show.

It showed me that modelling is rot perfect.

. It's a good exampie of a multi-variable system. It is always helpful to watch the

reactions of a model to parameter changes.
It showed that models are [not] perfect, and the difficuities in making a good model.

. That there are some things that you cannot simulate in a model.

Changing capacitaxice / contractility

. That it works pretty well in most situations.

. This is where the simulator was helpful. Showed us the complexity of modelling such

a complex control system and gave us a feel for the approximations which one can
make.

o What else did you learn?
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. Learned that one must be patient w/computers — they don’t always listen o reason.

[No answer.]

. [No answer.]

. [No answer.]

What might be done to normalize a patient with an abnormal pathology.
Mainly I spent time figuring out how to plot the different types of curves that allowed

me to measure useful parameters.

- That [modelling] can also be misleading. For example the modelling of patient #3

involved shoving massive flow through the microcirculation when the opposite was

actuaily the case.

Mostly heart stuff, from Guyton really.

e How did the simulator confuse you?

1.

The existence or rather non-existence of the baroreceptor controls where confusing,

since their control responses were simulated.

. I didn’t know that it takes time for the simulation to reach steady state.

. Setting up graphs was not that straightforward, at first. Also, as beginners, our startup

time was long. Perhaps we needed a stronger CV background first. It is a somewhat
imposing system at first glimpse.

. It didn’t.

Not really.

. The timing — I didn’t like that fact that I was limited to only showing flow through

certain central organs because I didn’t know which parameters were supposed to be
similar. Having the option of seeing these myself would’ve helped.

. It was fmtty straightforward, not too confusing.

. Not, if anything it gives you a chance to work out ideas and shows misconceptions

when what you expect didn’t happen.

o How would you change the teaching of hemodynamics?
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8.

. [No answer.]

[No answer.]

. [No answer.]

Do more cases and group projects, where we all can discuss — iearn from one another.

The discussion on the first day of presentations were excellent. More of this.
It’s fine.

. I wouldn't use the simulator until I understood the basics.

. I would work through a demo patient with the computer with the group before they

are sent out on their own.

[No answer.]

e What simulator enhancements would be the most useful to your learning?

1.

It would be nice to be able to see two patients at one time, or at least a comparison
w/ a normal patient. Also modifications in the plotting procedure, i.e. identification
of points, labelling — annotation would be nice.

. [No answer.]

. I would provide: step-by-step, computer-controlied tutorial for setting up P-V loops,

etc. Also, if a single button click could pull up standard charts, auto-scaled and
labelled it would be great. Have a button labeled “P-V loop” or “Pressure vs. Time”
etc. Also, two patients at once would be great.

. Be able to have multipie patients graphics on the screen at the same time. Improve

graphing features. For tutorial purposes, creaie 8 demo that allows you to hit one
button to make one change and to show the most important plots with explanations.

. Being able to do more than one patient at the same time and compare outputs.
. see Mdm 6.

. Demonstration tutorials to step you through a diagnosis of a sample patient. Such as

a “try this next” type deal.

. Better understanding of what control state the patients are in.
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o How would you counsel another student about the CV simulator?

1.

A demonstration of the CV simulator would help one grasp how to work it better.

Discovery on your own is nice but time-consuming and often frustrating.

. [No answer.]

See tutorial, above. I think seeing is best instead of writing about what you will see.

Just start off with the project and learn as you go along.

. Just play around with it and see what it can do.

. Show them how to make plots and how to make changes. An intro that explains the

limitations and the purpose (in its limited use) would be useful. A sample session

and how to switch between different options. (the ordering).

. Know what you want to try before you sit down at the terminal.

[No answer.]

e How was your time spent while working on the simulator projects?

1.

A lot of my time was spent just seeing “What-this-thing-does” or “‘what happens when
you change this”

. [No answer.]

. Switching between patient and normal!

Too much time spent setting up certain changes. Not enough time observing and
thinking.

. I'had to use more than one workstation in order to work on the project.

I read the history, tried to think of what would change to prove it. Then I did the
graphs.

A lot of.lost time looking at irrelevant parameters.

- Running things to compare to normal.

® What feelings do you have about the sitaulator projects?

1.

[No answer.]
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2
3

It was well spent except at the very beginning while the print program wasa't working,
I liked it a lot, but I've used computers and Athena for a long time. It needs many
hooks to help neophytes along.

Projects are excellent! With an improved simulator, we could do a lot more smaller
projects, where we could learn about some specific cases w/ the simulator, but not go

through all the investigations necessary to find out where to look for problems.

. They’re useful, but limited.

- I guess I started out not knowing how to do simple things so I didn't like using it. It

was time consuming (something that could’ve been helped by a tutorial).

[sic] There a good experience.

- Overall good, a bit of a time sink to do well. I think the course should use Guyton

or something like that instead of the books we use. It doesn’t cost much more and is
a more useful book in the future, especially for premeds.

o General comments:

1.

Recommendations for the CV Simulator: Be able to plot 2 cases on same axes. Be
able to pick out point values from graphs. Allow printer to be changed from within
program. Be able to create open circuits and short circuits at nodes in the model.
Make “key” window movable. Be able to cancel “PRINT™. Label and put scale on
time axis. Insights gained: Gained a lot of insight into the modelling aspect of the
simulator, and gained a good deal of insight into the cardiovascular system. I think
the simulator is a very worthwhile endeavor, and this lab was an excellent experience,
especially with the discussion that followed at the presentations. 1 would hope that
the simulator continues to improve and becomes an even larger part of the course in
the future.

On the Cardiovascular Simulator: The patient case studies were an excellent way to
demonstrate the uses of the simulator. However, instead of attempting to jump right
in with your own patient it would have been extremely beneficial to be able to work
through a sample patient with some sort of guidance. This could be an interaction
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tutorial or having the instructor work through one of the patients first for the class
using the simulator. This would help a lot. I also think a list of parameters on the
screen would be helpful to go along with the picture of the model where you click

on a particular part to see the parameters.

B.2 Spring group: Ph. D. and M. D. candidates

A comprehensive list of short-answer responses for the four questions in the spring questionnaire

follows. Respondents are numbered from one to 25.

e How did the cardiovascular simulator impact your learning of hemodynamics?

1.

10.

11.

13.

14.

It reinforces the usefulness of the PV loop.
Not much.
Helped clearly understand effects of each parameter.

Helped me see trends, but I wish I could have understood why things were happening

more on & physiological basis.

. Helped.
. Very worthwhile for understanding individuai peripheral and cardiac effects, especially

as part of a complex combination of CV changes.

. It was helpful in learning the hemodynamics. An excellent program!

I think it was very useful. It was good to see how all the parts of the model fit
together. It was particularly useful to compare my prediction with what the computer
actually did.

It was a fun way to see effects of paramters on hemodynamics

I learned the majority of what I know about hemodynamics from the simulator rather
than from the readings.

Have parameters monitored all at once; be able to watch transient adjustment to steady

state.

:|
N
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15.
16.

17.
18,
19.
21.

25.

Helped to see pressure v. time plots and PV loops to understand relationships between
LYV, aorta, etc.

The simulator gave me a better understanding of cardiovascular hemodynamics re-
spoase to intervention or changes of system properties.

Simplifies thru model, gives a framework for understanding the physiology.
PV loops were especially instructive and easy to manipulate on the simulator.
The CV simulator has helped my studies of hemodyramics very much.

It was very good at integrating many variables and teaching their relationships tc each
other. A dynamic model is certainly needed to really comprehend a dynamic system.

. Helped.
23,

It dida’t have much of an effect on my understanding of hemodynamics. It was
interesting for self-examination, but didn’t help me evaluate functionelity.

I think that I had a good background in hemodynamics before I started the class, so

_that the simulator had a marginal impact.

¢ Evaluate the way in which the simulator was incorporated into the teaching of HST-090.

1.

10.

It was fairly well done, except that qualitative problem should be used instead of

quantitative — it was a waste of time trying to get area under curves.

. Usually ok to model similar simulations but more complex problems lead to simula-

tions which are difficult to understand.
Cases paces into memory very useful.
I think it is helpful but a better explanation of why parameters change should supple-

ment the simulator.

. Use for problem sets and in coordination with case studies was appropriate and illu-

minating.

. Good.

It was done well. We were made to use it early, for one of the problem #2s, and I
think this early introduction made me disposed to using it throughout the course.
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11.

13.

14.

15.
16.
17.
18.
19.
21.
22.
23.
24,

25.
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OK.

Very good! I was a bit intimidated about using this simulator at first. The intro.
session with other students was really helpful, and I liked how the first homework
assignment told us exactly how to set the parameters.

Assignments seemed a bit simple but very useful with exam question and other case
studies.

Good.

It is good.

Should have been used more earlier, before mid-term.

Complemented lecture material ad hemodynamic issues extremely well.
Very helpful. Makes the studies much more enjoyable.

Very well. One problem per homework set was appropriate.

Pretty useful.

The simulator was very easy to use and cleariy put together.

Effective.

It should not be compulsory, as it were.

¢ What were the biggest headaches in using the cardiovascular simulator?

1

None. It was pretty user friendly.

. checking in/out, crashes, and holding screens.

Time. Too slow when many people using, especially printouts.

. The printer.

Sometimes it seemed slow.

. Occasional crashes, e.g. when accessing patient dats.

. Inability to see parameters in preset patient simulations. Glitches (random lines) in

graphics that sometimes made it difficult to see transients.

. Waiting for printouts.
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10.

11.

13.

14.

15.

17.
18.
19.
22.
23,

24,

I didn’t find any major problems. Sometimes fitting all the little windows onto the

screen wasn’t very convenient.
Cases were not alterable.

My biggest headaches took place when I was adjusting several parameters at the same
time. I did this for the CV take-home midterm. It was hard for me to keep track of
just what exactly I had just changed. Then, after I changed some more parameters, I
couldn’t get back to a previous PV-lcop that I had done.

Getting over to M.LT. [from Harvard Medical School]

The baroreceptor mechanism I found not heipful. Overall, though, its a well-designed

and easy to use program.

None really.

Not many. Sometimes the wait time for printing was a little long.

The program runs slowly on the system.

The control (baroreceptor) part was not as useful as the rest.

Generally, there were no big problems. No bugs and the program didn’t crash.

None.

o How could we do it better?

i0.

. Help in area estimation.

Provide list of altered parameters in cases.

Maybe give a case or an example in the computer which could better incorporate the
different objectives. of learning the physiology.

. Maybe you could incorporate more “fixed” cases, that is, all the student would have

to do is choose dilated cardiomyopathy or aortic stenosis and the simulator would
do the rest, showing acute and chronic hemodynamic responses along with a written
explanation of what happened.

I know this is a cop out, but I can’t think of any significant changes that would be
worth doing.
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11.

13.

14,

16.

17.

18.

21.

22,

23.

25.
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Ability to see cardiac function / venous return curves, Also, on/off baroreceptor reflex
function needed.

Maybe you could put in an option to save certain sets of parameters. That way, with
a click of one button, the student couid immediately work on something he/she had
been working on before without having to reset all of the parameters for everything|
Also, I wish that when restarting a stopped plot (either transient or just steady-state)
it would pop up faster! I guess this is a limitation of Project Athena.

Instead of “plug in these numbers, print, and hand-in,” home sets could be more
exploratory and open-ended.

It would be better for purpose of student learning if cvsim also provides functions of
explanation of hemodynamics, changes effects on system, clinical significance, etc.

It was good for the basics.

It would be nice to incorporate cardiac output and venous return curves into the

simulator.

It would be helpful to be able to manipulate variables in the case studies to evaluate
the effects of treatments. Also, a signal that would remain on the screen to indicate

whether baroreceptors are “on” or “off” would be nice,
Add an inductor to the circuit?

Include some on-line documentation explaining effects we are seeing, ex. something
like the info in the ECG program.

Port it over to a Mac with more features.

¢ General comments:

2.

7.
9.

Early in the course when the simulation is most used, the basic concepts that the
simulation is trying to represent are unfamiliar. Perhaps we should explore the real

system before we tinker with an unfamiliar toy.

A graph paper grid option for plots.

I'm still not sure when or how the baroreceptor option would be used -— maybe a
problem on this would help.
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13. Qverall, this simulation is really a useful learning t0ol and more importantly, user
friendly!

15. Simulator was fun to use. Need to find a way to do cardiac and venous return curves.

23. Overall it was a good program — I just personally learned hemodynamics better from
text. In other subjects, e.g. understanding ECG, I got less from reading and more
from computer work.
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Appendix C

CVSIM Program Listing

This is a program listing of the files necessary to build the cardiovascular simulator for X
Version 11, Release 4. If compiling for Release 3, define “X11R3" to the compiler to invoke the
appropriate backwards-compatible constructions; some additionai changes may also be necessary.
There are numerous other compile-time options switchable by defining symbols; for example
it is possible to substitute fixed-time Runge-Kutta integration for the default variable-timestep
(rkgc.c )htegxiﬁon.

The listing is divided into modules, which have minimal and well-documented connections
to one another. The two X Toolkit widget modules, NumberLine and Plot, obey the Xt pro-
gram structure conventions, with a public-exporting header (ex. P1ot . h), a private header (ex.
PlotP.h) for subclassing, and standard widget interaction rules including communication by

the resource manager.
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