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ABSTRACT

A pulsatile mathematical model of the human cardiovascular system
suitable for the study of short-term haemodynamics was developed. The
circulatory fluid mechanics section of this model was based on lumped
parameter approximations with linear arterial segments, nonlinear
venous segments and time~varying compliance pumping in the four heart
chambers, Neural control was added in the form of a mathematical
description of the aortic arch and carotid sinus baroreceptors and
central nervous regulation of heart rate, peripheral resistance,
myocardial contractility and venous tone. The model was intended for
the study of haemodynamics following the injection of a cardiovascular
agent so a mathematical description of the injection, transport, action
and breakdown of a single drug was included making the overall model of
order 61, i

The model was implemented as a digital compufer similation and
reasons for the choice of simulation technigue, programming language |
and numerical method were presented. Attention was given to techniques
for computing a steady state solution and a2lso the treatment of
constrained state variables, differentiation and algebraic loops.

The digital simulation was validated by comparison with data from
‘humans and comparable animals, Essential features of significant
variables were checked and the model was subjected to tests such as
orthostasis, blood volume changes, the Valsalva manoeuvre and cardiac
pacing. In these respects the model performed realistically., In the
pacing tests, the cardiac output changed very little and so a
remarkably close linear relationship between stroke volume and heart
period was found, The beat-by-beat estimation of total peripheral
resistance from mean arterial pressure and cardiac output was found to

be unreliable during rapid transients.

When injections of methoxamine, isoprenaline and ncradrenaline
were simulated, realistic responses were obtained. In the case of
noradrenaline, venoconstriction had to be iancluded tou obtain the
bradycardia observed in practice. It was concluded that the model had
an explanatory usefulness and potential as a cardiovascular agent
design aid in pharmacology.

13



=

S T A -

LIST OF PRINCIPAL SYM3CLS USED

elastance (reciprocal compliance)
cross-secticnal area

variable associated with myocardial
contractility control

baroreceptor output
compliance

variable associated with venous tone
control

frequency

flow

acceleration due to gravity
hydrostatic pressure difference
integration step length
constant

length

inertance

mass

injected mass

number of g's of acceleration
pressure

variable associatea with peripheral
resistance control

radial coordinate
resistance

time

duration or period

variable associated with heart rate
control

velocity

volume

I



A4 9 ® F @ R}

o R

concentration

variable associated with time-varying
compliance generation

variable associated with respiration

longitudinal coordinate

constant

angular coordinate

kinematic viscosity

density

variable associated with drug effects
time constant

angle between the axis of a segment
and a perpendicular to the direction

of gravitational force

Laplace transform

15



LIST OF PRINCIPAL SUBSCRIPTS USED

Compartmental subscripts (after Beneken & Dewit, 1967) :=

AA
AO1
A02
A03
AV

== S I <

C

Other

ABD
BRONC

-COR

INT

Abdominal arteries
Ascending aorta
Aortic arch
Thoracic aorta
Abdominal veins
Leg arteries

Leg veins
Intestinal arteries
Intestinal veins

Inferior vena cava

subscripts :=-

Abdomen

Bronchial

Critical closure
Coronary

Diastolic

Heart

Head and arms
Inhalation-exhalation
Intestinal

LA
Lv

PA
PV
RA
RV
sSVC

TA
uv

LEG
LURG

CID-BEU)‘.-'CZEE

l6

Left atrium

Left ventricle
Pulmonary arteries
Pulmonary veins
Right atrium

Right ventricle
Superior vena cava
Head and arm arteries

Head and arm veins

Legs

Iungs
Faximum
Minimum
Normal
Respiratory
Systolic
Thorax
Total

Unstressed



CHAPTER 1
INTRODUCTION

1,1 Organisation of the thesis

This thesis is concerned with the modelling and simulation of the
human cardiovascular system with application to the effects of
cardiovascular agents.

In chapter 1, the objectives of cardiovascular modelling and
simulation are given and the subject is briefly reviewed, The
remaining chapters progress in a logical manner,

In chapters 2 to 4, the system to be simulated is analysed and
mathematical models are produced, Chapter 2 describes the formlation
of a lumped parameter model of the uncontrolled circulatory system,

The modelling of central nervous control mechanisms is described in
chapter 3. For the complete model to be of use in the study of drug
effetts, the modelling of the injection, transport and local actions
of a particular drug must be included, This is presented in chapter 4.

Having constructed the complete mathematical model, the equations
have to be solved by computer. The techniques and problems of digital
computer solution are described in chapter 5. When it is verified
that the digital implementation provides an acceptably accurate
numerical solution of the mathematical model, it is necessary to
investigate the validity of the model, The digital simulation is
subjected to a variety of tests and results from the simulation are
compared with results in the literature obtained from equivalent
physiological experiments, This validation process is presented in
chapter 6,

The suitably validated model can be used to predict the overall
action of a drug from the compnined local effects of the drug and this

application is descrived for 3 different drugs in chapter 7.

Various suggestions for future work are presented in chapter 8
and the main conclusions are given in chapter 9,

The appendices include the complete set of equations of the
mathematical model and also the complete FORTRAN simulation program
listing.

Assumptions and approximations are stated in each chapter as the

17



sections of the model are developed, The tables and figures associated

with the chapters are presented at the end of the respective chapters,

A knowledge of elementary cardiovascular physiology is assumed in
this work - an introduction to the required physiolegy is given by
Green (1972).

1.2 General objectives of cardiovascular modelling

- The cardiovascular system is the main transport system of the
body. DNutrients are transported to the tissues, waste productis are
transported from the tissues and also various substances are
transported from organ to organ by the bloodstream, Neural and humoral
control mechanisms enable the system to adapt to a changing

environment,

Mathematical modelling and computer simulation of the

cardiovascular system and its controls has the following objectives :

(1) A clearer picture of the system is provided which improves
knowledge, insight and understanding,

(2) Observed relationships between system variables are described in
a compact, precise, quantitative way. Idealisations, assumptions,
approxirations and omissions are clearly recorded in symbolic
form. In these respects, mathematical models are superior to
purely conceptual or mental models of the cardiovascular system,

(3) The formal approach of mathematical modelling may assist the
cardiovascular researcher by revealing areas of uncertainty or

weak knowledge and useful experiments may be suggested.

(4) An appropriate computer simulation can function as a general
purpose "test bed" and can be subjected to conditions that would
be difficult or dangerous to attempt in the human, All variables
are directly accessible and the effect of any parameter change can
be studied with ease.

(5) A compact, high speed computer simulation that can function faster
than "real time"™ would be useful for estimation, prediction and
control applications in a clinical or surgical environment,

(6) Hypotheses (e.g. concerning the structure of a subsystem) which
are expressible in mathematical form can be tested in the
computer simulation,

(7) From the standpoint of control theory and systems science, the

18



-

study of the cardiovascular control mechanisms may lead to
improved methods of structuring and organising complex
multivariable nonlinear control systems in engineering and other
applications,

(8) A useful exchange of ideas and technology can occur between
workers in the biological and non-~biological fields,

(9) A range of interesting and challenging problems arise in the
areas of computer science, numerical analysis and mathematics in
this type of modelling and simulation exercise,

(10) Computer simulations of the human cardiovascular system can be of
educational value to students of biomedical engineering and
medicine,

Naturally, it is important to keep in mind the approximations
mentioned in item (2) and to realise that the model is only valid for
the physiological conditions for which it was originally constructed
and validated. Any extrapolations or predictions made using the model
have to be interpreted with necessary caution,

1.3 Specific objectives in the work described

The central objective of the work was to produce a pulsatile
mathematical model and computer simulation of the controlled
cardiovascular system of a normal, resting, conscious, average human
suitable for the study of short-term haemodynamics. The longer term
mechanisms were therefore excluded (e.g. capillary fluid shifts,

stress relaxation, baroreceptor adaptation, ete,).

The aim was to make the model sufficiently detailed and
comprehensive for the study of short-term pharmzcokinetics (i.e. drug
effects with the major dynamics complete within 2 or 3 minutes) and to
use the model to study the overall effects of an injected drug ascuming
a number of simultaneous actions of the circulating drug at specific

sites.,

The construction of a comprehensive model implies a large set of
algebraic and differential equations which leads to the problem of
excessive digital computer time or excessive analog computer equipment.
The model therefore had to be of manageable size and was required to
take into account the accessibility, turnaround time and processing

speed of available computers., The simplest models of subsystems
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that were adequate for the purpose had to be used and fine detail was
to be included only where it was essential for realistic dynamics,

1.4 Techniques that have been used to model

and simulate the cardiovascular system

The flow of blood through tapered, branching, elastic vessels may
be described accurately by very large sets of nonlinear, time-varying,
partial differential equations., These equations are virtually
impossible to deal with analytically and may be very difficult to
handle by other techniques. Simplifications therefore are frequently
made so that an analytical or computational solution is possible.

Fluid mechanical modelling is usually based on cause~effect
considerations and the laws of hydrodynamics are applied. In the case
of central nervous control mechanisms, the complex systems involved
are not amenable to analysis based on physical laws and so empirical,
phenomenological or black-box models are developed which have
approximately correct input-output relations, Static or dynamic
empirical models are normally designed to fit available data in the
most compact mathematical form and do not usually reflect the true
internal structure and cause-effect relationships within the system.
Predictions made using such models have to be _interpreted therefore
with caution,

The numerical values of constants in models based on physical laws
can be calculated directly from the results of experiments performed
on animals and humans, Constants in the empirical models are normally
obtained by adjustment of the model parameters to achieve a best fit
of the equations to data from physiological experiments uélng an

appropriate performance criterion (e.g. least squares),

Tkl es of circulatory fluid mechanics madel

Cardiovascular models may be classified broadly as either lumped
parameter or distributed parameter.

In the lumped parameter approach, the system is modelled as a
collection of linked segments, each segment functioning effectively as
an elastic reservoir (windkessel)., In each segment, the properties of
a length of blood vessel or collection of blood vessels are

concentrated at a point and infinite wave velocity within the segment

20



is assumed. These models are characterised by ordinary differential
equations relating pressures, flows and volumes in the lumped
parameter segments, Such models are used mainly in studies of thé
overall cardiovascular system when fine detail of wave propagation in
individual blood vessels is not regquired.

In the distributed parameter approach, the continuous spatial
variation of the properties of blood vessels and the finite wave
velocity are taken into account. This type of model consists of
- partial differential equations describing the variation of pressure
and flow in space and time and is used typically in studies of

transmission phenomena in arteries.

Lumped parameter modelling is clearly far more approximate than
distributed parameter modelling but as the number of windkessels is
increased and each segment is made smaller the accuracy of the lumped

parameter results approaches that of the distributed parameter results,

1.4.2 Simulation technicues emploved

Circulatory models have been implemented in a variety of forms :

(1) Hydraulic models =~ These employ liquid=filled flexible tubes and
are rarely used due to problems of construction and the
difficulties of making changes,

(2) Graphical solutions - These are applicable only in fairly simple
cases,

(3) Analytical solutions - Usually it is only linear or linearised
models that can be solved directly because there are no
mathematical tools available for the general solution of nonlinear
ordinary or partial differential equations at present. A
computational solution may be preferable for high order linear
models because of the labour involved in an analytical solution,

(4) Electrical network analogs - The analogy between pressure and
voltage and tetween flow and current enabies electrical analogs
of large lumped parameter systems to be constructed cheaply.,
However these analogs are inflexible and are required to operate
on a greatly compressed time-scale to avoid very large inductance
and capacitance values.

(5) Computer simulations - Analog, hybrid and digital computers
provide the greatest operational convenience and have been used

extensively in cardiovascular simulation. The analog computer is

2]



a truly parallel processor and gives a real-time or faster-than-real-
time solution of large dynamic models with acceptable accuracy for
biological work. The conventional digital computer, while much slower
than the analog computer for large models, does have considerable
advantages in terms of documentation, debugging, information storage
and general flexibility., The digital computer can also handle complex
nonlinearities and solve extremely large models which would otherwise
require enormous quantities of analog computer equipment, The hybrid
computer combines some of the advantages of the two types of machine
and has been used frequently in cardiovascular work with, for example,
fast dynamics simulated in the analog machine and slow dynamics in the
digital machine,

The mathematical model described in this report is implemented as
a digital computer simulation primarily because of the size of the
model and the limited analog equipment available,

1.5 A consideration of some detailed computer

simulations of the cardiovascular systen

Numerous attempts have been made to model the cardiovascular
system in part and in whole., Noordergraaf (1969), Beneken (1972) and
Talbot & Gessner (1973) have given reviews of some of the models that
have been used,

As the author has already reviewed the literature on
cardiovascular modelling and simulation elsewhere (Pullen, 1970), a
comprehensive literature survey is not given here, Instead, three
specific examples are used to illustrate the principal approaches
employed in recent high'order computer simulations of the human
cardiovascular system and the applicability of these approaches in the

present work is evaluated,

The degree of cetail in ithe examples given 22n be judged to some
extent by the order of the mathematical system i.e, the number of first
order differential equations required when the model is expressed in
state space form or equivalently the number of integrators required in
an analog computer implementation.
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1.5.1 3Beneken & Dewit (1967)

This model consists of a pulsatile mathematical description of
the contrelled human circulatory system suitable for the study of
short-term haemodynamics, A lumped parameter approach is used and the
fluid mechanical system is modelled using 19 segments. Various control
mechanisms are added to this basic model and the complete equation set
(of order 36) is solved by analog computer to give pressures and flows

with acceptable time-courses.

The model responds reasonably well to Valsalva manceuvres and
blood volume reduction tests, Details of the subsystems and their
respective orders are given in table 1.1 . Beneken & Dewit's model
is discussed in some detail by Talbot & Gessner (1973).and is used as
an illustration of systems physiology (i.e. physiology from the
viewpoint of systems science). The circulatory fluid mechanics model
of chapter 2 is based on the mathematical description of Bencken &
Dewit .

1.5.é Guyton, Coleman & Granser (1972)

These authors have developed a non-pulsatile lumped parameter
model of the uncontrolled circulation to which has been added a number
of short-term and long-term control mechanisms, As the model is used
to study overall circulatory behaviour, the black-box approach is
applied extensively and minute detail is missing in many of the

subsystems,

The 18 subsystems (given in table 1.,2) lead to an equation set of
order 37 which is solved by digital computer, Time constants in the
model vary from 0,005 min (in the haemodynamic circuit) to. 57600 min
(for hypertrophy effects in the heart). Results from simulated
experiments agree closely with results from equivalent animal ox hunan
experiments,

1.5.3 Auslander, Lobdell & Chong (1972)

Auslander (1968) developed an interesting and quite different
approach to distributed parameter simulation on a digital computer
which dispenses with numerical solution of differential equations
completely. The basic element used in the simulation is the ideal,
uniform, dispersionless, lossless transmission line (or bilateral delay
line).
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A discrete-time model is formulated by keeping track of waves
(travelling undisturbed along lines) only as they pass through
specified points and only at specified times., A common delay timé,
At , is chosen for the system and each line is then divided into
segments each having a delay time equal to AL ., The state vector at
t+At is found by multiplying the state vector at © by a
generalised scattering matrix,

The cardiovascular system structure is presented in bond-graph

- notation as a network of lines (representing ideal transmission lines)
and nodes (representing junctions at which scattering, partial
reflection or partial transmission can occur). A convenient linked
data~block structure is set up in the digital computer memory to
represent the graph topology.

There is no direct comparison of system order with the examples
of sections 1.5.1 and 1,5.2 because an ideal time delay corresponds to
en infinite order system, This very detailed model involves 208 ideal
transmission line elements (see table 1.3) and has been used in

ballistocardiographic studies., (

1.5.4 Applicability of existing computer

gimilations to the present work

An evaluation of the approaches described previously reveals that
there is no single existing model which is suitable in all respects
for the study of short-term pharmacokinetics associated with injections
of cardiovascular agents within the terms of section 1.3 .

For various reasons, including analog computer equipment
limitations and thes need for flexibility and convenience, a digital
simulation is employed., The distributed parameter models, although
providing fine detail, require excessive digital computer time. In
the lumped parameter models, “he nunber of segments can be chosen to
give

(a) acceptable cemputer time
(b) adequate spatial representation
(¢) the required accuracy

The model is intended for the study of short-term phenomena so
pulsatility cannot be excluded and it may be of significance in the
pharmacokinetics especially in view of the presence of nonlinearities
in the system.
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Of the existing pulsatile lumped parameter models, the circulatory
fluid mechanics description of Beneken & Dewit (1967) is the most
suitable but does not include pharmacokinetics and some central nervous
control mechanisms, There was therefore a requirement for a new
mathematical model based partly on existing mathematical descriptions
of particular subsystems and partly on new or modified subsystem models
developed by the author where no suitable model could be found in the
literature.

1.6 Units employed

Where applicable, variables are expressed in terms of Medical
Units (using mmHg, ml, sec). This is to be consistent with a large
section of the literature on physiology and biomedical engineering
and to facilitate communication with physiologists.

Variables expressed in Medical Units in this report are as

follows :
Variable Medical Unit
Pressure mmig
Flow ml sec”'
Volume ml
Compliance ml mnig™"
Elastance mrHg w1~
Resistance mmHg sec w1
Inertance mmlg sec? ml”

Elsewhere, CGS units (also employed in the literature on
physiology) are used. Conversion between lledical Units and CGS units
makes use of the equivalence :

1 millg = 1332 gn cm sec

1.7 Conclusion

Reasons for cardiovascular modelling and simulation in general
have been presented. The aim is to improve knowledge and understanding,
to evaluate alternative hypotheses expressible in mathematical form

and to estimate or predict cardicvascular variables.
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Cardiovascular models are frequently implemented as computer
simulations because of the power and flexibility offered by computer
systems, Some examples of recent computer simulations of the human

cardiovascular system have been given in this chapter,

A specific objective of the work is the development of a detailed
pulsatile model of short-term haemodynamics and pharmacokinetics to
study the effects of an injected cardiovascular agent. No single
existing model possesses all the required attributes and so it is
necessary to develop a composite model. This model, which is
implemented as a digital simulation, includes new mathematical
descriptions developed by the author,
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SUBSYSTEM ORDER SUBSYSTEM 6RDER
19-SE&MENT CIRCULATORY i
FLUID MECHANICS MoDEL 29 PERIPHERAL KESISTANCE CoNTRoL /
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HEARRT RATE CoNTROL 3 BLooD VoLvME CoNTROL l

INTERVAL — STRENGTH RELATION / INFLUENCE OF CofoNARY FLOW !
OF HEART MUSCLE ON HEART PERFORMANCE
ToTAL ORDER = 3¢

TABLE Il.] SUBSYSTEMS IN THE MODEL OF BENEKEN &DEwIT (1967)
SUBSYSTEM  |6RDER SUBSYSTEM ORDER SUBSYSTEM ORDER|
CIRCULATORY 5 ANG IO TENSIN / NON— MUSCLE
DyvamicS ConTROL OXYGEN DELIVERY 2—
VASCULAR ALDO STERONE NON—-MUSCLE, NON-RENAL
STRESS RELAXATION ’ ConTROL ]' LoCAL E‘Loop Flow CoN7nsy, 3
CAPILLARY A. D-H.
MEMERANE DywnAmicS | 2 Ca TRl 2 |l AvTenomic conTRL| 2.
TISSUE FLUIDS, THIRST HEART RATE
PRESsURES & GEL 4- AND DRINKING O 2 sTrRoke vorume | ©
ELECTROLYTES KIDNEY DynAMICS | RED CELLS AND |
& cELL wWwATER & & EXCrRETION viscosiTY
PULMOVNARY 2 MUSCLE 8LooD FLOW HERRT HYPERTROFHY
DYNAmIcs & FLUIDS H_CoNTRoL tos 3 ¢oR DETERIORATION 3
TOTAL ORDER = 37

TABLE |-2  SUBSYSTEMS IN THE MODEL oF GUYToN, CoLEMAN % GRANGER (1972)

ToTAL NUMEBER oF

SUBSYSTEM E:;ii;q SUBSYSTEM il
6.3 SYSTEMIC ARTERIAL VESSELS| /10 /| PuLmonARY VESSELS /!
53 SYSTEMIC VEINS 65 h PULMONARY CAPILLARY BEDS | 2.
16 SysTemic capiLLARY BeDs | 16 II 2 ATRIA £ 2 VENTRICLES| 4
- i St WS ki =

IDEARL TRANSMISSION LINE ELEMENTS = 208

TARELE [|-3

IDEAL TRANSMISSION LINE ELEMENTS

IN THE MoDEL

OoF

AUSLANDER , L oBDELL % CHoNG (1972)
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CHAPTER 2
A MATHEMATICAL MNODEL OF CIRCULATORY FLUID MECHANICS

This chapter describes the construction of a mathematical mcdel of
the blood-vascular system of an average human, The methods used to
model particular regions of the circulation are described in the
following sections. The complete set of equations of the circulatory
fluid mechanics model is given in Appendix 1.,

In general, the flow of blood through the complex network of
branching, elastic, tapered vessels in the cardiovascular system is
described in distributed parameter terms by a large set of simultaneous
nonlinear time-varying partial differential equations, Certain
simplifications have to be made to obtain a computationally tractable
solution,

If laminar flow through a single blood vessel is considered and
blood is assumed to be homogeneous, incompressible and Newtonian, the
Navier-~Stokes and continuity equations of hydromechanics can be
applied, In cylindrical coordinates, assuming no external forces,
these are as follows (given by Brower et al.,1969) :
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where 2z, r and @ are longitudinal, radial and angular coordinates
respectively, t is time, v is the fluid velocity and @ and )& are
fluid density and kinematic viscosity respectively.

Further simplifying assumptions (e.g. axial symmetry, negligible
nonlinear terms, etc.) lead to hydromechanical equations similar to the

transmission line equations encountered in electrical engineering.

The ordinary differential equations of a lumped parameter model
may be derived from the simplified distributed parameter representation
of eqns, (2.1) by a process of spatial discretisation which is a
standard method for the numerical solution of partial differential
equations (Smith, 1969). Alternatively, each lumped segment may be
chosen to represent a particular collection of blood vessels and the
properties of the vessels are concentrated at a point within the
segment, The pressure, compliance, resistance and inertance within a
segment may be regarded as values spatially averaged over the length of
the original blood vessels e.g. for a segment representing a blood
vessel of length £ ,

P(t) = 'é"jj P(z,t) dz === {2.20)
c =4[lcai -
R = -‘gjf RE) dz =~ aftze)
Lol e o fo fLe)d= ~=of2.24)

In the simplest cases the lumped parameter model consists of a
collection of linked elastic reservoirs., Beneken (1965) used this
approach to develop an approximate 8-segment description of the
uncontrolled circulation,

The static pressure-volume curve for a typical lumped parameter

segment is only slightly curved in the normal operating range and is
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approximated by the tangent at the operating point (fig. 2,1). With
constant compliance (C,) the equation relating transmural pressure (P, )
and volume (V,) is then :

P = .é’]-(V,— Vu.l) » Vi 2V ""_(2'3)

where V, is the unstressed volume, It is possible for the transmural
pressure to become negative if V<YV, . In this situation, the
effective compliance (C,) is likely to change especially if the vessel
is collapsible (as in certain venous segments). The constraint V,20
has to be applied - this is equivalent to specifying that the
compliance becomes zero at zero volume which corresponds to the real

physical situation,

Considering two connected segments (fig. 2.2), the laminar
Poiseuille flow (F,, ) through the viscous resistance (R,,) between the
segments is :

/
Fn;: —RT;_(PJ"&) _-_(2"[‘9
.From continuity considerations, it is necessary that :

dV, '
'Z%L = Fy—Fa - = ~(2-5)

The three equations (2.3), (2.4).and (2.,5) characterise a typical
segment in the simplest of lumped parameter models,

2.1 Selection of a structure for the circulatory fluid mechanicg model

As the study described in this report concerns the overall
controlled cardiovascular system, fine detail of wave propagation is
not essential and a lumped parameter revresentation is acceptable
provided that :

(a) there is sufficient spatial detail to be of use ir dlood
transport studies,

(b) the dynamic performance of the model is realistic for a
variety of test conditions (including satisfactory
time-courses of pressures, flows and volumes in each segment),

(c) the representation is sufficiently economical in mathematical

terms so that severe computational problems do not arise,

A circulatory fluid mechanics structure which is most suitable for

the present work and which satisfies the above conditions is the
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19~-segment lumped parameter description of Beneken & Dewit (1967). The
interconnections of segments in this description are shown in fig. 2.3
with arrows indicating the direction of blood flow, In adopting this
model, the subscript notation used by Beneken & Dewit to identify the
segments is retained and, where applicable, the same numerical values
of hydromechanical constants are used., These constants derive from the
results of physiological experiments on humans and comparable animals
recorded in the literature, The model is constructed for an "average

. human" who is considered to have a blood volume of 4544 ml (8 pints).

In using the circulatory fluid mechanics model described in the
original paper of Beneken & Dewit (1967) the author has made changes
and has added further explanations and calculations where these are

considered necessary.

2.2 A model of the heart

This section gives an approximate mathematical description of
cardiac hydromechanics., The heart is viewed as a set of four separate
unidirectional pumps and so any direct mechanical effects on one
chamber due to the wall motion of an adjacent chamber are excluded.
Also the detailed shapes of the atria and ventricles are not taken into

account,

2+2.1 The timing of events in the cardiac cvcle

The cardiac cycle is assumed to commence at the onset of atrial
systole, The durations of activities in the heart that are required

for an approximate description of cardiac hydromechanics are :

(a) the duration of atrial systole (T,c)

(b) the time between the onset of atrial systole
and the onset of veniricular systole (T4y)

(c) the duration of ventricular systole (T,,)

Beneken & Dewit (1967) have obtained linear algebraic
approximations relating T,., T,y and T,s to the heart period Ty
based on a study of electrocardiogram (£CG) data, These approximations
are in satisfactory agreement with data from ECG analyses given by
Rushmer (1970, p.372).

The interval T, is assumed to be the time between the beginning
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of the P-wave and the R-wave (i.,e, the P-R interval) of the ECG and is
approximately related to T, by :

Tps = &l 0-097T; ~—=(2:¢)

The interval T, , is assumed to be the sum of the time for the
atrial muscle contraction wave to travel from the sinoatrial node to
the atrioventricular (AV) node and the time for the contraction wave
to travel from the AV node dcwn the AV bundle (bundle of His) to the
apex of the heart, The P-Q interval of the ECG represents this time
which is related to T,q by the approximation :

Tay = Tas — 0- 0k ——(27)

The duration of ventricular systole (T ) is taken as the Q-T

interval of the ECG and is related to Ty, by the approximation @

Tys = 016+ 02T, R

Once the cardiac cycle has been initiated the cardiac muscle is
refractory to any stimuli, This is incorporated by ensuring that the
value of T, (and hence T,., T,, and T,c) at the start of the cycle
remains unchanged until the cycle has been completed,

Assuming a normal heart rate of 75 bpm, the heart period (T, ) is

0.8 sec and the intervals calculated from the azbove equations are :

T ™ 0,172 sec Tay = 0,132 sec Pyg T 0,32 sec

2.2.,2 The punping action of the four heart chambers

The pumping action in the lumped parameter representations of the
atria and ventricles is approximated by using the "compliance pumping”
approach ¢zveloped by Beneken (1965)., Instead of the fixed compliances
used in the passive arterial segments, time-varying elastances
(reciprocal compliances) provide a representation of the active
contraction, Ths equation relating pressure (P), volume (V) and the
elastance function [a(t)] is @

P = a(f:)[v— VuJ = "'(?-‘Q)
where Yu_is the unstressed volume,

An important consequence of this approximate description is that
Starling's "Law of the Heart" (Green, 1972 ; p.46) is obeyed because

any increase in end-diastolic ventricular volume in one cycle leads to
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a higher systolic pressure in the next cycle which in turn results in a

greater stroke volume,

The time-courses of the four elastances are shown in fig, 2.4.
Both atria are assumed to contract simultaneously and similarly both
ventricles are assumed to contract simultaneously, Beneken (1965,p.21)
has pointed out that the actual shape of the systolic portion of each
elastance waveform is not critical provided that the maximum and
minimum elastance values remain unchanged, This assertion is confirmed
in the validation tests of chapter 6, For convenience, a half-

sinusoidal systolic waveform is used in each case,

The mininum elastance value (a:,) is calculated from ean. (2.9)
using corresponding diastolic pressure and volume values, Similarly,
the maximum elastance value (as ) is calculated using corresponding

systolic pressure and volume values as follows :

-— P :
a, = Tgfﬁ: -—=(2.10)
= PS '

The elastance waveforms are generated by introducing a variable
u which is the elapsed time measured from the start of the cardiac

cycle (O< u< T, )., The following two functions are introduced :

S 7 0L u< T
Xy = s/ ? AS e _(24?)
o y % 2Tps
’ wu < THV

(@)
g = an[—-%’s (U-"Tnv)J y Tay<U® <(1;17:*'TV5)
(o) w2(Tav+Tys) —-—(213)

The elastance functions for the four heart chambers are then given

by @
Qea= X3 ("'nns =3 aRﬂD) + %end -—- (244.)
Qgy = X5(Agys— Agvd) + Agyp —-=(2-1%)
@ n = %3(80s=%nap) + aLp> -—=(2-16)
Qv = Xs (“‘Lvs —a ) + @ vp - ==(217)
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The elapsed time wu is generated in the computer program by using
an integrator with unity input to generate a ramp function with unit
slope, the output being reset to zero at the end of each cardiac cycle,

2.2.3 The atria

For the atria, the maximum and minimum elastance values (a.,.ms ’
8,05 9 BRAD 9 &, ap ) are those specified by Beneken & Dewit (1967) and
are given in Appendix 2,

For the right atrium, the equations are @

Pen = "'aaa') [Vna '“szn] ~—= (218
dv, ;
d;n = R - Frarv > Yan2 O s 2 19)
PR;*-' Py ) PRH >P£V |
Fraey = el ——=(2-20
0 > Pras Py
Fi &= FSVCRH 273 Fivcﬁﬂ + FBRONC o FCOR = ---(2-2!)

Equation (2,.20) approximates the action of the tricuspid valve
with R,,., being the resistance of the fully opened valve, The
quantity F, in equation (2.21) represents the total inflow of the
right atrium, The effect of contraction of the right atrial inlet
(which assists the pumping action) is taken into account by modifying
the separate right atrial inflows appropriately. The basic flows

through the coronary and bronchial vascular beds are given by :

o RA
coR
P A03 — an
Ferore = e —(2—23)
Reggoriz
R oe and Ry, . have large numerical values (in both cases =

12 mmHg sec ml™ is assumed) which are much greater than the resistance
introduced by the contracted atrial inlet and so the effect of right

atrial inlet contraction on Fco.z and F

BRONC is not included,

However, for the blood flow from the inferior and superior venae
cavae, the segmental fluidic resistances are quite small (R we =0,015
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and Rg,. =0.06 mmHg sec ml ' respectively). The inlet contraction is
therefore likely to have a significant effect on the flows F,,zq and

FSchn b

assuming no right atrial inlet contraction and then decreasing the

The effect is approximated by computing a particular inflow

magnitude to one-tenth if the flow is reversed due to increased right
atrial pressure. If Fgq and F,, are the computed flows from the
inferior vena cava and superior vena cava into the right atrium

| respectively assuming no contraction, then

IVER ——={L
0:1Fy, <O
I F, =20
le» o =
Fovern = -=~(2-29

01 Fio » Fm“ o

In each case this is equivalent to increasing the total resistance
to backflow by 10 times,

For the left atrium, the equations are :

Pn= 4 V.4 Voa) — - —(2:2¢)
dv
7ﬁ£= Fon—Fav 5 Vg 20 —-—@Jﬂ
Pl-ﬂ_ P
g Mg —R‘—'ﬁ > Pa>Fy
LALY = LALY ———(2-28)
O b Pl..ﬂ < PI-V

Equation (2.28) approximates the action of the mitral valve with

RL&LV being the resistance of the fully opened valve,

The effect of left atrial inlet contraction (which assists the
pumping action) is taken into account by computing the lefi atrial
inflow from the pulmonary veins segment assuming no contraction (Pg )
and then decreasing the magnitude to one-tenth if{ the flow is reversed
due to increased left atrial pressure i.e.

5, F320

FPVL!’I = .._..('z_.zq)

01/, F3<O

As in the right atrial case, this is equivalent te increasing the
total resistance to backflow by 10 times.
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2,2.,4 The ventricles

The ventricular diastolic and systolic elastances are calculated
vsing eqns. (2.10) and (2.11) of section 2,2,2, Beneken (1965)
calculated that a, . =1.5 and 2pys 0.3 but omitted the atria and
compensated for their absence by increasing the diastolic compliances
of the ventricles. The recalculated diastolic values for this model

are
10

£V |50

¢é8 _ =
TEe = O-o04b mn1&5 mf

a

I

= 0-067 mmHy al?

Frvp =
The pumping action in both ventricles is represented by :
Py = dﬂy(’&)l_- Vv — VuRvJ - = —(2-30)

Pov = @ [viv—Yiuv] ~—-(2-3)

From continuity considerations, we have that :

v '
—IEZ = Faarv —Frvea > Yev 20 ———(2:%2)

dV,y

dt

The dynamics associated with the pulmonary and aortic valves has

= Faww— Fi.vna! > Viy 20 - (2*33)

to be examined more carefully because the blood is subjected to
considerable acceleration at these locations and moves with high
velocity in the following vessels,

The equations used by Beneken & Dewit (1967) for the pulmonary and

aortic valves are as follows @

dF, 2
PRV L Pfa iTh Revm FRvFﬁ 21 LRV ) _f_ [_&_"’HJ F 20
it 2L Appd » "RVeA
dE 2 e
A0}
bay g2+ S Pasei] 20
-39

The constraints associated with the two equations correspond to

F

PLV" };Iaa' = Rumot whol

the actions of the pulmonary and aortic valves in ensuring
unidirectional blood flow,

The first term on the right hand side of each equation corresponds

to the pressure drop caused by the viscous properties of blood., With
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-1
RﬂvPa =BLVROI =0,003 mmHg sec ml and an instantaneous flow rate of
500 ml sec—', the pressure drop across an open valve due to viscous

resistance is 1.5 mmlg which is small compared to the contribution of

the other terms,

The second term on the right hand side of egqn, (2.34) and (2.35)
accounts for the inertia of a blood column assumed to have a length
equal to the inner radius of the ventricle and a diameter equal to the
diameter of the outflow vessel,

The final term on the right hand side of eqn. (2.34) and (2.35)
represents the pressure drop originating from the fact that the outflow
vessel has a cross-sectional area much smaller than the cross-sectional
area of the corresponding ventricle, In including this term, Benecken
& Dewit (1967) have applied Bernoulli's theorem (the law of variation
of pressure along a stream line) to the efflux of a liquid through a
small orifice in a large containing vessel (Newman & Searle, 1952 ;

P. 364). Steady state conditions are assumed to exist once the flow is
established, blood is considered to be incompressible and viscous
forces have been shown above to be insignificant. Thus the application

of Bernoulli's theorem can be justified,

A complication arises in the application of Bernoulli's theorem
because the ejected blood is constrained to flow in a curved elastic
artery. In the lumped parameler representation here, the cross-
sectional areas A,, and A,, have to represent the effective values
over the pulmonary artery and ascending aorta segments taking into
account the curvature of the vessels. These area values are not given
by Beneken & Dewit (1967) and so they are calculated in Appendix 5,
Further approximations involved in the formulation of eqns. (2.34) and
(2.35) are :

(a) Turbulence and also flow disturbances originating at the
valves are ignored dcspite the high blood velocity.

(b) The vess:l diameters are assumed constant over their length,
This is an acceplable approximation over the relatively short
distances involved,

(¢) In practice, when a liguid flows freely from a small orifice
in a containing vessel, the jet cross-section contracts to a
minimum value (the contracted vein) after which it increases,
This phenomenon is ignored due to the constraints of the

outflow vessels,
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The actual cross-sectional area of the aortic valve orifice was
obtained by averaging figures from several publications. Guyton (1971,
p.218) gives the cross-sectional area of the aorta as 2.5 cm?
corresponding to a diameter of 1,785 cm. The average aortic blood
velocity is given as 33 cm sed-'so assuming an average flow rate of
100 ml sec”’ s the average aortic cross-sectional area works out as
3 cm* corresponding to a diameter of 1.955 cm. Davies (1967, p.774)
gives the aortic diameter as 3 cm at the heart and 1,75 cm at the end
of the aorta, The aortic orifice diameter is given as a little over
2,5 cm (Davies, 1967 ; p.758). Rushmer (1970, p.493) states that the
aortic valve orifice has a normal area of 2,5-3.,5 em> which corresponds
to a diameter range of 1.785-2,111 eme On the basis of these figures,
an aortic valve orifice diameter of 1.9 cm was assumed (cross-sectional
area 2,835 cm?® ), After performing the calculations described in
Appendix 5 using this value, the effective cross-sectional area for use
in eqns. (2.34) and (2,35) is 1,539 cm” (effective diameter = 1,4 cm).

The same value is used for both the aortic and pulmonary valves.

The magnitude of the blood velocity when the instantaneous flow
rate is 500 ml se64 is

Ao = Tivasl = Svo
ol Apo 1-539

The corresponding pressure drop is then
5 I xR 2
F 0V = S (L2529 = 42 mm by

This pressure drop is quite substantial and indicates that the

= 325 cm sec”!

detailed consideration of effective areas above is justified especially

as the area is squared in the Bernoulli terms,

2,2,5 Coronary flow

Pulsatile coronary blood flow is governed by the time~ccurse of
the aortic pressure P,, and the time-course of the resistznce tuv flow
which varies during the cardiac cycle due to comoression of the
coronary vessels by the contracting heart (Rushmer, 1970 ; p.274). The
detailed time-course of coronary flow is not of immediate interest in
the model so the resistance R.,, is assumed constant and the flow is
defined by :

X F = PAOI_ERR
e = AR )
Reor

As the coronary vessel compression occurs only during systole and
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as about 10% of the cardiac output normally flows through the coronary
circulation, the maximum error in the cardiac output due to the
constant coronary resistance approximation occurs if the coronary flow
actually ceases completely during systole and will be about 10(7\_’5/7,‘4)%
or about 4% at 75 bpm. Rushmer (1970, p.274) points out that
significant coronary flow in fact occurs during systole so if a
systolic doubling of the coronary resistance is assumed, the maximum
error in cardiac output due to the constant resistance assumption will
be about 2% at 75 bpm. Thus the approximation is not too severe,

As only short-term haemodynamics are considered, the modelling of
metabolic deficit development is excluded., Myocardial oxygen

consumption and autoregulation mechanisms are not introduced,

2.3 A model of the systemic arteries

In modelling the arteries of the systemic or greater circulation,
inertia effects have to be included due to the rapid acceleration of
the blood., Also the wall viscoelasticity and geometrical and elastic

taper have to be taken into account.

The equations used by Beneken & Dewit (1967) to describe a typical
arterial segment (numbered 2 here, with adjacent segments numbered 1

and 3) are as follows :

P‘.- P?. = R‘Q_F}z =+ LJZ % —'-—CZ'B?)
4V
e o ler ., uro )
e 1 dV.
Pz. = Cz(Vz-Vuz) + R Zf - ---(2-3?)
Gk, = 0-04 - =~ (2-40)

The inertance (L,, ), resistance (R, ) and compliance (C,) of each
segment have been determined by Beneken & Dewit (1967) from the
literature by averaging the vascular dimensions and properties of all
the blood vessels represented by the segment. Numerical values used in

the computer simulation are given in Appendix 2.
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Equation (2.37) follows directly from the linearised Navier-Stokes
equations and accounts for resistance to flow and the inertia of the
blood in segment 2. In the above lumped parameter representation; the
resistance (R,,) and inertance (L, ) of arterial segment 2 are located
in the connection between segment 1 and segment 2. It is assumed that
R, and L, stay constant in arteries as the systolic to diastolic
diameter change is perhaps only 5%. Dick et al (1968) performed tests
on dogs using a superposition method which indicated that nonlinearities

are fairly small in the canine arterial system, It is assumed that

nonlinearities can be neglected in the human arterial system.

The arterial wall material exhibits such phenomena as frequency-
dependent Young's modulus, stress relaxation, creep and hysteresis
(Westerhof & Noordergraaf, 1970). However a reasonable approximation
to account for the properties of the arterial wall is the assumption
of a linear, isotropic, Newtonian, viscoelastic material in which
stress depends linearly on both strain and strain-rate. In the lumped

parameter representation of eqn. (2.39) :

F,

(vz—vu) is equivalent to strain

is equivalent to stress-

d;tvg is equivalent to strain rate
1%- is equivalent to wall elasticity
2

and R is equivalent to wall viscosity

This is the so-called Maxwell model of viscoelasticity which can
be thought of in mechanical terms as a series combination of a spring
and a dashpot or in electrical terms as a capacitor and a resistor in

series,

Following Beneken & Dewit (1967), the time constant Czﬁi is
teken as 0,04 sec for all systemic arterial segments as in eqn. (2.40).
The importance of the wall viscosity in the model to ensure an
approximately correct input impedance of the systiemic circulation is

discussed in chapter 6.

A linear electrical analog of the systemic circulation model
showing the connections of the arterial segments is given in fig, 2.5.
This corresponds to the connections of systemic segments in the block
diagram of fig. 2.3. The electrical circuit makes use of the analogies
between pressure and voltage, flow and current, volume and charge,
viscous resistance and electrical resistance, inertance and inductance

and compliance and capacitance,
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The electrical analog is used to check the input impedance of the
systemic circulation model in one of the validation tests described in
chapter 6, The nonlinearities of the venous segments (discussed in
section 2,5) are not included in the electrical analog of fig. 2.5 and
instead resistances and compliances of venous segments are set to their
normal values, ka is the viscoelastic time constant (normally 0.04 sec).
The FORTRAN program used to compute the input impedance is given in
Appendix 6,

2.4 A model of the svstemic vascular beds

In the systemic circulation, the main resistance to flow is
offered by the very small blood vessels (arterioles, capillaries and
venules) in the various vascular beds, If the blood flow through a
vascular bed is assumed to be laminar because of the low blood velocity
and if the resistance is assumed constant for the present, the blooﬁ

flow is proportional to the pressure drop across the vascular bed,

In the 19-segment model of Beneken & Dewit (1967), the resistances
of the vascular beds are represented by six lumped arteriovenous
resistances, Blood flows through the various beds are given by the
following equations :

= R)n"fbv

Py = )

RHEHP

= i)
FCaR - ROIR RA

CoR

— = ~(2-42)

Fﬁos“”Fkﬂ

Feeone = - = =(2-43)

RSR:NC

Pin=Fv

RINT

== (24)

—
Cirv =

- Pog—F,
Fﬂnav = a7 v -(2-4-5)
RRBP
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In the controlled cardiovascular model, Ry .. o B, » Bogp and
R, s are under ceniral nervous control and circulating vasoactive
substances can influence the arteriovenous resistances, The modelling
of these effects is discuésed in chapters 3 and 4. The locations of
the arteriovenous resistances in a linear electrical analog of the

systemic circulation are indicated in fig. 2.5.

2,9 A model of the systemic veins

Unlike the arteries, veins are highly compliant, collapsible,
large-capacity vessels with relatively low transmural pressures and
nonlinear modelling has to be applied to obtain an adequate
representation, This is especially necessary in situations where large
volume changes occur in certain venous segments e.g. during simulated

haemorrhages or tilt-table experiments,

When a venous segment collapses, the effective compliance and
resistance change . Following Snyder & Rideout (1969), the compliance
is considered to be a piecewise linear function of volume with the '
compliance increasing to 20 times its normal value when the transmural
pressure becomes negative i.e, when the volume becomes less than the

unstressed value V, (see fig. 2.6).

Inertia effects are neglected due to the low blood acceleration
and also wall viscosity effects are not considered significant in the
short time-scale of the model so that equations relating pressure and

volume for a segment numbered 2 are :

=[] "

: Cows V2 Vuz
where C; = ; == = {2-48)
20Cns Y2 S Vi

The usual continuity requirements are defined by the equation :
dv,
T Fa—FRz , 220 -——2-49)
If the volume of a vessel of fixed length decreases, the effective
radius will decrease and the resistance to flow will increase,
Considering a straight vessel with a circular cross-section of radius

r connecting segments numbered 2 and 3, laminar Poiseuille flow is

4-2.



given by
Fy= Kn(h-Pa)r* )

where kn is a constant.

Due to the lumped parameter representation, the volume of the

vessel is concentrated in segment 2 and is given by
2
V, = Kg T — ——(2-51)
‘where kg is a constant,

Eliminating r between egns, (2.50) and (2.51) gives

Fs= k(P f) V2* - = —(2-52)
A, :
where K= _'?;5-

In this model, the constant k. can be related to the fixed
fluidic resistance (R,3 ) assumed by Beneken & Dewit (1967) for each
of their linear venous segments, If it is assumed that when V, =V, ,
P~ Ps

Rzg
then from egns. (2.52) and (2.53),

[
Re® v —= —(2-51)

3 "uz

Fas = e (BEEY

Equations (2,52) and (2,54) are considered to apply to a collection
of blood vessels rather than a single vessel provided that all the
vessels change their dimensions proportionately. These equations
provide an approximation for pressure-flow relations in uncollapsed
and collapsed vessels. Clearly F, >0 as V,—>0 in equation (2.52) so

the approximation is not unreasonable,

2.5.1 Venous valves

Valves at various locations in the venous system ensure
unidirectional blocd flow. In the circulatory fluid mechanicsg model of
Beneken & Dewit (1967), a venous valve is included between the segments
representing leg veins and abdominal veins and this valve obstructs
backflow completely., This can be described mathematically by computing
the flow between the segments assuming no valve present (FS) and then

defining Fg, Fg =5

——lo5E
o, RO G5

Fevay =
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Valves are also associated with the veins of both arms but in this
model the veins of the head and arms are lumped together in one segment,
The neck veins do not have valves and the flow to the head is assumed to
be twice the flow to both arms so, if FS is the flow between the
segments representing the head and arms veins and the superior vena cava

assuming no valves, the effect of the valves in the arm veins is given

by : = Fe.50
Fovsve = S ——= (2-56)
04647F5 , F5 <0

2,6 A model of the pulmonary circulation

The pulmonary or lesser circulation is represented by two lumped
parameter segments, one for the pulmonary arteries and the other for

the pulmonary veins,

The equations produced by Beneken & Dewit (1967) to describe the
pulmonary arteries are :

dv,
___..-df = FRVPﬂ - FPHPV 2 vf’ﬂ ; O "1 _h(2'58>

LTl S S
RLU&VG’

Foar = - -@50)

Poa — Fec
i TR

RLUM}

Equation (2,57) is the normal pressure-volume relation for a
constant compliance elastic reservoir, In the lumped representation,
inertia effects in the pulmonary arteries are incorporated in the
equations for the preceding right ventricle segment and so an inertance
does not appear in eqn. (2.57). In eqn. (2.59), the pressure-flow
relation in the pulmonary vascular bed is dependent on the value of
pulmonary venous pressure (Pp, ) relative to a critical closing
pressure (Eaa) which is about 7 mm Hg. In mathematical terms, this
accounts approximately for the critical closure of the pulmonary
capillaries,

The pulmonary veins are represented by a segment which has

equations similar to those for the systemic veins segments described

by



in section 2,5 with the addition of the atrial inlet contraction
discussed in section 2,2.3 (eqn. 2,29). The equations for the

pulmonary veins segment are :

|
Poy = o (Vev— Vuev) ——=(2-60)

C Vev > Yurev
CFV:' FPVN > v ___(2_49

20Cpyp > Vey £ Vory

dVpy

T Foaey — Fevia » Yev 29 -—-(262)
Pey = PLa) Ver
- S my i
evin Viiey
Fevin = —--(2-64)

0-1F;, 3<0

2.7 A model of respiration

Beneken & Dewit (1967), in their circulatory fluid mechanics model,
assume a constant intrathoracic pressure (P'ru) of =4 mm Hg and a
constant intra-abdominal pressure (Pasb) of +4 mmHg, both pressures

being measured relative to atmospheric pressure,.

In this work, it was considered useful to illustrate respiratory
variation of blood pressure, heart rate, etc, and also to demonstrate
the respiratory pump action. Hence cyclic respiration is iniroduced
into the model and is employed in the validation process described in

chapter 6.

If Tp is the respiratory period and T,. is the inhalaticne
exhalation duration then the intrathoracic pressure (Pr,) will be at
the resting respiratory level for a time ch" T,E) in each respiratory
cycle, If ¥, is the elapsed time measured from the start of the
respiratory cycle (0<% < T &) then cyclic respiration can be

approximated as follows

{9:., Ok s < Tig

e BS
0,7;5"32.57;3 (6)

di =
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. /Y,
PTH - K,'*'(k?."'kf) Slﬂ(—_’—.‘:;_' ———CZ-'éé)

Pm = K3+ ('%-"3) sin (%) ~-=(2:67)

The time-courses of these respiratory variables are given in
fig, 2+.7. The elapsed time Yo is generated in the computer program
by using an integrator with unity input to generate a ramp function
 with unit slope, the output being reset to zero at the end of each
respiratory cycle,

The pressures Pp, and P, ,are introduced into 8 equations
defining flow across the thoracic or abdominal boundaries (These
boundaries are indicated in fig. 2.3). For example, the equation
defining flow between the segments representing the thoracic aorta and
the abdominal arteries is modified from '

‘{'51033_15_ 3 Pnoa ~ Fan- Rna Fnosﬁﬂ

R ——=(2-68
dt ( )

Laoa
to

d'Fﬂoa:M L Paoz*+ Pra—Paa—Pasp— RaaFaoznn —-—-—(2'6‘3)
dt oy
A facility is provided in the digital computer program to switch
between the static respiration of Beneken & Dewit (1967) and the cyclic
respiration model as required.

2,8 A model of orthostasis

The effects of gravity on the columns of blood in the
cardiovascular system are included in the model so that it is possible
to simulate the dynamics which occur during a pacsive tilt from a
previously resting, recumbent position., The circulatory re:pcnse to
orthostasis proviaes a uvseful test ¢of the compensatory mechanisms in
the complete controlled cardiovascular model and is discussed further
in the validation tests of chapier 6, The muscle pump action, which
occurs due to contraction of skeletal muscle and which aids venous

return when an individual stands upright, is not incorporated.

The approach used by Snyder & Rideout (1969) is employed.
Pressure generators are included beiween various segments ito represent

the effective hydrostatic pressure differences over the corresponding
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lengths of blood vessels,

Let 9 = acceleration due to gravity
@ = density of blood
n = number of g's of acceleration (normally 1)
£ = effective segment length for the

lumped parameter representation
9’ = angle between the axis of the segment and a
perpendicular to the direction of gravitational force.

then the hydrostatic pressure difference is given by
G = 'nsef sin ¢ === (2.70)

The hydrostatic pressure generators are assigned to arteries and
veins in such a way that the sum of hydrostatic pressures round any
closed circulatory loop is zero.

The pressure generators are introduced at the locations shown in
fig. 2.8 and the equations defining fléw at these locations are
modified appropriately. For example, egn, (2.69) defining flow between
the segments representing the thoracic aorta and the abdominal arteries
(with respiratory effects included) is modified to

dFpo3an _ Pros +Prin— Paa—Pagp— Raq Favzan + Groznn
it T —==(271)

where

Gpozan = hge fnosnﬂ Sing ——-—(2-72)
A facility is provided in the digital computer program to switch

orthostasis on or off as required.

2,9 Calculation of mean arterial vressure, stroke volume,

cardiac output and total sysiemic resistance

Mean values of aortic pressure and flow are important in
cardiovascular physiology and their calculation is necessary here o
enable results from the model to be compared with results in the
literature on circulatory physiology.

The stroke volume (SV) and mean arterial pressure (MAP) may be
obtained on a beat-by-beat basis by integration of the left ventricular
outflow and the aortic pressure over one cardiac cycle, If ¢, is the

time at which a cardiac cycle starts and T, is the heart period then
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I '!.‘,-I-TH
(MRP) = '-T-; ‘Sl: PﬂOf ———(2*73)
1

b, 'F‘TH
(sv) = L Fivsor dt ———(2-7%)
1

The values of (IAP) and (SV) obtained from eagns. (2.73) and (2.74) are
available only at the end of each cardiac cycle, The cardiac output
(C0) or mean aortic flow on a beat-by-beat basis can be calculated
from

o {E)
(CO) = "'-'_TTH"' ——-(2.-75)
The resistance of the network of blood vessels in the real
systemic circulation is referred to as the peripheral resistance, 1In
this model, the resistance to flow between the left ventricle and the
right atrium offered by the 13 systemic segments is referred to as the

total systemic resistance.

.An estimated total systemic resistance (ETSR) can be obtained on

a beat-by-beat basis from
(ETsR) = “Go -==(2-1)

An electrical analog of the network of resistances to flow in the
model is given in fig. 2.9, The true total systemic resistance (ITSR)
at any instant can be obtained by calculation of the input resistance
of the electrical analog. This calculation is included in the digital
computer program, The resistances of venous segments are volume-
dependent and the lumped resistances of vascular beds will become
variable when central nervous control of peripheral resistance and
pharmacokinetics are introduced., Fig., 2.9 therefore includes these
effects, The equations for the calculation of {TTSR) are given in
Appendix 1,

The estimate (ETSR) obtained from equation (2,76) is correct when
the system is in a pulsatile steady state, However, during transient
dynamics, (ETSR) may differ considerably from (TTSR), This assertion
is proved theoretically in appendix 8 for a simple reduced model of the
systemic circulation and is verified for the complete model by
comparing (ETSR) with (TTSR) during tests on the digital simulation
described in chapters 6 and 7.

In the literature on cardiovascular research, peripheral
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resistance is usually calculated using eqn, (2,76) with time-averaging
of aortic pressure and flow over one or more cardiac cycles or the
smoothing of pressure and flow signals by low-pass filtering,. In most
of the results obtained from the digital simulation in chapters 6 and 7,
(ETSR) is presented rather than (TTSR) to enable comparison with
equivalent results from experiments on animals and humans described in
the literature,

2,10 Conclusion

A pulsatile 19-segment lumped parameter model of the uncontrolled
human blood circulation suitable for the study of short-term
haemodynamics has been presenteﬁ. The model is based on the work of
Beneken & Dewit (1967) with the following principal additions and
modifications by the author :

(a) Detailed consideration of flow through the aortic and
pulmonary valves,

(b) Nonlinear modelling of venous segments.

(e) Cyclie respiration !

(d) Detailed consideration of the beat-by-beat estimation of
peripheral resistance from mean arterial pressure and
cardiac output,

The basic model is of order 27 and another 4 integrators are
required for cyclic respiration, beating of the heart and the
calculation of mean arterial pressure and stroke volume, The model
provides a qualitatively adequate description of the circulatory fluid
mechanics and has sufficient spatial detail without being of
excessively high order which would cause computational problems,

The complete set of equations for the circulatory fluid mechanics
model is given in Appendix 1, The values of all the constants and

initial conditions used are given in Appendix 2,
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CHAPTER 3
A MATHEMATICAL MODEL OF NEURAL CONTROL

Neural and humoral control mechanisms enable the cardiovascular
system to adapt to a changing environment, This chapter describes the
mathematical representation of central nervous control mechanisms which
are included in the model of short-term haemodynamics and
pharmacokinetics,

The transport in the bloodstream of numerous internally secreted
chemical substances which affect the cardiovascular system is ignored
in the model (e.g. the renin-angiotensin-aldosterone Bystem) because
most of these humoral effects have time constants much longer than the
short time-scale (0-2 minutes) of the present model. Any short-term
humoral control actions are considered to augment the central nervous
control actions and so are not included (e.g. the catecholamines
noradrenaline and adrenaline which are secreted by the adrenal medulla
and which augment the activity of the sympathetic nervous system).

Local avtoregulatory mechanisms help to adjust blood flow through
particular tissues to meet the local metabolic needs of those tissues
and such mechanisms are important during periods of biological demand.
The model considered here applies to a relaxed, resting human and so

local autoregulatory mechanisms are not included.

Central nervous control is achieved in the cardiovascular system
by variation of parameters - in particular heart rate, peripheral
resistance, myocardial contractility and venous tone, Central nervous
input information on the blood pressures a2t various locations is
provided by the pressure-sensitive baroreceptors, the principal
receptors being located in the zortic arch and carotid sinus regions,
Neural control of the four previously mentioned parameters (viz. heart
rate, peripheral resistance, myocardial contractility and venous tons)
is included in the model because, in simulating the injection of a
cardiovascular agent, cooperative or competitive interactions can occur

at certain sites between the neural control and the drug action.

The activity of the cardiac and vasomotor centres in the medulla
can be influenced by the higher centres of the cerebral cortex in the
normal, conscious human. These effects are ignored as the model
applies to a relaxed, resting human who is assumed to be in a

permanently calm state of mind,
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In the mathematical description of circulatory fluid mechanics
given in chapter 2, the modelling is based primarily on the application
of physical laws and principles., The central nervous system is an
extremely complex system consisting of millions of interconnected
neurones and each neurone can be regarded as a nonlinear dynamic
system. It is not appropriate therefore to apply physical laws in the
mathematical formulation, Instead, suitable empirical or "black box"
dynamic models with approximately correct input-output relations have

to be constructed.

There is a high degree of accuracy in the control of blood
pressure and also spontaneous and broadly repetitive fluctuations of
blood pressure can occur at a frequency differing from that of
respiration. Because nonlinear control systems ﬁsing bang-bang ox
on-off control can also show a high degree of control accuracy and can
exhibit limit cycles in the controlled variable, Hyndman (1970)
suggested simple empirical models of central nervous control mechanisms
incorporating bang-bang actions, This approach is used here in the
models for control of peripheral resistance, myocardial contractility

and venous tone.

3.1 The baroreceptor system

The baroreceptor reflexes are important short=term negative
feedback mechanisms for the regulation of blood pressure., The
principal baroreceptors are located in the aortic arch and carotid
sinus regions and afferent nerve impulses pass from these regions to
the medulla, If the blood pressure rises, the impulse activity
increases and there is greater inhibition of sympathetic centres and
stimulation of parasympathetic centres in the brain, This leads to a
decreased discharge of sympathetic impulses and an increazsed discharge
of parasympathetic impulses throughout the body. The resulting effects
(e.g. slowing of the heart and arteriolar vasodiiatation) tend to limit
the original rise in blood pressure, If the blood pressure falls, the
opposite effects occur (e.g. acceleration of the heart and arteriolar
vasoconstriction) and the original fall of blood pressure is limited.
Mathematical models of the aortic arch and carotid sinus baroreceptors

are given below,

When arterial pressure is increased to a new level and remains at

that level for long periods, the baroreceptors are strongly stimulated
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at first but then they adapt to the new level of pressure and lose
their excess stimulation in the process, This adaptation (or
"resetting") mechanism is ignored in the model as only short-term

phenomena are considered.

The baroreceptor reflex response depends on the net effect of all
the baroreceptor impulses arriving at the brain, The firing frequency
of each baroreceptor nerve fibre is known to depend on the blood
pressure level and its first time-derivative., Katona et al (1967)
developed a highly simplified empirical model in which the net effect
at the brain of all the baroreceptor impulses was characterised by a
single "input function" (B, ). B, was computed from the systolic
pressure (Pg ) and the diastolic pressure (P; ) in one cardiac cycle as

follows :
P
g B, ka(Ps—Pp) — ¥g —=(:1)
B B, 50 '
B, = 2 -~ (3.2)
O 8,6 0

In eqn. (3.1), the term jﬁé;fh gives an approximation for the
mean arterial pressure and the term Ka(F-ﬁJ, which is proportional to
the pulse pressure, reflects the sensitivity of the baroreceptors to
the positive time-derivative of pressure, The constant kg represents
a steady state threshold pressure below which baroreceptor firing does
not occur., Equation (3.2) ensures that the input function does not
become negative which would correspond to a physically meaningless
negative firing rate.

In Katona's model, B, is a constant for each cardiac cycle, In
reality, the baroreceptor impulse activity is not steady throughout the
cardiac cycle but occurs in bursts with the main activity during
systole, Katona's model is therefore modified here to include the high
speed dynamics oceurring within the cardiac cycle., In addition,
separate representations of the aortic arch and carotid sinus
baroreceptors are incorporated because the bloocd pressures in these
regions may differ considerably when large intrathoracic pressure

changes occur e.g. during a Valsalva manoecuvre,

For each baroreceptor area, the following equations apply :

dP Ar
er £- >0
dt 0 dt

Sy = ie —ei(3.8)
O , @s©°

o
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Equation (3,3) represents the unidirectional rate sensitivity of
the baroreceptors, The positive time-derivative of pressure (s, ) is
passed through a first-order low-pass filter (egqn. 3.5) with a very
short time constant (T,) to give a dynamic estimate (S, ) of the
positive pressure derivative. A dynamic mean pressure estimate ( SB) is
obtained by passing the pressure through a first-order low-pass filter
(eqn. 3.4) with a longer time constant ( TQ). The linear combination
of the mean and derivative estimates (eqn. 3.6) together with the
constraint that firing rate must be positive (eqn. 3.7) gives the
output function ( B, ) for an individual baroreceptor area, Fig, 3.1
gives a block diagram representation of an individual baroreceptor

model,

The threshold pressure Kz in eqn, (3.1) is given by Beneken &
Dewit (1967) as 40 mmHg so Kp in eqn. (3.6) is set to 40 mmHg,
Beneken & Dewit (1967) give the constant k, of eqn. (3.1) as 1,5 and
so for a normal pulse pressure of 40 mmig, k,(R-FPp) has a value of 60,
This value represents the average contribution of the positive pressure
derivative term over one cardiac cycle., To estimate K, in egn, (3.6),

it is assumed that the averagc value ol K 5, over one cardiac cycle is

also 50 i.2, , t,+T‘H
T Kadt = (O
H g, =
60T,
giving H
6Ty --=(3-8)

i j; 5. dt

1
For normal heart rate and blood pressure the value of K, is

calculated from eqn. (3.8) to be approximately 1.0 ,
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The effective input for the central nervous system is assumed. to
be a static function of the output of the carotid sinus baroreceptors

( BUH ) and the aortic arch baroreceptors (B,,, ) i.e.
B = f(Bun 5 Bﬂoz) ---(3-7)

A further assumption is made that the function of eqn. (3.9) can
be approximated satisfactorily by linearisation about an operating

point to give the following weighted sum :

B=xB, + (1-2) Bagz - —=(3.10)

where o( is a constant in the range 0sx< |, This formulation
of the effective CNS input function is illustrated in fig. 3.2 .

Dampney et al,(1971) investigated the relative steady state gains
of the carotid sinus and aortic arch baroreceptor systems in dogs by
observing the effect on hindlimb vascular resistance when one
baroreceptor area was stimulated and the other was eliminated, The
ratio of the gain of the carotid sinus system to the gain of the aortic
arch system was found to be 2,22:1,06 , It is assumed that this _
result applies approximately to the gain ratio in the human system so

X is set to 0.7 in egn., (3.10).

Beneken & Dewit (1967) used Katona's approach (egns. 3.1 & 3.2) to
represent the combined effect of the baroreceptors in the aortic arch
and carotid sinus regions, fg was replaced by a linear combination
of systolic pressures in the two regions and P, was replaced by a
similar linear combination of diastclic pressures in the two regions,
This approach cannot be applied when the rapid dynamics within the
cardiac cycle are considered because the individual baroreceptor mcdels

are nonlinear and the principle of superposition is not applicable,

2.2 Central nervous control of heart rate

The mathematical model of heart rate control is based on work by
Katona et al,(1967). Katona performed experiments on chloralose-
anaesthetised dogs in which a balloon was inflated in the tnoracic
aorta to obstruct blood flow and changes in blood pressure and heart
rate were observed. From a study of the experimental results, a
two-region dynamic empirical model was formulated and the parameters
were determined by least-squares fitting techniques, It is assumed

62



here that this model is applicable to an unanaesthetised human,

For blood pressures above normal, the central nervous input
function B 1is greater than a threshold value K. and heart rate
responses are relatively large and fast and mainly of vagal
(cardioinhibitory) origin, In this region (region A), Katona found
that the heart period increased faster than it decreased i.e., the
response was asymmetric, The dynamics of region A are approximated by
a first order system and the features of the response are described by

the following equations @

(B-kg) , B>k
Uy, = { ot & -—...(3.!!)
O , Bk
15, :“_g >0
Ug = -—=(.12
b5l e 61
dt
du, - Wy - ___(3_’3)
at iy

For blood pressures below normal, the input function B is
generally less than the threshold value k. and heart rate responses
are relatively small and slow and mainly of sympathetic
(cardioaccelerator) origin., In this region (region B), the dynamics are
approximated by a second order system and described by the following

equations :

K B>k

B ,B=sk
duE - Uy — Ug €
- = )

dup _  ug—Ug R
dt Tq_ i

The overall response of the controller is obtained by forming a

linear combination of the outputs in regions A and B :
e = ke (U + ug) -—-(17)

The quantity U, in eqn. (3.17) represents a continuously varying
estimate of heart period for use in the next cardiac cycle,

Heart rates above about 200 bpm are on the verge of fibrillation
in man, Also heart rates below about 30 bpm are incompatible with
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viable homeostasis and so the heart rate (4; ) in the model is limited
to a range 30< f,< 200 bpm. The following constraint on the _
estimated heart period is therefore added to Katona's basic model :
2.0, ugz2.0
ILH o Ug , 0-3<ug<2-0 -—-(3.!8)
0-3, Ug <03
A block diagram of the heart rate controller based on equations
(3.11) to (3.18) is given in fig. 3.3 .

The heart period to be used for the next cardiac cycle (T, ) is
obtained by sampling the continuously varying Uy at the end of the
current cardiac cycle, The value of T; then stays constant during the
cardiac cycle because the heart is refractory to further stimuli until

the cycle is complete,

The values of constants and initial conditions used in this model
are given in Appendix 2, The numerical values given by Katona are
employed because, as Beneken & Dewit (1967) pointed out, it is
difficult to predict in which direction any changes of parameter should

be made in nonlinear control systems such as this,

A facility is provided in the digital computer program to switch
between the neural control of heart rate and a fixed preset heart rate.

The latter is used in the simulation of pacing experiments,

5¢3 Central nervous control of peripheral resistance

Smooth muscle in the walls of the arterioles is normally in a
state of partial contraction due to sympathetic tone originating from
the medullary vasomotor centre., A reduction of sympathetic activity
(e.gs resulting from a rise in blood pressure) leads to vasodilatation
and a decrease of peripheral resistance., Conversely, an increase of
sympathetic activity (e.g. resulting from a2 fall in blood pressure)
lcads to vasoconstriction and an increase of peripheral resistance, A
mathematical model of peripheral resistance control must approximate

these effects satisfactorily.

In view of the high degree of accuracy in the control of blood
pressure and the occurrence of spontaneous very low frequency
oscillations in blood pressure, Hyndman (1970) suggested that
empirical models of central nervous control should incorporate

bang-bang or on-off control actions. In applying this approach to
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peripheral resiétance control, Hyndman used the input function 3B
vhich represented all the systemic arterial baroreceptor activity. The
output of the controller was a time=varying peripheral resistance R,
Hyndman's peripherzl resistance controller may be described by the
following egquations :

0-5, B>k
£L(R) _ _(1+7-955) el
£(3)  U+ks) (1 + 203)

The bang-bang action represented by egn. (3.19) occurs when the
input function B crosses the threshold value Kg (normally 80) which
is used in the heart rate controller of Katona et al.(1967) described
in section 3.2 .

- = =(3.20)

Equation (3,20) gives the transfer function of the linear part of
the controller, It is seen that the second order system has time
constants of 4 sec and 20 sec respectively and that a time delay of
1.5 sec is incorporated, Hyndman obtained these numerical values by
analysis of data from experiments in which digital blood flow was
observed after pressing the neck in the carotid sinus region of a

conscious man,

In adapting Hyndman's representation to the mathematical model
here, certain changes are made., The time-domain description of the
modified version is as follows :

G
Ya = {O ey --=(21)

-4 , Bg KE

d 5
d‘l{c. = PAT Ve ___(3_23)
dt 20
q,p = 0775 Ye + 0-25 %5 ---(3.24)

A block diagram representation of these relationships is given in
fig. 3.4 . The output (¢,) in egn. (3.24) is a dimensionless quantity
which multiplies the normal values of arteriovenous resistance in the
bronchial, intestinal, abdominal and leg vascular beds in the model,
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Equations (2.43) to (2.46) in section 2.4 of chapter 2 become
modified with the introduction of peripheral resistance control as

follows : o
FBRoNo = _Ae3 _RA e WOl (3_25)
9p Rgrove

Pin — Piv
= = L e L -l B2l
1AV T s (: )

F
e qf,p RRBD

Fcncv w ‘Pﬁ_‘kf; —-—(3-28)
Other systemic vascular beds are assumed to be uninfluenced by
central nervous control, The pulmonary vasculature is known to be
highly non-reactive to both neural and humoral control (Rushmer, 1970 ;
p.165) and so is also excluded from peripheral resistance control in
the model,

The bang-bang values of eqn, (3.21) give a maximum variation of
resistance in any controlled vascular bed of #*40% and result in 9
having a normal steady staie value of about 1,0 ,

Equations (3.22) to (3.24) represent a parallel decomposition of
the original transfer function of Hyndman, omitting the time delay.
By transforming these equations to the complex frequency domain using
Laplace transforms, the transfer function relating 9, to 9, is

£(3,) » (1+8s)
£(9,)  (+4s)(I+ 20s) ] --=(3-29)

The time delay of 1.5 sec in Hyndman's model is ignored for two

reasons i

(a) Hyndman states that thas average time from the onset of neck
pressure to the onset of the digital flcw response is
approximately 1.5 sec , Consider a Heaviside unit step input to
the transfer function of eqn. (3.29) i.e. ¢,= H(t). The output
after 1.5 sec is given by

(30)iers = 0-75(1- e-'-s/“) + 0-25(1- e-l's/"') = 0-13

This means that after 1.5 sec only 13% of the input change would
be observable at the output, Such a small change would only just
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be observable within the limits of experimental error so the "delay"
observed by Hyndman carnnot be distinguished clearly from the lag in the
response of the transfer function itself. The numerical values are of

course very approximate anyway.

(b) A pure time delay adds considerably to the computation time in the
digital simulation due to the storage and retrieval of previous

values and the interpolation between previous values,

A facility is provided in the digital computer program to switch
" between the neural control of peripheral resistance ( gnpvariable) and
fixed, normal values of arteriovenous resistances (i},=1.0).

3.4 Central nervous control of myocardial contractility

The heart muscle has sympathetic innervation and increased
sympathetic activity in the medullary centres (e.gs as a result of a
fall in blood pressure) results in a positive inotropic response i,e,
more powerful contraction of the ventricular musculature., There is no
universally agreed measure of the contractile state of the heart and '
several myocardial contractility measures are in current use (e.g.
maximum rate of change of left ventricular outflow, maximum rate of

change of left ventricular pressure, etc,).

The equation relating pressure, volume and elastance in the lumped

parameter representation of a heart chamber is as follows :
P=a®[V-Y] e fai8d)

In this model, the systolic elastance is used as a myocardial

contractility measure and is given by

d.P
as = (—‘ﬂ; =y ——=(3.31)

This is a reasonable measure tecause both maximum pressure and maximum
rate of change of pressure increase as Qg is increased, Tests on the
digital simulation describad in chapters 6 and 7 confirm that systolic
elastance is an acceptable measure of coniractility when compared with

other commonly used measures in the same tests.

Hyndman (1970) developed a simple first order dynamic empirical
model of left ventricular contractility control which, like the
peripheral resistance control described in section 3.3, employed -

bang-bang or on-off control. The input of Hyndman's model is the input
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function B which represents the general systemic baroreceptor

activity and the output is the left ventricular systolic elastance,

Adapting Hyndman's approach to the model here, the equations
describing the myocardial contractility controller are :

L 0'6, B> Ke
" = {w, Bs k, RN
db, b b
T e ThE

A block diagram of the controller is given in fig., 3.5 .

In eqn. (3.32) the input function B is compared with the
threshold Kg which is used in the heart rate controller of Katona et al
(1967) described in section 3.2, The bang-bang levels are chosen 80
that the maximum variation of by is *40% and the steady state value
of Eb is approximately 1.0 , Equation (3.33) represents a first order
system with a time constant of 10 sec which was determined by Hyndman

from analysis of data in the physiology literature,

The output b, in eqn, (3.33) is a dimensionless variable which
miltiplies the normal systolic elastances in all four heart chambers.
Equations (2,14) to (2.17), defining the elastance functions of the

four heart chambers, are modified as follows :

Agp = x_,[bs Yras— “RHDJ + Agap ———(33W)
Qv = x5[LB O‘Rvs“a‘RVPJ * %rvp —-~(3-35)
Rip =3 [[’aa“ms_ “rap| + LAy -—=(336)
Xy T xs[bs Qvs ~%vp| t %evp ——=(237)

Beneken & Dewit (1967) included a direct relationsiip between
heart rate and myocardial contractility in their model, However,
Noble et al, (1966) pointed out that, in the physiological range in
conscious dogs, changing heart rate has little, if any, effect on
myocardial contractility. There is a possibility that any direct
positive inotropic effect of increasing heart rate could be

counteracted by a reflex negative inotropic effect due to sympathetic
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outflow reduction as a result of the blocd pressure rise induced by the
increased heart rate, Despite this, a direct relationship is not

incorporated in the model,

Hyndman (1970) tested a simplified 11th order circulatory fluid
mechanics model incorporating the above first order control of left
ventricular contractility and found that this reflex was insignificant
in comparison with the venous tone reflex, He therefore excluded the
left ventricular contractility reflex from any further work.
Nevertheless, myocardial contractility control is included in the model

described here for the following reasons :

(a) The model used here is considerably more detailed than that
used by Hyndman and it is not certain that the contractility
reflex will be insignificant in this case, either alone or in
combination with other reflexes.

(b) The model is intended ultimately to study the effects of
circulating drugs including those with inotropic actions and
there is a possibility of significant chperation or
competition between the neural control action and the drug

action

A facility is provided in the digital computer program for
switching between neural control of myocardial contractility ( by

variable) and fixed, normal values of systolic elastances (by =1).

3.5 Central nervous control of venous tone

Venous or venomotor tone refers to the active consiriction or
dilation of venules caused by variations of arterial pressure and
mediated through the sympathetic nervous system. Following a suggestion
of Snyder & Rideout (1969), it is assuned that changes of venous tona
»esult in changes of the unstressed volumes and compliances of lumped

parameter venous sezments,

As in the peripheral resistance and myocardial contractility
control systems, Hyndman (1970) assumed that bang-bang or on-cff
control was appropriate for central nervous control of venous tone,
Adapting Hyndman's version for the model here, the equations are as

follows :
0-7 B>k
d - b ] e
A =

-—=(3.33
l’é ) B-‘S KE ( )
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T e
d»c = Kg "lg " ("' "'&) ——=(-49
d—p = Ky dg + I—ky) ——=(3:41)

A block diagram of the controller is given in fig, 3.6 . The
input function B (representing the general systemic baroreceptor
activity) is compared with the threshold Kz which is used in the heart
rate controller of Katona et al, (1967) described in section 3.2 . In
eqn. (3.3%8), the bang-bang levels are adjusted so that the maximum
variation of the compliance or unstressed volume in a controlled
segment is about *40% and the steady state value of 6[3 is about
1,0 . Following Hyndman (1970) the linear part of the controller is a

first order system with a time constant of 14 sec as in eqn. (3.39).

The compliances in controlled segments are divided by the
dimensionless variable dc in eqn, (3.40) and the unstressed volumes
are divided by the variable t{p of eqn, (3.41). Division is required
in this case to ensure that the control system exhibits negative
feedback, If the blood pressure rises, venous tone will decrease and
the venous compliance and unstressed volume will increase thus lowering
the venous pressure, This will result in reduced venous return and
reduced cardiac output so that the original blood pressure rise will be
limited,

The constants K and k, in eqns. (3.40) and (3.41) respectively
control the percentage deviation of dc and d, from the normal value
of 1.0,

Equations (2.47) and (2.48) for a typical systemic venons sesment

are modified in the following manner for controlled venous segments :

V,
Vuz = _%ffi - (342
P:_ = __Cd_l:_z. [Vj_"' V(L?-] et (3' 4'3)
& Vo > Vuz
C = 2V T2 - (3.4
= {20 CzH » V)_ < Vuz (3 ZI-)
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In the modél, sympathetic innervation is assumed only in the head
end arms veins, intestinal veins, abdominal veins and leg veins

segments,

A facility is provided in the digital computer program for
switching bstween neural control of venous tone ( dc, ip variable) and

fixed, normal values of compliance and unstressed volume (d1==d,=1).

3.6 Conclusion

Empirical models of the aortic arch and carotid sinus
baroreceptors and the central nervous control of heart rate, peripheral
resistance, myocardial contractilily and venous tone have been presented
in this chapter, These models are based on the work of Katona (1967)
and Hyndman (1970) with the following principal additions and
modifications by the author :

(a) Separate aortic arch and carotid sinus baroreceptors

(b) Pulsatile baroreceptor dynamics

(c) Adaptation of the controllers to the 19-cegment
circulatory fluid mechanics model,

The overall neural control model is of order 11 and provides a
compact and satisfactory representation of central nervous control
mechanisms for use with the circulatory fluid mechanics and
pharmacokinetica models, The adequacy of the neural control models
will be assessed in the validation tests on the complete model
described in chapter 6.

The complete set of equations of the neural control model is given
in Appendiv 1 and the numerical values of constants and initial
conditions are given in Appendix 2,
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CHAPTER
A MATHEMATICAL MODEL OF PHARMACOKINETICS

The complete model is to be used for the study of short~term
pharmacokinetics i.e, the effects of an injected drug in which the
major dynamics are complete within two or three minutes, This chapter
describes an appropriate mathematical model of the injection, transport
and action of a single drug which can be combined with the circulatory
fluid mechanics model of chapter 2 and the neural control model of
chapter 3.

4.1 A model of drug transport

A method for representing the blood transport of a chemical
substance which is applicable to lumped parameter models is the
"rmiltiple modelling" technique of Beneken & Rideout (1968). In this
methed, segments of a slave transport model are coupled to the
corresponding segments of the master blood circulation modél so that
transport flow is proportional to concentration in the transport model
multiplied by flow in the circulation model.

Referring to fig. 4.1, the mathematical description is formulated
in the following way :

The mass inflow of the nth segment is “%—Lnfi—nri where

w o Wp—y » Frl-l,r\ >0 (u_ ])
n=hn Wint i By ek © .
The variable Wnyyn 1is the concentration appropriate to the

direction of flow between the (n-1)th and nth segments,

The mass outflow of the nth segment is similarly a%,n*,F

n,n+|
where :
e Wn , Fn,n+l>o \
Wn,ne) = - e —4.2)
2 Wye)r Tnynyl =

The rate of change of mass in the nth segment is given by
dm,

-—Z.-E" = wﬂ-—f,ﬂ Fil-l,ﬂ - wn,n-rl F;l,n-h‘ s> Mn 20 “'(Q'BJ

The concentration within the rth lumped segment is simply the
mass per unit volume i,e,

Wo = Vi —“'@4)
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It is desirable that the model should simulate the transport delay
which occurs before the arrival of the drug at a site distant from the
point of injection. By considering a special case, it may be .
demonstrated that as the number of segments used to represent a given
length of blood vessel is increased, a closer and closer approximation

to a pure delay is obtained.

Suppose the flow F is constant and unidirectional and each
segment has an identical volume V, If the total volume of blood in the
' vessel considered is V., and if N segments are used, the volume of

each segment is

You- s === (5)

Applying equations (4.1) to (4.4), the differential equation for
the nth segment is

e, () _—

Taking Laplace transforms of egn. (4.6) and rearranging :

Ez(mn) - |
Llmny) 1+ s(¥ =

Each segment therefore corresponds to a first order lag with a
time constant of gﬁ sec,

Applying eqn. (4.7) to each segment in turn, multiplying the
resulting equations together and substituting for V using eqn. (4.5):

£L(mn) __ [
chy“o) “ (’-+ éjf;)”

NF

(%)

For an infinite number of segments, each of infinitesimal length,
eqn, (4.8) becomes

o{(mw) = / . =5 'Y,.'-'.T"
2(m) = Tm(iv 2B T
N> o0 NF
Vor

which, in transfer function terms, corresponds to a pure delay of “F

A

sec between the entry of the drug into the blood vessel and its exit
from the vessel., The above equations are analogous to those obtained
in the analysis of an electrical transmission line with distributed

resistance and capacitance,
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The circulatory fluid mechanics model described in chapter 2 has
19 segments so the slave transport model will also have 19 segments,
The accuracy of representation in this case is investigated in one of
the validation tests described in chapter 6,

The incorporation of genuine transport delays in the digital
simulation is considered unsuitable because there are 24 links between
the 19 segments and the flow is variable in each case so that 24
variable time delays would be required which would impose an

intolerable computational burden,

_ In the digital computer program, a facility is provided to switch
out all the equations concerned with drug transport if these are not
required in order to save computing time (e.g. in some of the

validation tests described in chapter 6)

4,1,1 Drug injection

The time taken to complete an injection is assumed to be very
short compared with the time constants of the transport dynamics in the
model and the volume of the injection is assumed to be negligible
compared with the volume of the segment being injected,

If the mass of drug contained in the injection is M t{hen an

injection into the nth segment at time tI may be modelled quite

simply by introducing a Dirac delta-function in eqn, (4.3) as follows :

dd;" = M S(ff-tx) -+ wﬂ_,,n F:n-'l,n == wn,nu Fn,n+| ———-(4.!0)

An average human is assumed to weigh 70 kg so if the dosage of the
drug is A Mg per kg of body weight, the injected maes will be

M= 704 M9

The delta function in eqn. (4.10) is implemented in the digital
simulation by increasing the wass m, by M units at time ¢t = tr .
Normally, m, will be zero prior to the injection and +t, will be

Zero,

4,1,2 Drug breakdown and absorption

Aé an injected drug moves round the circulatory system, the drug
will be absorbed or transformed chemically. The effective

concentration of the drug will decrease with time due to the breakdown
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or absorption as well as decreasing because of 'dilution resulting from
distribution throughout the blood volume,

An approximation is made in the model that the rate of change of
mass due to breakdown is proportional to the remaining mass of drug in
a segment and that the time constant for breakdown ( Tg ) is identical
in all segments, <Tp depends on the properties of the injected drug
and a typical value is 30 sec,

Equation (4.3) is modified in the following manner :

drmp = F m
—_— = W -i,n n=l,hn T Wh,net nyndl T sl ———(y-.ll
it n=i, h n,n ) J-LJB ( )

'q As t increases, the sum of the drug masses in all segments,

;éfn" s decays exponentially to zero in this formulation, If
breakdown or absorption does not occur ( Tg = 0 ), the injected drug
mass M will eventually become uniformly distributed throughout the
total blood volume V4 so that the concentrations in each segment of

the model will tend to -2’,‘- :
) 4 it

4.2 A model of drug action

It is necessary to simulate the actions of the injected drug at
specific sites in the circulation, The selected parameters to be
influenced by the circulating drug are those already influenced by
central nervous control viz, heart rate, peripherzl resistance,
myocardial contractility and venous tone. This choice encompasses the

actions of a wide range of cardiovascular agents,

In the models of neural control described in chapter 3,
gimul taneous changes were assumed in all the variables under control of
a particular central nervous controller e.g. all the arteriovenous
resistances changed together in proportion under the influence of the
peripheral resistance controller, In the case of a circulating drug,
the agent arrives at different sites at different times becauase of
transport delays and so the drug action at each site has to be modelled
separately.

Consider a general circulatory parameter R which is subject to a
combination of instantaneous neural and humoral influence, Let oy be
2 dimensionless variable corresponding to neural control action which

is equal to 1,0 in the absence of neural control and deviates from 1,0
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in the presence of neural control (as in the peripheral resistance,
myocardial contractility and venous tone controllers described in
chapter 3), Let op be a dimensionless variable corresponding to drug
action which is also equal to 1,0 in the absence of drug effects and
deviates from 1,0 when drug effects are present., A mathematically
compact and convenient empirical relationship which represents the

combined neural and humoral influences on R is :
R= Ry€q o - == (12)

where R, is the normal value of the parameter R,

It is assumed that the change in R at a particular location
depends on the drug concentration ( w ) at that location and that the
effect is instantaneous, If 0y is regarded as constant for this
analysis and if R increases as W increases, a linearised

relationship between R and W implies that

op = | + KW - == (4-13)

where K is a positive constant which determines the sensitivity of R
to a given change in W . Equation (4.13) is strictly applicable only

to small values of W Dbut is extended here to all values of W .

If R decreases as W increases then o could become negative
for large W in eqn.(4.13) which would result in a physically
meaningless negative parameter R , To avoid this difficulty and also
to provide a more realistic asymptotic approach of 03 to zero with
increasing w , the following equation is used if R and w change
in opposite directions :

|
| + Kw

=== (1)

If the right hand side of eqn.(4.14) is expanded as a powsr saries
in @ and small values of W are considered so that w* and higher

order terms are negligible, eqn.(4.14) reduces to
oy = | - kw .__._(4.,5)

Thus eqn.(4.14) has a similar linear characteristic to eqn.(4.13)
for small w .
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In the digital computer program, a facility is provided for
switching between egns,(4.13) and (4.14) depending on whether a
positive or negative drug action is required, Alternatively the drug

action can be switched off altogether if necessary,

The application of the above empirical approach to specific

locations of drug action is now considered,

4,2,1 Effect on heart rate

In the mathematical description, a chronotropic drug action is
achieved by modifying the output of the heart rate controller in
eqn, (3.,17) as follows :

U = Kpog (u + wp) = == (16)

vhere Oy depends on the drug concentration in the vicinity of the
sinoatrial node in the right atrium : :

| + 03 Wga , bradjcara(ia-

o, = e ()
H | buchyear o & )

J
| + o5 wgg

The constant o; determines the sensitivity of the heart period

to changes in drug concentration.

4,2,2 Effect on peripheral resistance

Vasoconstriction or vasodilatation produced by the drug action is
implemented by modifying the egquations describing flow through vascular
beds, Equations (3.25) to (3.28) are changed as follows :

Pros — P

Fsaoua - Ro3 RA L e 4—"3)
7/.0 oggonc. REMNC (

F'”,v = Pfﬂ e (34 e (L:_. ,q)

Yp ot Rinr-

Fﬂsav = ..E‘.!.‘_—__E'L_

w~ oen {15520
I %ae» Rasp & )
P..— P
Feacy = SASV -—-(2)

95 %Ceq Riee

Also eqn.(2,41) is modified as overleaf,
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Pun""PUV

FUHW = T (4_22)

Sheap Ryueap

Each o variable introduced in egns.(4.18) to (4.22) depends on
the concentration of the drug in the preceding arterial segment in each

case, Thus
| + 07 Wgos vasoconstriction
(5 = = ) el A
st i I ’ vasodilatetion @"' )
+ 0] Wpe3
| + oy Win vasoconstriction
Ot = —— =l 24)
oo | vas ul ilatation
I+ o5 wq
| + o7 Waa > vasoconstriction )
Taep = —— (Y25
AsD e al_ o 1 'wg;p“ifa.fu{'fon (4
I AA
I + 07 Wep vasoconstriction
Olea = I s i (23
5 o= 8 3 vasodilatation
I WEA
| + o7 Wya s vasoconstriction >
o, - R O A
e l va sodiletation (4'

I + o wyg

The constant o7 determines the sensitivity of the arteriovencus

resistances to changes in drug concentration and is assumed to be the

same for all vascular beds,

4.2,3 Effect on myocardial contractility

An inotropic drug action is represented in the model by modifying
eqns.(3.34) to (3.37) giving the elastance functions of each of the

heart chambers :

Qpa= *3 [bs %24 %ras ™ %rep_| T %gap —=(.2.8)
Agy = xs[ [’aqv Apvs — aRVD_J *; Asvp —-—(L;-Z‘i)
Qg = X3 [ l’s 9 a%ns —%ap| T42.ap *—-(4'3")

a,y = % [ by 0Ty Aivs ™ ‘*LVDJ +a,vp

8l

== =(4-31)



Each o~ variable in eqns.(4.28) to (4.31) depends on the

concentration of the drug in the corresponding heart chamber :

£ 03 Wga sitive 3no‘frof3
oA = I 7 i _”_(‘*'32)
T4 oe hs 2 neaa.'f:ive inotropy
3 ““RA
| + o3 w Pos'l'hve. inotropy
Ogy = l 3 RY 2 : . " —-[4‘33)
I-J- o= w ) rleda-fwe mo‘fr.ﬁ,
3 "Ry
[ + o3 W a > Posifiife Eu‘f'.rofy (q- 34)
o, .= s Mg
3 s l 4 neja{':‘ve inotropy
XY n
P S I+ 3w,y » Pasif:‘ve inotropy —-.-.-..(1,,35)
- T"__‘,.L.T— ) rl"‘gafive fnofroﬂy
3 "Ly
The constant o7 determines the sensitivity of the individual

systolic elastances to changes in drug concentration and is assumed to

be the same for each heart chamber,

4.2,4 Effect on venous properties

Venoconstriction or venodilatation produced by the circulating
drug is represented in the model by modifying the compliances and
unstressed volumes of venous segments.

Considering a typical venous segment under central nervous control,

eqns,.(3.42) and (3.43) are changed in the following way :

VuanN
Vg & ————e —-=—(.36
w2 c{p = (-.36)
P, = 4. % [V2-Via ——=(4-37)
Co "

For venous segments not subject to central nervous control, the
equations are similar to (4.36) and (4.37) except that d.=dy=1,

The variables oy and of represent the effect of the drug on the
unstiressed volume and compliance respectively and depend on the drug

concentration in the venous segment ( W, ) as follows :

I+ U Wy , Wﬂocens‘f'r’fc{'r'an

i ] + ;. w ’ Vthaa(f/a.f‘&f'itm ""‘(4-38)
4 v
o= |+ 05 Wy > Veno constriction ( )
e —-—(439
» 'IT'_'J- , Vvenodila tation
95 T
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The constant o determines the sensitivity of the venous
unstressed volume to changes in drug concentration, Likewise, the
constant o5 determines the sensitivity of the venous compliance to
changes in the drug concentration. =ach constant is assumed to be the

same in all venous segments,

As the effects on veins are not considered important for the types
of cardiovascular agent studied,; the above drug effect model is noi
included as an integral part of the digital simulation progran.

However it is found necessary to introduce drug-induced venous changes
in the particular case of noradrenaline and this is discussed further
in chapter 7.

4.3 Conclusion

A model of the injection, transport, action and breakdown of a
single cardiovascular agent has been presented in this chapter. The
"multiple modelling" technique is used to represent drug transport and
new empirical algebraic models of drug-induced changes in heart rate,
peripheral resistance, myocardial contractility and venous properties

are employed.

In combination with the previously described models of circulatory
fluid mechanics and neural control, the pharmacokinetics model provides
‘an adequate and computationally manageable mathematical tool for the
study of cardiovascular dynamics following the injection of a drug with

specified properties,

The complete set of equations for the 19th order pharmacokinetics
model is given in Appendix 1, The values of all the constanis and
initial conditions used are given in Appendix 2,

83



43

F'n-l, ) F‘n,nﬂ

Vn m— Vn_” ——

|
l

SEGMENTS OF THE CIRCULATIRY, FLUID MECHANICS MoDEL.
I

W F ()
n=1,n ' n=l,n mn nyn+) " hy,n4) Mpa
> A —— e

Wt Wi W et

SEGMENTS OF THE SLAVE TRANSPORT MODEL

FIG- Lp.| Brock DIAGRAM To ILLUSTRATE THE MULTIPLE MoDELLING TECHNIQUE OF BENEKEN 2 RIDEouT (1968)




CHAPTER
DEVELOPMENT OF A DICITAL SIIMULATION

Having developed mathematical models of circulatory fluid
mechanics, neural control and pharmacokinetics, the equations have to
be solved in order that the complete model can be validated and
subsequently used to study the effects of drugs., This chapter deals
with a digital computer solution of the mathematical model and examines
" the problems that arise in implementation and the methods used to solve

these problems.

5.1 Selection of a suitable simulation technique

When the various sections of the model are assembled (fig. 5.1),
it is found that the mathematical description consists of 61 first
order differential equations and 159 algetraic equations (table e
An analytical solution is clearly neither practical (due to the number
of equations) nor possible (due to the nonlinearities in the system),
In selecting a suitable simulation technique, the following
interrelated factors have to be considered :

(1) Speed of solution
(2) Accuracy of results
(3) Flexibility

(4) Convenience in use
(5) Accessibility

(6) Cost

In view of the large number of equations in the model and also
the large number of runs required for testing, validation and

experimeantal work, the speed of solution is the primary consideration,

Of the alternative methods outlined in section 1.4.2, 3 computer
sclution provides the best approach particularly in terms of the

flexibility required during model development,

The analog computer provides the fastest solution due to the truly
parallel processing operation which makes the solution speed
independent of the problem size. The speed of solution can be increased
if necessary by the process of time-scaling. A disadvantage of the
analog computer when solving very large systems of equations is the

large amount of equipment required., In the case of the present model,
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en analog computer with 61 integrators and capable of handling 159
-algebraic equations was not available and so this approach had to be

abandoned.,

The hybrid computer attempts to combine the advantages of the
digital and analog machines and can function at very high speeds using
the parallel processing capability of the analog computer., Mawson
(1975) has indicated that a typical advanced hybrid computing system
can operate about 40 times faster than a CDC 7600 computer or about 6
times faster than the ILLIAC IV machine (Slotnick, 1971). Again, due
to the large number of equations in the model, a hybrid computer with
a suitably large analog machine was not available and so the
advantages of this approach could not be pursued.

A digital computer solution was the only alternative method
remaining, The widely available serial digital computer enables very
large nonlinear, time-varying problems to be solved, gives considerable
flexibility, avoids the amplitude scaling problems of analog computing
and can give very accurate results. However, serial digital solution
of large models can be extremely slow and any increase in required
accuracy or number of equations to be solved results in an increase of
program execution time, Therefore, in developing a digital simulation

program, it is necessary to

(1) select the fastest of accessible machines,

(2) choose the lowest acceptable accuracy for the computed solutiocn
(taking into account the generally low accuracy of physiological
data)

(3) select 2 numerical method giving the fastest solution of the
differential equations for a specified accuracy.

(4) choose a high level programming language and its associated
compiler giving efficient obhject code.

(5) employ efficient programming techaiques,

These points are congidered in the following sections,

5.2 Selection of a suitable digital computer and programming lancuaze

Continuous system simulation languages (CSSLs) enable mathematical
models to be implemented quickly with a high probability of first-run

success for the following reasons i
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(1) A variable-step-length integration routine is usually incorporated
which automatically solves the differential equations to a
specified accuracy.

(2) Such languages are often block- or equation-oriented so that the
source program retains the structure or format of the original
mathematical model.

(3) Some continuous system simulation languages have an equation
sorting routine which enables the progranm statements to be placed
in any order thus providing great flexibility.,

These features were included in the MIMIC language (Chu, 1969)
which was used for the initial development of the model on a CDC 6600
computer, However, MIMIC ceased to be available in the early part of
the work and so a study was made of the available digital computers
and programming languages to decide the best approach for continued
work on the model.

To obtain a rough estimate of the speed of different computer and
programming language combinations, a simple test algorithm was
constructed for the numerical solution of the well-known nonlinear

second-order differential equation of van der Pol :

d*x
dt*

+e(x=1)ZE +x=o0 - == (5.1)

with € =1, x(0) = 2,and %(0) =0 , The classical fourth-order
Runge-Kutta procese (Gear, 1971 ; p.35) was used with a fixed step
length of 0,001 sec and results were printed every 0,1 sec with the
algorithm terminating at t = 30 sec . The 2lgorithm was implemented
on a variety of machines using various programming languages with
similar types of program statement in each version, The fastest
combination of those tested was the CDC 7600 computer with the FTN
extended FORTRAN IV optimising compiler (0PT=2) requiring about 0,8 sec

execution time,

The CDC 7600 machine was fairly accessible via a remote job entry
system and the FORTRAN IV language was well supported on this machine
and on most other machines so that software portability was ensured.
In addition a large number of software packages for the numerical
solution of ordinary differential equations were written in FORTRAN IV
and could be used.

Despite the fact that writing the simulation program in FORTRAN IV

involved detailed consideration of the integration routine to be
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employed and careful ordering of the statements representing the
mathematical model, full control over the internal events of the

simulation program was ensured which was missing in the MIMIC programs,

In converting from the non-procedural language MIMIC to the
procedural language FORTRAN IV the listing of the Function Language
Program produced by the MIINIC compiler was very useful, The Function
Language Program is an intermediate program in tabular form involving
MIMIC functions sorted into the correct order for the built-in
' integration routine to handle, The ordering of these functions
provided a guide to the ordering of statements in the FORTRAN IV
program,

Debugging and testing after conversion to FORTRAN IV was greatly
facilitated by the development of an interactive version of the
simulation program for use at the terminal of a time-sharing system.

A control segment was added to the basic simulation program to enable
any variable to be inspected at any stage of execution, to enable rapid
changes to be made to constants or variables and to permit short reruns
of the dynamic simulation., The time-sharing system was based on an

ICL 1905E computer which was considerably slower than the CDC 7600
computer (the above van der Pol test algorithm using the XFAE extended
FORTRAN IV compiler with THRACE level O required about 100 sec execution
time), In addition the elapsed time at a terminal was considerably
longer than the execution time because the processor power was shared
amongst the terminals in use, Despite these disadvantages, the
interactive version of the simulation program greatly accelerated the

debugging process,

After completing the debugging phase, the interactive control
segunent was removed and replaced by an executive control segment for
the subsequent full length runs using the CDC 7600 computer,

5«3 Selection of a numerical method for

solving the differential equations

Most numerical methods for the solution of ordinary differential
equations require the Nth order mathematical model to be expressed as
a set of N simultaneous first order differential equations i.e, in
state space form. This approach is used in the cardiovascular

simulation which includes a subroutine for calculating the derivatives
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of the 61 state variables., The application of the numerical method

leads to a system of N recurrence relations which may be single-step
or multi-step and explicit or implicit., The Nth order state vector
is computed at successive integration steps starting from a predefined

initial state vector.

The approximations in the numerical method introduce a local
truncation error at each step which must be controlled to obtain
acceptable accuracy., The truncation error can be reduced by decreasing
the step length but this increases the execution time of the program to
reach a given value of the independent variable t+ . In the present
model, an accuracy of about 2% is considered adequate for the computed
results as physiological data, with which the results from the model
will be compared, are not normally accurate to better than 2% , Thus
to reduce program execution time, the step length used was the largest
permissible consistent with numerical stability and an accuracy of
about 2% , :

To ensure that the truncation errors are kepé at an acceptably
small level at all times, an integration routine with automatic step
length adjustment can be used. Gear (1971, p.23%3) has suggested that
a variable-step~length Runge-Kutta method is generally superior to
other methods when low accuracy is required., Thus the approach
initially adopted in the FORTRAN IV implementation was the use of the
variable-step-length Runge-Kutta-lMerson process (Gear, 1971 ; p.85).

Using the Merson process with the pharmacokinetics section of the
model "switched on" (i.e, all 61 first order differential equations
being solved), the simulation program required 81 sec execution time
on the CDC 7600 computer to reach t=100 sec in the solution with a
relative cccuracy of 2% ., With the pharmacokinetics section "switched
of f* (i.e. only 42 first order differential equations being solved),
56 sec exascution time was required, It was desirable to reduce the
execution time farther to obtain a faster turnaround time on the
CDC 7600 computer and so the naiure of the equations being solved was

examined more closely.
5¢3.1 The treatment of stiff eguations

Careful examination of the differential equations of the
cardiovascular model reveals that the system exhibits "stiffness" i,.e,
has very large time constants (e.g. 20 sec in the peripheral resistance

controller) in combination with extremely small time constants (e.z.
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about 2 ms in the case of ventricular ejection.dynamics).

A requirement for the numerical stability of the classical fourth
order Runge-Kutta process (Gear, 1971 ; p.210) is that

AR TR —--(52)

where JL is the integration step length and T,y is the smallest time
constant of the system., In a stiff system this leads to the highly
undesirable computational situation of having to integrate numerically
over a long range always using an extremely small step length and thus
requiring excessive computing time, Some special numerical methods
have been developed for the solution of highly stiff systems (e.g.
Gear, 1971 ; p.158) but these do not provide a significant reduction
in execution time compared with the variable-step-length Runge-Kutia

methods when low accuracy is required (Gear, 1971 ; P.233).

In the cardiovascular model, the smallest "time constants" are in
fact variable because the differential equations relating to flow
throygh the pulmonary and aortic valves are nonlinear, Irom egns,
(2.34) and (2.35), the effective "time constants" in each case are :

Lay
Trypp = P 3 -==(5-3)
evea T+ ﬁ%)&v?ﬂ

Ley

Rivaor + (65 )
Lvaol ZA%, Fivaoi

Tivaor = -==(5.4)
It is seen that each "time constant" is dependent on the
corresponding ventricular outflow, Table 5,2 shows the values of these
"time constants" for various peak flow rates. During ventricular
diastole, the outflows are zero and the aortic valve and pulmonary
valve "time constants” are 73.33 ms and 60,00 ms respectively, For a

peak flow rate of gay 500 ml 2oe™!

y these "time constants" reduce to
2.53 ms and 2,07 ms respectively. BEach "time constant" has its
minimum value for only a brief period in each cardiac cycle when the

flow reaches its maximum value,

Euler's method (Gear, 1971 ; p.10) is the simplest numerical
method for solving differential equations but is not normally used
because the truncation error per step is very large and extremely small
steps are necessary for satisfactory accuracy. The requirement for the
stability of Buler's method (Gear, 1971 ; p.210) is that
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Lot 2w, —-— (5.9

If Fuler's method is used in the cardiovascular simulation, a
fixed step length of 0,5 ms will satisfy the stability requirement of
eqn.(5.5) for flow rates up to 1000 ml sec”'
less than the smallest effective "time constant" during most of the

cardiac cycle thus providing reasonable accuracy.

and will be considerably

When tested in the digital simulation, it was found that the
results using Euler's method agreed to within 3% with accurate results
obtained using the variable-step-length Runge-Kutta-lerson method (with
the relative accuracy of the Merson method set to 0,01%). Additionally
the full 61st order model required 56 sec execution time on the
CDC 7600 computer to reach t=100 sec in the solution. With the
pharmacokinetics model "switched off", the 42nd order model required

only 39 sec execution time on the same machine,

As the accuracy of the Euler results was acceptable and the
execution time was reduced by a factor of 1.45, the Euler solution was
used for all the remaining work. The simulation program listed in
Appendix 3 includes the BEuler integration subroutine,

Rounding errors were shown to be insignificant in the results by
transferring the program from the CDC 7600 computer to the ICL 19058
computer., A single precision floating point number in the CDC 7600
has 47 significant binary digits equivalent to about 14 significant
decimal digits whereas a single precision floating point number in the
ICL 19055 has 37 significant binary digits equivalent to about 11
significant decimal digits. The results cbtained from the two machines
agreed to better than 0.1% over a complete run from t=0 to t=100 sec
irndicating that the effect of cumulative rounding errors was negligible,

5¢4 Evaluation of technigues for computing
a steady state solution directly

If the full transient pulsatile dynamics of the cardiovascular
model are required, the only applicable digital technique is the

numerical solution of the differential equations starting at t=0 sec ,

A dynamic model in state space form may be represented by
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x = f(;,ﬁ) ---(5-6)
where % 1is a state vector, the dot denotes differentiation with
respect to time t and £ is a vector function, The normal
procedure for obtaining a nonperiodic steady state solution of a
dynamic model is to set the derivatives of the state vector, gé y to

zero in eqn.(5.6) and to solve the set of equations

Lim f(:_c,-b)= O -==(5.7)

t—=> 00

This procedure is not applicable if the steady state is periodic
e.8s if the system has a periodic forcing function or if the system
has a stable limit cycle. In this case, the steady state solution may
be obtained by computing the solution from t=0 sec for a sufficiently
long time until the transients have decayed to a negligible level.

In cardiovascular modelling, the steady state is frequently of
interest in predictive work when the long-term effect of an
intervention or parameter change is required. The following special
features of cardiovascular modelling may be of use in the development

of new methods to compute the steady state solution directly :

1) The steady state of the cardiovascular system is periodic,
¥
(2) The results are required to an accuracy of only about 2% .
(3) In a clinical situation, it is often only the maxima, minima or

mean values of variables that are of interest,

Methods which are intended to {ake advantage of these features are
discussed in the following subsections, the aim being to obtain a
consideralle reduction of execution time over the conventional
numerical solution nmethod. The applicability of the suggested methods

is discussed in section 5.4.4 .

5¢4.1 A _truncated Wourier series method

As the steady state is periodic in the cardiovascular model, the
application of Fourier series methods is suggested.

If a truncated Fourier series representation is assumed for the
7 th state variable, X, , with harmonics up to the N,th retained to

give acceptable accuracy then

g 2mwat iy 2 wt
Xy = 5’2-9—'-' 4 .-.Z=, [ COS(-“":.TI—:_L‘) B nZ:I Lnfsm(-z—r—_r[-_-—-) “-—(5-8)
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where T is the period in the steady state,

There are 2Ny+! unknown Fourier coefficients in eqn.(5.8) so
that, for the present cardiovascular model, the total number of Fourier
coefficients to be determined ( Np ) will be

6l
Np = zrzﬂN,. e & -==(5-9)

Substitution of the truncated Fourier series representation of
eqn.(5.8) for each state variable into the cardiovascular model and
comparison of the coefficients of all the sine, cosine and constant
terms will lead to a set of N, nonlinear algebraic and transcendental

equations,

54,2 A sampled data method

An alternative method is the use of a sampled data representation

for each periodic state variable. If the 77 th state variable, x.

truncated at the N,th harmonic then from Shannon's sampling theorem

g 18

(Shannon, 1949), Ui equispaced samples per cycle will be sufficient
to retain all the information of the continuous variable provided that
Jr 22N, . The sampled state variable is periodic so that, if K is
an integer,

LT LT =
Zf('%_:)z Xy ';_:'-: 9= KT) D ‘=":2)3:""j; ”-H(EJO)

The continuous state variable X, may be reconstructed from the

sampled data version using the "Cardinal Series" :

X, (¥) = ,FZ_., (LT s‘m(rrJ't'_—L;r)) . —==(1)

Because of the periodicity of z;(%g: in eqn,(5.10), eqn.(5.11)
T~
may be written as

I,.(J:) = =Z: ;{‘::7;3;’;%) xr(%. -""(5"2)

2 Sin (Tr:’:t -~ i.-rr-.sI,.':r)
wue B
S=—o0 (Tq-;——'t —-E.?T-—-SU;.‘H) (5. 3)
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There are J; unknown sample values in eqn.{5.12) so that, for
the present cardiovascular model, the total number of sample va.luc:}s to
be determined will be

¢l él '
Ng = ZJ}' Z 22 Ny —-—(5'.“{-)
& T=] T=I

Substitution of the representation of eqn.(5.12) for each state
variable into the cardiovascular model will lead to a set of NB

nonlinear algebraic and transcendental equations,

5¢4.3 An interval arithmetic method

Frequently only the maxima and minima of variables are of interest
in a clinical situation (e.g. systolic pressure and diastolic pressure)
s0 it may be possible to take advantage of this reduced information
output requirement in order to reduce execution time when the model is
used predictively., A branch of mathematics which appears applicable
is Interval Analysis (Moore, 1966).

Consider the closed intervals Ea,b_] and [Cﬂ{] defined by :
[2,b] = {xl a<x< B} -~-(5.15)
L, d)= fylecsysd} - ~olB1E)

then the basic operations of interval arithmetic are given by

[a,b] + [c,d._] =_[a,+c, b-t-c(_-] _._._(5";7)
[a.,b] - [_c, i] = [d.-—d., L-C.J """—(5'-I8)
[o., b:l . [C, d'.J = [m’n(a.c,no{, be, Ll), max(ac,aaf, be, Liﬂ o s o519

a,b
Lo =04 4] L oemy -6

In each case, the arithmetic operation is performed using only the
endpoints of the interval and hence the applicability of interval
analysis to a solution yielding only maxima and minima,

To illustrate the method, consider the variables xe[a,b] ,
ye [c;d] » ze[e,f] . The equation

x=Yy+z ---(521)
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becomes transformed to

[=, b] < [c.-f—e,ci-l-FJ ———(5,22)

Operations of this type can be extended to an Nth order dynamic
model to give a set of 2N equations in terms of maxima and minima of

state variables in the periodic steady state,

H.d4 Applicability of the methods

Both the truncated Fourier series method and the sampled data
method are highly impractical for the following reasons :

(1) There is much labour involved in manipulating the equations to
start with,

(2) Considerable digital computer execution time will be required to
obtain a solution of the very large set of nonlinear equations by
iterative or optimisation methods,

(3) There is a high probability of encountering the problem of

multiple roots in the solution of nonlinear equations.

In the case of the sampled data method, there are the additional
difficulties of evaluating the function of eqn.(5.13) for each sample
value and also differentiating the same function for substitution in

the cardiovascular model.

The interval bounds obtained by applying the basic interval
arithmetic operations of eqns.(5.17) to (5.20) to a dynamic model are
very conservative and also the distributive law does not always hold
for interval arithmetic (loore, 1966 ; p.9). Thus this method is
unsuitable for the cardiovascular model.,

All tiiree techniqués are unsuitable in the present work so the
only practical approach for obtaining a steady state solution is the
direct numerical solution of the differential equations starting at
t+=0 and continuing until the transients have decayed to a negligibvle

level,

5«5 Constraints on state variables

Sfate variables of the model are required to be constrained in the

following cases :
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(1) 1In each segment of the circulatory fluid mechanics model, the
constraint V20 is applied to the volume. This is equivalent
to specifying that the compliance becomes zero at zero volume
which corresponds tolthe real physical situation.

(2) In eqns.(2.34) and (2.35) describing ventricular outflow, the
constraints fZ,,, 20 and F. 20  are applied to represent
the actions of the pulmonary and aortic valves respectively.

(3) In the pharmacokinetics model, the constraint m20O is applied
to each mass so that a physically meaningless negative mass does
not arise for example as a result of numerical errors in the

program,

If a fixed-step-length integration routine is used, these
constraints may be enforced simply by resetting the appropriate state
variables to zero whenever they become negative in any integration
step. However if a variable-step-length integration routine is used,
it is important that the state variables are not changed within the
subroutine used to calculate the derivatives or the method will fail.
In the latter case, the constraints can be enforced by manipulating
the derivatives of state variables rather than the state variables
themselves. This approach is used in the simulation program given in
Appendix 3 to enable the equations to be solved using either fixed or
variable step-length integration routines,

The method is illustrated in the flowchart of fig. 5.2 .
Consider a state variable, > , to be constrained to positive values

only. If the derivative dx is positive then 2 will become more

positive in the next integ;:;ion step and so the method will not be
required, If however the derivative is negative, there is a
possibility of " Dbecoming negative in the following integration
step so a limit is placed on the negative slope, The algorithm
ensures that the minimum time constant for a decreasing value of x
is kept at 5 ms. This ensures that the Euler solution with a fixed
step of 0,5 ms remains numerically stable and gives reasonable

accuracy while still permitting X to decrease rapidly to zero.

The method is applied to the 19 segmental volumes, the 19
segmental masses and the 2 ventricular outflows in the program,
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5.6 The treatment of differentiation

Differentiation is necessary in the models of the aortic arch
baroreceptors, the carotid sinus baroreceptors and the neural control
of heart rate. If a fixed step~length integration routine is employed,
differentiation may be achieved using a suitable difference
approximation, However if the integration routine has a variable
step-length, the derivative computed in this way will vary considerably
as the step~-length is automatically changed, This difficulty is
avoided in the simulation by replacing the derivative calculation by
previously derived algebraic expressions and incorporation of the

expressions into the program,

5.6.1 The aortic arch bﬂorecéptors

In - - = dPﬂOl .
eqn,(A1.117) the derivative §= it 18 required,

Substituting for A':!;;?- from eqn,(A1,28) in eqn,(A1,31) gives

K
Faoz = Cno ( oz"Vunaz) + E“;[Fﬂomaz— Facoun™ F;‘,z“J —-__.(5‘,23)

Differentiating eqn,(5.23) :

S = s iv_."“"i s Ke [dFaois02 iﬁqazuﬂ A nazeoﬂ

1 Cﬂbz. d+t Cﬂ#}. A+ PP At e (5-29')

The derivatives on the right hand side of eqn.(5.24) are available
from the equations (A1,25),(A1.28),(41,29) and (41,30) and thus S,
can be calculated,

5.6.2 The carotid sinus barorecepntors

dr,,
In eqn.(A1.123), the derivative S¢= & is required, If it is
assumed that Ojgqp changes nuch more slowly than P4 in the

segment representing the head and arms arteries then the
differentiation of eqn.(24.4) gives

Vua (AFs20n l d %O
o 5 g KZL dt RueanTugap _dt ____(5- 25)
Con + —2

Rueap “reap

Now 43 and V,,, change much more slowly than V,, so that an

approximation for dF,, obtained by differentiating eqn.(A1.36) is
dt
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dPUV ) ~=~{(5,26)

P,
Substituting for -d-'—-‘-’! from eqn.(5.26) in eqn.(5.25) gives

dt
dVon , ¢ (afhggg +_ 43 Avy
S, = dt &8\ Jdt Cov Puendnenp d:t . (5- 27)
. A
Con + 2

R‘HEH) a;-l.EHD

The derivatives on the right hand side of eqn.(5.27) are available
from the equations (41.29),(A1,32) and (A1.35) and thus S, can be
calculated,

5¢6.3 The heart rate controller

d
In eqn.(A1.132), the derivative ~4a2= '2%'- is required,

Differentiation of egns.(A1,131) and (A1.127) leads to

S YR 48 :
i iy [(1—rig) 22 + Ky AJ B>k, e

(0} )‘B‘SKIS'

Differentiation of eqns,(41.120) and (A1.119) gives

A% ds, )
K, et
dBAoz s 13 d.r't = Kllp d,"k 3 s.s >0 "__(5'2")
de o) ) S =0
Differentiation of eqns.(A1,126) and (41,125) gives
ds, ds)
g q
!
dbys _ | i (d.t w5 2 Sete —--(5.30)

dt
O J sfé "<" o
The derivatives on the richit hand sides of eqns.(5.29) and (5.30)
are available from eqns.(A41,115), (A1,116), (A1,121) and (A1,722) so
that %& and i‘f_:.:.ﬂ. can be calculated. Substitution of these
two derivatives into eqn.(5.28) thus enables U; to be calculated,
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57 The treatment of algebraic loops

When the model was initially implemented using the MINIC language,
a failure occurred in the'aorting procedure due to the presence of
implicit algebraic relationships referred to as algebraic loops. A
nonprocedural language such as MIMIC cannot handle implicit algebraic
or transcendental equations directly-and a facility is usually provided
for solution of these implicit equations at each integration step by
an iterative process (e.g. Newton-Raphson method). Unfortunately, the
iterative solution of the implicit equations at each step increases
the execution time considerably. The difficulty can be avoided if the

equations can be initially rearranged to eliminate the algebraic loops,

A useful visual aid in the detection of algebraic or transcendental
loops in large models is the dependence diagram, This is a directed
graph in which nodes represent variables and branches represent
dependence between variables (fig. 5.3). If the dependence diagram is
drawn as far as possible in planar graph form, loops become immediately
apparent, This was applied to the systemic arterial variables in the
model and 6 separate algebraic loops were detected (fig. 5.4). The
loops were removed by rearrangement of the relevant equations, details

of which are given in appendix 4.

5.8 Structure of the digital sirulation program

The program given in appendix 3 is written in FORTRAN IV for the
reasons given in section 5,2 ., "Standard" FORTRAN IV is used, omitting
such extensions as free formats and mixed mode arithmetic, to ensure
portability of the program, The compiled program requires: about 5K of
main memory in the CDC 7600 computer and about 10K of main memory in
the ICL 1905E computer,

As there are a large numoer of constants and variables in the
mathematical model, arrays are used ralher than separate variable nanmes
to make the program listing more compact. The principal arrays in the
program are :

X(61) = state variables

D(61) =~ derivatives of state variables

V(112) = other numerical variables

P(178) - numerical constants

L(14) - logical variables (for control of the simulation)
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The details of the array elements and the equivalent variables in
the mathematical model are given in appendix 2. The arrays V, P and L
are placed in labelled COIZ“ON blocks to reduce the storage requirements.
The arrays X and D are kept as subroutine arguments to retain
compatibility with certain library routines available on the CDC7600
and ICL1905E computer systems.

The program consists of a main executive control segment together
with 8 subprograms., Details of these are given in the following

" subsections.

5.8.1 Executive control sesment

This is the main segment which controls the execution of the
simulation program, Its operation is illustrated in the flow diagram
of fig. 5.5 . In the version listed in appendix 3, the values of
selected variables are printed at the end of each cardiac cycle
commencing at t = 0 and finishing as soon as the value of t at the
end of a cardiac cycle excecds 100 sec, The program is designed to
start in a steady state with all neural controllers "switched on" but
with the pharmacokinetics section "switched off" ., Any changes to be
made (e.g. to simulate an injection of a specific drug or to
investigate the effect of a parameter change) are introduced into this
segnent at the point indicated in the listing of appendix 3.

5.8.2 SUBROUTINE INTEG(D,X,T)

This subroutine performs one step of Euler's method when called by
the executive control segment. The current state vector is replaced by
the value of the state vector at the next integration step. The
derivatives are cbtained by a call of the subroutine HODEL, If
required, the Euler method can be replaced by another integration

procedure such as a Runge-Kutta methed,

5¢3.3 SUBRGUTINE KFODEL(D,X,T)

This subroutine computes the derivatives of the state variables
(in D) from the current state vector (X) and time (T) using the
equations of the mathematical model, It is called by INTEG at each
step and also once at t = 0 by the executive control segment.

It would normally be desirable to split this subroutine into a

number of separate subroutines corresponding to the main sections of

(00



the mathematical model but this was not done for the following reasons :

(1) MODEL is called 200,000 times in each 100 second run using Eulexr's
method with a fixed step-length of 0,5 ms . It is therefore
necessary to keep the number of subroutine accesses per call of
MODEL to a minimum to improve speed of execution,

(2) The ordering of the statements in MOLEL is such that it does not

split up into sections in a simple way.

Any calculations that are not required at each integration step
have been removed from MODEL and placed in other less frequently called

subroutines to obtain faster execution,

5.8.4 SUBROUTINE ODDJOB(D,X,T)

This subroutine performs the following tasks at + = 0 and once

every cardiac cycle when called by the executive control segment :

(1) calculation of the hydrostatic pressure differences required in
orthostasis '

(2) injection of a drug when required

(3) setting of the state variables d, and b, to unity if venous
tone control and myocardial contractility control are not required

(4) calculation of the total blood volume

5.8.5 SUBROUTINE CYCLE(D,X,T)

Static and cyclic respiraticn calculations are performed at each
integration step in this subroutine which is called by the executive
control segment. The calculations are not included in MODEL because a
discontinuity occurs in the state variable Y, at the end of the
respiratory cycle, The subroutine also tests for the end of the

cardiac cycle and, when detected, performs the following tasks :

(1) signals the end of the cardiac cycle to the executive contrcl
segment

(2) records the systolic pressure, diastolic pressure end stiroke
volume during the cycle

(3) computes the mean arterial pressure, cardiac output and estimated
total systemic resistance.

(4) sets the heart period to the value for the next cycle

(5) ecalls the subroutine TTSR to obtain the current true total

systemic resistance
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5.8.6 SUBROUTINE RESULT(D,X,T)

At t =0 , this subroutire prints a heading for the table of
results, Thereafter values of the selected variables are printed
whenever the subroutine is called by the executive control segment.

In the version of appendix 3, the variables to be printed are :

o (0P , (5V) , (00) , Ty o+ Fi o (ESR) o B)ry +(Burbuw

58.7 SUBROUTINE PRELIM

To increase the execution speed, any frequently used constant
expressions are evaluated once only in this subroutine which is called

by the executive control segment at t =0,

5.8.8 SUBROUTINE TTSR(X)

This subroutine computes the true total systemic resistance uéing
equations (A1,105) to (A41.114) in appendix 1. It is called once per

cardiac cycle from the subroutine CYCLE,
5.8.9 BLOCK DATA

This subprogram is used by the compiler to initialise all the
arrays and variables in labelled COMMON blocks,

The initial values of state variables were computed originally by
choosing initial volumes as specified by Beneken & Dewit (1967),
setting all masses to zero in the pharmacokinetics model, estimating
the values of other state variables and then letting the simulation
run until the transients decayed to 2 negligible level, The values of
the state variables at the beginning of a cardiac cycle in-the steady
state were then recorded and used as the initial wvalues for all future

runs,
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5«9 Conclusion

An implementation of the 61 first order differential equatioﬁs
and 159 algebraic equations of the cardiovascular model as a digital
simulation using FORTRAN IV has been described in this chapter.

The model possesses time-varying stiffness and this property
enables a fixed step-length Euler integration method to be used with
truncation and rounding errors at an acceptably low level. An
. examination of alternative methods for computing a steady state
solution reveals that direct numerical solution of the equations until
the transients die away is the only practical approach in this case.
The simulation requires about 56 sec CDC 7600 execution time to reach

t = 100 sec in the solution.

The problems of implementing constrained state variables,
algebraic loops and differentiation in the simulation have been
examined and solved satisfactorily.

The numerical values of constants and initial conditions and the
identification of variables in the program are given in appendix 2,

The listing of the complete simulation program is given in appendix 3.
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SECTION

————————

SUBSECTION

NUVMBER COF
FIRST ORPER
DIFFERENTIAL

E®@UATIONS

NUMEER OF
ALGEBRAIC
EQUATIONS

RIGHT ATRIUM

RIGHT VENTRICLE

PULMONARY RRTERIES

PULMoNVARY VEINS

LEFT ATRIUM

LEFT VENTRICLE

ASCENDING RORTA

AcRTIC ARCH

HEAD & ARMS ARTERIES

CIRCULATORY

HEAD £ ARMS VEINS

FLuiDd

THORACIC AOCRTA

MECHANICS

INTESTINAL PRTERIES

MoDE L

INTESTINAL VEINS

ABDOMINAL. ARTERIES

ABDorINAL VEINS

LE& ARTERIES

LEG VEINS

INFERIOR VENA CARVA

SUPERIOR VENA CAVA

TIME—-VARYING COMPLINNCES
OF ATRIA % VENTRICLES

RESPIRATION

CALCULATION OfF
MARP, 8V, CO, ETSR

NIWISIFTIF v IaINaIN N [a N =|p|=|w|sN]=|F

CALCULATIoN OF
TRUVE TOTAL SYSTEMIC RESISTANCE

c

NEURAL

CoNTROL
MODEL

RORTIC ARCH BARoORECEFTORS

CARDTID SINUS BARORECEPTORS

C-N:S. INPUT FUNCTION

C-N:S5. CoNTEROL OoF
HEART RATE

C-N-5- CoNTROL OF
PERIPHERAL RESISTANMCE

NwoNNON““""""*-—-—'N--L»“-_U\,NN-._*__N._

C-M:5. coNTRoL oOF
MYoCARDIAL CONTRACTILITY

C-N-5- CoNTRolL oF
VENOUS “ToNME

PHARMACOKINETICS
MoDeL

DRUG INTECTION,
TRANSPoRT & BREAK DOWN

|- -—
0

2

EFFEcT oF DRUG ON
HEART RATE

EFFECT OF DRUZ oN
PERIPHERAL RESISTANCE

EFFECT OoF DRUG oN
MYOCARDIAL CONTRACZTILIT)Y

O[T W= [N[®]=|& |+

-

L.

TABLE 5./

ToTHL-

~n|QO]|0 |0

159

NUMBER OF EQUATIONS IN THE DIGITAL CoMPUTER [MPLEMENTAT oN

fol-




PEAK FLow RATE AO;I*?M:HMLVE PULf’T:Il::!;';U\THLVE
(ML.sec™) “TIME CONSTANT" | “TIME CoNSTANT"

L34 (M) (Ms)

O 73.33 60-00

50 19-30 15-79

|00 e 1l 9-093

|50 7-803 6-335

200 é-012 L1919

250 4890 4-00]

300 412 3-372

350 3-5¢1 2-913

4-00 3-135 2-565

450 2-800 2-291

500 2-529 2-070

550 2-307 I- 887

600 2-120 I-735

650 1-961 1-605

700 I-825 /-493

750 1" 706 1-39¢6

goo I-602 I-3/0

850 I-5¢9 |-235

900 1427 1-168

950 l-353 l-107

1000 l-287 /-053

TABLE 5.2 AORTIC AND PULMONARY VALVE “TIME CoNsTANTS" AT

VARIOUS PEAK FLOW RATES (To ASSESS TRE STIFFNESS OF THE MoDEL)
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CONTROL. OF
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CONTROL OF
HERART RATE
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c »
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BREAKDOWN RESISTANCE
N
\
CIRCULATORY C.N-S.
FLuiD < CONTROL OF
MECHANICS PER | PHERA L
RESISTANCE
AORTIC BRCH C-N-S.
AND CoNTROL OF
CARoTID SINUS MYocrhRRDIAL
BARORECEPTIRS CONTRACTILITY

FI&. B.|

INTERACTIONS BETWEEN SUBSYSTEMS IN THE MODEL
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YES

NO

FlG. 5.2 FLOW DIAGRAM JLLUSTRATING THE PROCESS IN

THE DERIVATIVE SUBROVTINE WHICH ENSURES THAT THE CoMPVTED
VOLUME, MASS OR VENTRICULAR QUTFLOW Do NoT BECOME NEGATIVE
WHEN USING VARIARBLE-STEP-LENGTH INTEGRATION ALGORITHMS
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FIG. 5.5 GENERAL FLOW DIAGRAM FoR THE SIMULATION PROGRAM
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CHAPTER 6
VALIDATION OF THE DIGITAL STIULATION

Before investigating the effects of drugs using the digital
simulation it is necessary to determine whether the mathematical model
and its computer implementation adequately represent the real
cardiovascular system. This chapter describes a series of tests
performed on the digital simulation to assess the validity of the
original mathematical model.

6.1 The validation process

Validation is the process of establishing that the mathematical
model truly represents the real system (Crosbie, 1975). Once it is
established that the digital simulation correctly:represents the
mathematical model (by reduction of truncation and rounding errors to
an acceptable level and the elimination of programming errors), the
validity of the mathematical model can be investigated by performing
tests on the digital simulation and comparing the responses of the

simulation with results from equivalent tests on the real system,

Due to the considerable physiological variation within the human
population and the errors involved in measurements on the cardiovascular
system, it is not appropriate to use integral of error-squared, integral
of absolute error or similar performance criteria in the comparison of
the present model with the real cardiovascular system. Instead, the
principal features of the responses are compared and a combination of
quantitative and qualitative assessment of validity is made, The
ragnitudes of variables in the model must lie in the physiological

range for a response tc be acceptable.

The adequacy c¢f the model has to be assessed on the basis of a
limited number of carefully selected tests. A flow diagram showing the
iterative nature of the validation procedure is given in fig, 6,1 . If
a particular test fails, it is necessary to change the parameters or
even the structure of the model and in the case of nonlinear systems it
will be necessary to repeat all previous tests because the principle of

superposition is not applicable.
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The cardiovascular model has been constructed for a conscious
hunan and so it is necessary to select tests which are azapplicable to
conscious humans or comparable conscious animals, Resu’  : from
anaesthetised humans are inapproprizte because of the cianges in the
control mechanisms which occur during anaesthesia, The principal
validation tests applied to the model are orthostasis, blood volume
changes, the Valsalva manoeuvre and pacing tests. The responses to
these tests are well-known and they are useful in assessing the
performance of the circulatory fluid mechanics model and the

effectiveness of the neural control mechanisums,

6.2 The checking of marmitudes and waveforms

A preliminary validation procedure that can be performed is the
checking of the features of all pressure, flow and volume waveforms and
the magnitudes of all variables.

*The simulation commences in a steady state and gives the following

results
Mean Arterial Pressure (IAP) : 109,1 nmHg
Stroke Volume (SV) t 69,6 ml
Cardiac Output (CO) : 84.6 ml sec”
Heart Period ( Ty ) : 0,823 sec

Heart Rate (£, ) 72.9 bpm
Estimated Total Systemic Resistance (EISR) : 1,29 mmEg sec il
Systolic Pressure ( Pao; max ) : 130,9 mmig
Diastolic Pressure ( Pao; pyn ) : 90,8 mmHg

These values are all within acceptable limits for an ;average
human, The systolic/diastolic pressure ratio is normally quoted as
120/80 (Green, 1972 ; p.54) but a range of pressures may be found in a
normal human popmlation and alzo the pressures tond to increase with .
age so that the ratio 130.9/90.8 is satisfactory. The pulse pressure
of 40,1 mmHg is normal.

The arithmetic mean of the systolic and diastolic pressures is
110,8 mmHg which is close to the mean arterial pressure of 109,1 mmig,
The mean pressure is normally calculated as one-third of the way up
from the diastolic pressure to the systolic pressure (Green, 1972 ;
P.54 and Rushmer, 1970 ; p.158) but if there is a significant rise in

aortic pressure after the dichrotic notch, the pressure waveform is
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very roughly triangular and the mean value over one cycle is then the

arithmetic mean of the systolic and diastolic values.

The total blood volume in the model should remain constant as the
system is closed and there is no mechanism incorporated for producing
volume changes. This was verified on a step-by -step and a
cycle-by~cycle basis in the tests and the total volume remained
constant at 4544 ml (8 pints).

The waveforms of selected transmural pressures during one cardiac
cycle are shown in fig, 6,2 . A dichrotic notch (incisura) occurs in
the ascending aortic pressure waveform when the aortic valve closes
which is a normal feature of this waveform, The change of the pressure
waveform with distance from the heart can be seen by comparing ’iog ’
Paoz » Faozs o+ Pan and R, in fig. 6,2 . The peaks of Fap,
and !%n occur about 0,15 sec apart and, since the distance between
the segments representing the ascending aorta and leg arteries in the
average human is roughly 90 cm, this interval corresponds to a pulse

wave velocity of about 600 cm sec”!

which is approximately the normal
value (Green, 1972 ; p.57). This indicates that, despite the lumped
parameter approximation, the model exhibits wave propagation

phenomena satisfactorily.

The left ventricular pressure waveform ( By ) has a peak value
of 177 mmHg whereas the ascending aortic pressure (Fﬁo, ) has a
maximum value of 131 mmHg. The large difference occurs in the model
due to the lumped parameter approximations and the way the ejection
dynamics have been modelled, The Bernoulli term contributes
éignificantly at peak flow as explained in section 2,2.4 , The peak
left ventricular pressure is normally quoted as being approximately
the same as the peak ascending aortic pressure (Green, 1972 ; P.28) bt
this will only be itrue when the pressure drop across the opened aortic
valve is due to viscous resistance aione. Because of the dynamic
nature of the ejection, it is highly likely thot significart prescure
drops do occur at the opened valve although they would not be as larze
as obtained here., Similar considerations apply to right ventricular
ejection,

The transmural left atrial pressure waveform ( P_p ) exhibits some
correct features although the left atrial segment is mechanically
isolated in the model so the effects of ventricular contraction on the

atrium do not appear.
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The waveforms of selected volumes and flow rates are shown in
fig. 6.3 . It is seen that the left and right ventricular outflows
decrease rapidly to zero at the end of systole but do not become
negative indicating that the slope limiting technique for simulating
the aortic and pulmonary valve actions (described in section 5.5) is

functioning correctly.

The ventricular volumes have acceptable time-courses and it is

seen that the stroke volume of both ventricles is about 70 ml.

The waveforms of pressures in the aortic arch segment and head and
arms arteries segment together with the waveform of the C,N,S, input
function (B) are shown in fig. 6.4 . The two segmental pressures
correspond to the inputs of the aortic arch and carotid sinus
baroreceptors respectively. The rapid rise of B at t = 0,18 sec
reflects the sensitivity of the baroreceptors to the positive pressure

derivative.

6.3 The effect of orthostasis . ‘

In the normal human, a passive tilt from a recumbent position to
an upright position leads to large hydrostatic pressure differences in
the system which hinder the return of blood to the heart. To maintain
venous return and hence cardiac output, the circulatory system makes
prompt compensatory adaptation. Venous tone is increased which causes
contraction of the large venous channels , the elevation of central
-venous pressure and thus an improvement in venous return. If the
subject is preparing for walking or other action then skeletal muscle
contraction can squeeze the veins and, due to the presence of venous
valves, can force blood towards the heart and also improve venous

raturn.

The compensatory action of neural control mechanisms during a
simulated head-up tilt in the model is illustrated in fig. 6.5 . The
fall in cardiac output is limited to about 6% which is rather less
than the 20% or so which occurs in practice (Rushmer, 1970 ; p.211).
The initial drop in arterial pressure is limited by reflex

vasoconstriction, tachycardia, venoconstriction and positive inotropy.

A return to recumbency from the upright position (fig. 6.5 at
t = 50 sec) shows, as expected, changes in the opposite direction,

However the waveforms differ from the previous case because the
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dynamic response is direction-dependent due to-the nonlinearities in

the systen.

The dynamics following a simulated head-down tilt in the model are
shown in fig, 6.6. The effect of gravity is to improve venous return
in this case so that the cardiac output and blood pressure rise
initially. However the rise of blood pressure is limited by reflex
peripheral vasodilatation, bradycardia, venodilatation and negative
inotropy. The rise in cardiac cutput is limited to about 6% . As in
the head-up tilt case, a return to recumbency shows changes in the

opposite direction with an asymmetry of dynamic response,

If the number of g's of acceleration (n) is set to a figure
greater than 1 in the model, the effects encountered by astronauts
during take-off can be simulated. With a head-up tilt and n = 10 ,
the cardiac output falls to zero in 7 seconds in the model which is
equivalent to the blackout experienced by astronauts positioned with
feet trailing on take-off . With a head-down tilt and n = 10 , the
blooq pressure exceceds 219 mmHg after 7 seconds and the heart rate
slows to 30 bpm indicating that this orientation is also highly
unsuitable for high g conditions,

The results obtained in the orthostasis tests are in good general
agreement with results reported in the literature (Rushmer, 1870 3
p.211 and Green, 1972 ; p.48).

6.4 The effects of blood volume changes

If the blood volume is reduced below normal e.g. following a
haemorrhage, the venous capacity is reduced by venoconstriction to
compensate for this. If this compensation is incomplete, the venous
return and cardiac output are reduced. The falling blood pressure

leads to reflex arteriolar vasouconstriction and tachycardia,

If hypervolaemia is induced e,g, by a transfusion of blood, the
venous return and cardiac output are increased and the increasing
blood pressure leads to reflex arteriolar vasodilatation and
bradycardia.

These effects are demonstrated in the model by simulating the
sudden removal of 500 ml blood from the head and arms veins segment
(fig. 6.7) and by simulating the sudden transfusion of 500 ml blood
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into the head and arms veins segment (fig. 6.8).

The effects of blood volume changes on the steady state mean.
arterial pressure, cardiac output, etc. in the model are shown in
fig., 6.9. The heart rate cannot exceed 200 bpm in the model so that
if a blood volume of greater than 1200 ml is removed, the heart rate
controller can no longer compensate for decreasing blood pressure.
For this level of blood volume reduction, the cardiac output in the
model is reduced to about one-third of its normal value, At this level,
' anoxia of the tissues would occur in the real system and surgical shock
would ensue, If the anoxia persisted, the shock could eventually
become irreversible due to acute cardiac failure, These effects are
not incorporated in the present model so that the return of blood
volune to a normal value folloﬁing sustained and severe hypovolaemia
leads to the restoration of normal mean arterial pressure, cardiac

output, ete,

The response of the model for small blood velume changes is in

satisfactory agreement with the response of the real system,

6.5 The effect of a Valsalva manoeuvre

The Valsalva manoeuvre consists of a forced expiration against a
closed glottis. The effect is to increase the intrathoracic pressure
to a large positive value which temporarily prevents venous blood from
entering the thorax. The blood already in the thorax is expelled at a
higher pressure than normal so that increased cardiac output initially
occurs, However the output then falls since there is no venous return,
The heart rate shows a corresponding variation with an initial reflex
decrease followed by a compensatory increase to counteract the falling

blood prassure., The manocuvre can only ve sustained for a faw seconds,

In the model the manoeuvre is simulated by changing E,-H and Fgp
beth to +40 mmig for a period of 12 seconds (after Beneken & Dewit,
1967) and then setting Pr, and Pagp back to their normal values of
«4 mmHg and +4 mmHg respectively., The dynamics during the simulated
manoeuvre are shown in fig. 6.10 and are in good agreement with results
reported in the literature (e.g. Green, 1972 ; p.48). The heart rate
response shows an initial fall for about 3 beats and then a continuing
rise until the end of the manoceuvre when a further rise for about 3

beats occurs followed by a more rapid fall back to normal heart rate,
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The response reveals the asymmetry in the heart rate controller

6.6 The effect of pacing the heart

Noble et al.(1966) have investigated the effect of changing the
heart rate on the cardiovascular function of the conscious dog by
pacing the heart using an implanted right atrial electrode, It was
found that as the heart rate increased, the stroke volume fell and the
cardiac output either increased or changed very little. A close linear
relationship between stroke volume and heart rate was found over the
range studied. It is assumed here that these results can be extended

to humans so that comparison with the present model is possible.

In the experiments of Noble et al., the lowest heart rate that
could be achieved depended on the spontaneous heart rate since
entrainment was only possible with a pacing frequency higher than the
spontaneous rate., This limitation does not apply din the model and
pacing of the heart can be simulated very simply by switching off the
heart rate controller and substituting a fixed preset value of heart

period.

Simulated pacing experiments were performed using 23 different
values of heart period from 0.3 sec to 1.4 sec in steps of 0,05 sec,
In each case, the simulation was allowed to settle to a steady state
and the values of heart period, heart rate, mean arterial pressure,
stroke volume, cardiac output, estimated total systemic resistance,
systolic pressure and diastolic pressure were recorded, The results

are shown graphically in figs, 6.11 and 6.12 .,

The relationship between stroke volume and heart rate was not
linear but the least squares regression of stroke volume (SV ml) on

heart rate (HR bpm) gave the following regression line :

(sV)= — 0-5798 (HR) + [20-4 , += 09336 —-_(c.])

The correlation coefficient was comparable with values obtained by
Noble et al.

More interesting was the remarkably close linear relationship
between stroke volume (SV ml) and heart period (HP sec) which gave the

following least squares regression line :

(sv) = 79-35(HP) + 3.183 | += 0.9988 ———(s-2)
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The cardiac output (CO ml sec”' ) changed very little with heart

rate and since

(sv) = (co)(vP) ——-(6-3)

the close linear relationship between (SV) and (HP) was to be expected,

The theoretical descending limb of the cardiac output versus
heart rate curve hypothesised by Noble et al, was in fact obtained
beyond 109 bpm (fig. 6.11) although the curve was not parabolic,

Noble et al, also found that mean arterial pressure always rose
whenever cardiac output increased. This was found to be true only for
heart rates from 109 bpm up to 200 bpm and from 42 bpm up to 47 bpm.
For heart rates from 47 bpm to 109 bpm, the mean arterial pressure in

fact fell with increasing cardiac output (fig. 6.12).

The results obtained in these pacing tests are broadly consistent
with the results of Noble et 21.(196€) indicating a measure of model
validity.

6,7 Further tests on the circulatory fluid mechanics model

This section describes a variety of other tests performed to
validate further the circulatory fluid mechanics section of the

complete model.

6.,7.1 The effect of respiration

The previously described tests in sections 6,3 to 6.6 employed a
static respiration model with Pry, = -4 mmlg and Peep =+4 mmHg. The
"respiratory pump" action (Green, 1972 ; p.48) can be demonstrated with
the static respiration model by increasing the masznitude of the
negative intrathoracic pressure and showing that the venous return and
thus the cardiac output is increased., Results of this test are given
in table 6.1 ,

If a cyclic respiration model is employed, with P, varying
between =3 muHg and -6 mmHg and Fpgp varying between +3 mmig and
+6 mmHg during the respiratory cycle, the normal respiratory variations
of heart rate (sinus arrhythmia), blood pressure, etc, appear, This is

illustrated using a respiratory rate of 12 breaths per min, in fig.6.13.
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If cyclic respiration is used and the model is also subjected to
a head-up tilt, variations of heart rate, blood pressure, etc, appear
as in the recumbent case at the frequency of breathing (fig. 6.145.
Hyndman (1970) and Hyndman et al.(1971) have suggested that
sufficiently low breathing rates will result in an additional low
frequency component of about 0,1 Hz appearing in the circulatory
variables due to limit cycles in the nonlinear blood pressure control
system, This was not observed in the present model over a wide range
~of respiratory rates in orthostasis or recumbency probably because the
effective gains of the nonlinear control systems were insufficient to
sustain limit cycles,

6.7.2 The estimation of total systemic resistance

In the average human, if the cardiac output is 5 litres per min,
and the mean arterial pressure is 100 mmlg, a normal value for the

total peripheral resistance will be

Joo » 60 = YL mmHj sec mﬂul
5000 ¢
The value of the estimated total systemic resistance (ETSR) obtained
from the model in a steady state is 1.29 mmHg sec ml_' which is
satisfactory, The value of the true total systemic resistance (TTSR)
in the steady state is 1.22 mmHg sec nﬂfl whnich is acceptably close to
the estimated value (ETSR).

It is suggested in section 2.9 and appendix 8 that (ETSR) may
differ considerably from the true value (TTSR) during transient
dynamics, This is demonstrated in the model by simulating a Valsalva
manoeuvre and simul%aneously recording (ETSR) and (PTSR) as in fig.6.15.
It is seen that the (TTSR) changes very little during the short
duration of the manoeuvre (12 sec) which is to be expected because the
peripheral resistance controller hzc time constants of 4 sec and 20 sec.
The sudden jumps ia (ETSR) at the bezinning and end of the manoeuvre
cannot reflect changes of (17SR) because of these time constants, Thus
the value of (ETSR) computed from one cardiac cycle is rather an
unreliable indicator of peripheral resistance for rapid transient
dynamics. A further comparison of (ZTSR) and (TTSR) is made during a
simulated injection of methoxamine described in chapter 7.
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6.7.3 The input impedance of the systemic circulation model

The input impedance of the systemic circulation model is computed
from an electrical analog of the systemic circulation (fig.2.5) using

a FORTRAN subroutine given in appendix 6,

The modulus and phase angle of the impedance for normal values of
parameters are shown in the upper graphs of fig, 6.16. The modulus
shows a rapid decrease from the total systemic resistance value of
1.22 mmHg sec ml”~' to a minimum value of 0,05 mmEg sec m™' at 1.8 Hz,
Thereafter the modulus gradually increases., The phase angle is negative
at low frequencies but becomes zero at about 4.2 Hz and positive above
this frequency. These features are in satisfactory agreement with
results obtained by Mills et al.(1970) and Noble et al.(1967).

6.7.4 The effect of changing the arterial wall viscoelasticity

The effect of changing the viscoelastic time constant for
systemic arterial walls ( Kz ) on the steady staté of the model is
shown in table 6,2, It is seen that below the normal value of
0.04 sec the control mechanisms are unable to maintain the blood
pressure and stroke volume at normal values. The effect of removing
arterial wall viscoelasticity altogether on the input impedance of the
systemic circulation model is illustrated in the lower graphs of
fig. 6.16 which shows that the modulus and phase angle become highly
oscillatory and unrealistic. Thus the viscoelasticity is important in
the model to ensure an approximately correct input impedance of the

systemic circulation.

6.7.5 The effect of changinz the shape of the elastance waveforms

Beneken (1965, p.21) has pointed out that the shape of the
systolic portion of the elastance waveform used in the representation
¢f the pumping action of the heart is not cvitical provided that the
maximum and mininum elastance values remain unchanged. This is
verified in the present model by investigating the steady state using
triangular, rectangular, half-sinusoidal and parabolic elastance
waveforms (table 6.3). It is seen that there is very little difference
between the half-sinusoidal and parabolic results but, reasonably
enough, there are more substantial changes if grossly unrealistic

waveforms are used as in the triangular and rectangular cases,

The replacement of the half-sinusoidal waveform by the parabolic
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waveform produced a negligible change in the execution time of the
program on the CDC 7600 computer so a half-sinusoidal waveform was used

for programming convenience,

6.7.6 The effect of changzing the diameters

of the aortic and pulmonary valves

In table 6.4, the effect of changing the diameters and hence the
cross-sectional areas Rnot and Ap, of the aortic and pulmonary
valves is shown., As expected, the reduction of the diameter to 1.0 cm
leads to a significant decrease of stroke volume, cardiac output and
mean arterial pressure., The removal of the terms in eqns.(2.34) and
(2.35) representing the application of Bernoulli's theorem to
ventricular ejection is equivalent to setting the areas A,, and

Apa to infinity and the result in the model is a significant
increase of mean arterial pressure, stroke volume and cardiac output
coupled with a reflex slowing of the heart. The results with a

diameter of 1.4 cm give the most acceptable mean cardiac values,

6.7.7 The systolic elastance as a myocardial contractility measure

In section 3.4, it is suggested that the systolic elastance is an
acceptable measure of myocardial contractility for the simplified
representation of the heart in this model. This may be confirmed by
performing a simulated Valsalva manoeuvre and recording the systolic
elastance together with a number of commonly used measures of
myocardial contractility (fig. 6.17). It is seen that, for the first
four seconds of the manoeuvre, all the measures decrease confirming a
negative inotropic action. Thereafter the left ventricular elastance
and the isometric time tension index (Siegel & Sonnenblick, 1963)
increase while the remaining indices continue to decrease, A%t the end
of the manoeuvre, all the indices tend tc increase for the first 2 or 3
seconds following completion, Therecafter, a gradual return of all

indices to normal values occurs.

The systolic elastance agrees most closely with the isometric
time tension index and, overall, there is a broad general agresment
between all the measures indicating decreased contractility during the

manoeuvre and recovery following the manoeuvre,
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6.8 Purther tests on the neural conirol model

The earlier tests of overall cardiovascular control indicated that
the neural controllers were, broadly speaking, functioning correctly,

Further specific checks were made to confirm this conclusion,

The bang-bang action in the peripheral resistance, venous tone and
myocardial contractility controllers was found to be operating
correctly with a period equal to the heart period in the steady state.
~The central nervous input function (B) was below the threshold Kg
for about 0,39 sec and zbove the threshold Kig for about 0,44 sec
(fig. 6.4).

The constant K;, in the model of appendix 1 controls the
relative contributions of the aortic arch baroreceptors and carotid
sinus baroreceptors to the overall central nervous input function (B).
The effect of varying K;, on the steady state of the model is shown
in table 6.5. It is seen that varying K has little effect which
is to be expected in the steady state because the baroreceptor inputs

Pao2 and P,q have sinilar characteristics.

However when Pn,, and Py, differ, the effect of changing
K is more significant., This is demonstrated by observing changes
in the features of the heart rate response in a Valsalva manoeuvre with
changing K (table 6.6). The results indicate that the response is
less realistic if the pressure information is derived almost entirely
from one baroreceptor alone so that the value of 0.7 used normally and
based on results of Dampney et al.(1971) is acceptable.

6.9 Tesis on the pharmacokinetics model

If no breakdown of an injected drug occurs, then a consequence of
the formulation of the model is thet the sum total of masses in all
- seguents of the slave transport model should remain constani. This was
tested and found to be correct in all of the simulated injections in
which no breakdown occurred, In this particular case, the injected
substance should eventually become distributed throughout the
circulation with equal concentration in all segments. This too was

confirmed with the ultimate concentration in all segments following a

70 g injection being 0.0154 ug o

The concentraticn changes in the head and arms veins segment and
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the left ventricle segment following an injection of 70/u5 of a
neutral substance (i.e. with no action on the cardiovascular system)
into the head and arms veins segment at t =0 is shown in fig, 6.18
for various values of the time constant for breakdown/sbsorption, The
time constant used in the drug investigations ( T ) is 30 sec and

this gives an acceptable time-course for the concentration,

The approximate simulation of transport delays in the 19-segment
transport model is shown in fig. 6,19 again following an injection of

a neutral substance into the head and arms veins segment at t = 0,

These results indicate that, despite the approximations of the
multiple modelling approach, a satisfactory representation of drug

transport is achieved.

6.10 Conclusion : /

The mathematical model and its digital compufer implementation

have been validated by a variety of methods described in this chapter,

The waveforms and magnitudes of variables have been checked and
the performance of the model has been investigated using orthostacsis,
blood volume changes, a Valsalva manoeuvre and pacing of the heart,

In the pacing tests, the cardiac output changed very little with heart
rate so that a very close linear relationship between stroke volume and

heart period was obtained,

In the above tests and further subsidiary checks, the model
exhibits satisfactory dynamic responses and yields acceptable
numerical values. The results indicate that the model is broadly
adequate fur the intended study of cffects following injections of

cardiovascular agents.,

122



N TR TH?;T:::%) PRESSURE | > i —7 Sin
m-ren-ns.?;r::;s- PRESSURE 5 e +7 + jo
MEAN ne-ﬁ:::;.) PRESSVEE ¥ 102.5 109-] 1137 95
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ey R A 793 | 8u6 | St4 | 93
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TABLE b:1 DEMoNSTRATION OF THE RESPiRATORY FPUMP RCTIoN

USING A sTAaTic REspPirAaTioN toDeL (VALVES GIVEN WERE

OBSERVED IN THE STEADY STATE )

VISCOELASTIC TIME CoNSTANT
OF THE ARTERIAL WALL (SEC) 0-0l | 0-02 | 0-04-| 0-06 | 0-08
MEAN ARTERIAL FRESSURE
(MMHEG) ] 421 | lol-6 | |o9-] | 109-¢ | 109-8
STROKE VoLUME
(ML) S54.4 | €2-3 | €9-6 | 71-0 | 72:¢
CARDIAC oUTPUT
(ML sec™!) 761 | 8l-i Bu-e | 846 | 344
HEART RATE
(EEﬁTST;’ER MIN-) 84-0 | 781 | 729 | 7I-5 | 49-8
ESTI*ATED ToTAL SYSTEMIC RESISTANCE |
(Mmug s=c mL™!) l:2.10 | I-253 | 1-289 | 1-295 | 1-301
SYSToLIC PRESSURE '
Chhkadh s 109-4 | 120-1 | 1305 | 124-8 | 1336
PIASTOLIC PRESSURE
(MMHE) 78-1 | 35-8 | 90-8 | 90-5 | 89-8

TRBLE é-2. EFFECT OF VARYING THE VISCOELASTIC TIME CoNSTANT

(Kg) OF THE ARTERIAL WALL ON THE STEADY STATE 0F THE MoDEL.
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e e ——— ——————————
MEAN &af:z)L eeessvee [ 2 | 10g.0 109-] 109-4
6 63:¢ | 643 | 696 | To/
i 79-1 | 81-5 | 84-é | 354
A R TR
EsTimA né:' ’3?4‘; g::r:fz)ﬂm.m?m J-320 | 1-338 1-289 1-284-
Sys7euic reessiE —  oog | 141 | 1909 | 1305
.Dms-z&cx—r:fmj”ﬁfss"ﬂf | 875 | 914 | 908 | 913

TABLE &.3 EFFECT OF VAR

Ying THE WAVEFoRM oF THE ELASTANCE

FUNCTION ON THE STEADY STATE OF THE MoDEL (MAXIMuM AND

MINIMUM ELASTANCE VALUES UNCHAN&ED)

e A N TR S
HEAx g’“’jﬁg’ g 100-6 109-1 it

STRoI;iL)VOLUME 5/.2 £9-¢ /R

G e RS RS T NET

urrs e | 876 | 729 | 655
e s T e Y e
57572:;‘;&;#5”"“5 114ty /30-9 154-1
D”'S";;;f”g““" E $7.7 90-8 90- 6

TABLE b-4- EFFECT oF VARYING THE DIAMETER OF THE RoRTIC

VALVE AND PULMONARY VALVE ORIFICES ON THE STEADY STATE oF THE MoDEL
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RELATIVE ConTRIBUTION oF THE CAROTID
SINUS BARoRECEFTOR OUTPUT To THE o-] 0-3 0-L 0-7 0-9
CENTRAL NERVOUS INPUT FuwcTion (Kis)
MEAN ARTERIAL FRESSURE ity
(MM HE) 107-€ | 108-0 | log-4 | l09-] | 112-0
STRoKE VoLuME
(1) 874 | 675 | €81 | 696 | 70-2
CARDIAC ouTPUT |
(ng_ _g;_:c"’) 24-0 843 | B4l | 846 85/
HEART RATE
(8EATS PER MIN) 748 | 749 | 74-3 | 72-9 | 72-8
ESTIMATED ToTAL SYSTEAIC RESISTANCE
; (m:H& sec mL™') I-28] | 1-282 | 1-284 | 1-289 | /-293
SYSToLIC PrRESSVRE
(rm6) 129.2 | 129-5 | 130-0 | /30-9 |132-0
DiasToLICc PRESSURE
(mm &) 899 | 90-2 | 90-5 | 90-8 |94

TABLE €-5 EFFECT oN THE STEADY STATE OF THE rMODEL oF VARYnG THE

RELATIVE coNTRIBUTION OF THE CAROTID SINUS BARORECEPLTOR ouTPUT To

THE CENTRAL NERVoUS INPUT FuncTioN (Kiz)

RELATIVE HEART RATE Minvipu HERRT RATE MaXiMuM
N
o THE cagoTiD || IN THE BEAT | HERRT RATE |, ryc geaT | ypanT RATE
cvus BARORECEFTOR|| LEFRE THE DURIN& BeFoRE THE FoLiowin &
OUTPUT To THE CNSI| START 0F THE THE EnD oF THE THE
INPUT Fowclion (Kih| ~ mANOEVVRE MANOEVVRE MANOGEUVRE MANOEUVRE
o/ Th-8 743 99-8 lo2-]
0-3 y/ 73 8 Gé- i lol-0
0-5 743 W7 92-5 /o0-]
w7~ B ey 67-0 91-6 /014
i o
ot 72-8 674 9.3 105-2.

TABLE b.6 EFFECT oN CERTAIN FEATURES 0F THE HEART RATE

RESPONSE | A VALSALVA MANOEUVRE OF VARYING THE RELATIVE

CONTRIBUTIoN oF THE CAROTID SINUS BARAROELECEPTOL ouTPYT To THE

CENTRAL NERVOUS INPUT FuncTion (Kig)
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CHAPTER 7
SIMULATED DRUG INJECTION EXPERIMENTS

»

This chapter describes the application of the cardiovascular
model to the study of the haemodynamics following injections of
cardiovascular drugs. The three sympathomimetic agents methoxamine,
isoprenaline and noradrenaline (211 related to adrenaline) are used in
. the tests because they are important cardiovascular drugs with
well-known effects and these effects have been reported for conscious
animals and humans in the literature.

The local direct actions of a particular drug are introduced into
the model which is then used to predict the overall effects of the
injected drug on the cardiovascular system of a recumbent human,
Because of transport delays, the drug will arrive at different sites at
different times and so the dynamics are likely to change when the site
of injection is changed. For this reason, the results for two
different intravenous injection locations (head and arms veins and leg

veins segments) are given for each drug.

In describing drug effects, the features of responses that are
frequently of interest in the pharmacological literature are the
directions of change. Therefore in addition to presenting the full
dynamic response of the model the general direction of change in the
response is compared with results reported in the literature and is

indicated in the following manner i

increase
0 no change
- decrease

7.1 The selection of drug dosage and sensitivity coefficicntie

—_——

A drug action is implemented in the pharmacokinetics model using

dimensionless factors cf the form

o = |+ Kw -==(7-1)

where O multiplies the parameter to be influenced (vascular bed
resistance, systolic elastance, etc.), K is a sensitivity
coefficient and W is the local drug concentration., DMany different
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combinations of K and W can produce the same value of 07
in eqn.(7.1). Since the concentration increases as the injected
mass M increases, there are many different combinations of K and

M that can produce the same value of o3 and thus the same local

p
drug action,

Hughes (1971) employed a dosage of 1 A9 Kg" for noradrenaline
and isoprenaline injections into conscious dogs. The same dosage is
used in the model for a conscious human so that the results can be
compared, Taking an average man as weighing 70 kg, the injected mass
is set at 70 ot

The sensitivity coefficients of , 0z , 65 and o (for
effects on peripheral resistance, heart rate, myocardial contractility
and venous unstressed volume respectively) are determined very

approximately by the following procedure :

(1) The average values of segmental concentrations obtained in the
test described in section 6.9 (injection of a neutral substance
into the head & arms veins segment with Tq = 30 sec) are used
as a rough guide to the average values likely to occur in the

investigation of drug effects. The average figures assumed are :

£
I

e |
= 0,0025 mg m¢ = for the vascular beds
= 0,005 3 ml"' for the heart
= 0,025 g me”! for the venous segment into which

RS
I

&
!

the injection is made

(2) It is assumed that the arteriovenous resistance in a vascular bed
doubles on average in drug-induced vasoconstriction so that
ogw =1 giving
@, | 2 -l
o gl T i ol
(3) It is assumed that heart rate on average increases by 25% in
drug-induced tachycardia so that o, 4i,=0:25 from which

C-25
0-005

=

= 5o n€/¢3_"

(4) It is assumed that the systolic elastance on average increases by
25% in drug-induced positive inotropy so that 03 W,=0-25 giving

oz = 225 - gy mé/ug-'

3 0-005

(5) It is assumed that the venous unstressed volume on average
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decreases by 20% in drug-induced venoconstriction so that

!
[+ op wg o giving
0-25
= = =1
%4 0-025 10 ml ug

The gross approximations and assumptions in this procedure are
Justified because there is considerable variability in the human
population and, in the pharmacological literature, it is frequently
only directions of change that are of interest.

The above values of o] , 0z and 03 are the default values
built into the simulation program, Venoconstriction is not an integral
part of the simulation program but the above value of 9. is used
when venoconstriction is introduced in the case of noradrenaline
described in section 7.4.

Te .Injection of methoxamine

Methoxamine is a sympathomimetic amine related to adrenaline and

its main action is one of vasoconstriction by direct action on

& -receptors in the arteriolar smooth muscle (Goodman & Gilman,1970).
It has virtually no stimulant action on the heart and no /?—receptor
action on smooth muscle, The local action of methoxamine is therefore
simulated by setting the arteriovenous resistance sensitivity
coefficient ( oy ) to the normal value and setting the remaining
sensitivity coefficients to zero, Vasoconstriction is "switched on" in

the computer program.

The normal intravenous dosage of methoxamine would be- of the order
of 100 M3 Kj_l whereas the dosage here is 1 ug kg'd . However, as
explained in section 7.1, any increased dosage can be counteracted by
a. decreased sensitivity coefficieat in the model so that the 70 Mg
injected mass and the value of 400 ;ne/ﬁ’"f for oy can be reéardea
as being approximately equivalent in effect to an injected mass of

7000 g and a value of 4 mlug” for of .

The dynamics following a methoxamine injection into the head and
arms veins segment are shown in fig, 7.1. The total systemic
resistance rises indicating that the peripheral vasculature is
constricted, The mean, systolic and diastolic pressures rise, there is

reflex slowing of the heart and the cardiac output and stroke volume
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fall, Similar responses are obtained when the drug is injected into
the leg veins segment (fig. 7.2). This is to be expected because_the
relative times of arrival of the drug at the various vascular beds will
be similar in the two cases, The features of these responses (shown in
teble 7.1) are in good agreement with those reported by Goodman &
Gilman (1970).

The estimated total systemic resistance (ETSR) agrees fairly well
with the true total systemic resistance (TTSR) in fig. 7.1 indicating
" that, for slower transient effects, (ETSR) provides a satisfactory
indication of the true value,

7.3 Injection of isoprenaline

!

Isoprenaline is an isopropyl derivative of noradrenaline which is
particularly active on the /3-meceptors so that its primary local
actions are inhibition of smooth muscle (giving vasodilatation) and
increase in the force of contraction and rate of the heart (Green,
1972 ; p.205). These local actions are simlated by setting o7 p

o sand o7 to normal values and "switching on" vasodilatation,
tachycardia and positive inotropy in the computer program. A dosage
of 1 79 kgﬁi is assumed so that the default values built into the

program apply.

The dynamics following an injection of isoprenaline into the head
and arms veins segment is shown in fig. 7.3. (ETSR) falls indicating
peripheral vasodilatation. The mean, systolic and diastolic pressures
fall, the heart rate rises and the cardiac output and stroke volume
also increase, Similar responses are obtained when the drug is
injected into the leg veins segment (fig. 7.4).

It is interesting to note that in the first 10 seconds of the
response to the injection into the head and arms veins segmzat, a
slight rise of blood pressure occurs and also a slight fall in stroke
volume and a faster rate of increase of heart rate (fig., 7.3). These
effects are attributed to the early arrival of the drug at a relatively
high concentration in the heart and the appearance of the positive
inotropic and chronotropic effects before the drug has arrived at the
peripheral vasculature and before vasodilatation can dominate. This is
confirmed by increasing ©3 and 63 to 200 ma/a.j"‘ (fig. 7.5) when
these initial inotropic and chronotropic actions become more noticeable.
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If the increased o3 and 03 are employed with the injection into
the leg veins, the concentration has decreased significantly by the

time the drug arrives at the heart and so the effects are not observed
(fig. 7.6).

The features of the responses obtained in all four tests given
above (shown in table 7.1) correspond well with typical responses
reported by Goodman & Gilman (1970) and the dynamics are in good
agreement with results obtained in conscious dogs (Hughes, 1971).

As stimulation of the heart occurs with this drug, it provides an
opportunity to examine the validity of systolic elastance as a
myocardial contractility measure, The systolic elastance and a number
of other commonly used myocardial contractility measures are recorded
following the injection of isoprenaline into the head and arms veins
segment (fig. 7.7). It is seen that all the measures agree well apart
from maximum left ventricular pressure which decreases., The latter,
however, is not a reliable indicator of contractility. This confirms
the acceptability of systolic elastance as a myocardial contractility
index in this model. The results also demonstrate the positive

inotropic action of isoprenaline despite the decreasing blood pressure.

Te4 Injection of noradrenaline

Noradrenaline is the chemical transmitter of the sympathetic
nervous system and is a hormone released by the adrenal medulla, Its
effect is to constrict the arterioles by direct action and also to
stimulate the heart (Green 1972 ; p.165).

The 1local action of noradrenaline is initially incorporated by
setting o7 , 07 and 03 +to normal values and "switching on"
vagsoconstriction, tachycardia and positive inotropy in the computer
program, A dosage of T/uj Kg-’ is assumed so that the default values
built into the program apply.

The dynamics following an injection into the head and arms veins
segrent are shown in fig. 7.8. It is seen that the mean, systolic and
diastolic pressures rise, (ETSR) increases (indicating vasoconstriction)
and cardiac output falls which are the correct responses (Goodman &
Gilman, 1970), However the heart rate rises in the model whereas the
heart rate should typically fall by reflex action. Similar responses
are obtained with an injection into the leg veins segment (fig. 7.9).
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It is found that adjustment of the constants of , 07 and
03 cannot produce the required bradycardia response. Now Green
(1972, p.165) reports that noradrenaline also constricts the veins by
direct action and so drug;induced venous effects are added to the model

in an attempt to reproduce the bradycardia response,

If the effect of the drug on venous compliance is incorporated
(as described in section 4.2.4), it is found that there is no
appreciable difference in the noradrenaline injection results even for
large values of the venous compliance sensitivity coefficient. This
indicates that venous compliance changes perhaps do not play an
important part in cardiovascular regulation. However, when the effect
of the drug on venous unstressed volume is included in all systemic
venous segments, the effect is very large. The dynamics following an
injection into the head and arms veins (with o7 = 10) is shown in
fig. 7.10. The heart rate now decreases significantly,

The considerable initial rise in arterial pressure is due to a
combination of positive inotropic action and increased cardiac output
as a'result of the improved venous return following venoconstriction
and this causes the marked reflex bradycardia. As the peripheral
vasoconstrictive effects begin to dominate and the venoconstriction
wanes, the responses become more like those obtained in the previous
case (without venoconstriction). Similar responses are obtained when

the drug is injected into the leg veins segment (fig. 7.11).

The features of the responses obtained when venoconstriction is
included (shown in table 7.1) correspond with the typical responses
reported by Goodman & Gilman (1970) and the dynamics are in good
agreement with results obtained in conscious dogs by Hughes (1971).

7.5 Ceneclusion

Simulated injections of cardiovascular agents have been described
in this chapter, The local direct actions of the drugs metuoxamine,
isoprenaline and noradrenaline have been incorporated and in each case
the model has been shown to produce realistic overall responses in good
agreement with results reported in the literature. The results
obtained with noradrenaline suggested that venoconstriction may play
an important part in producing the bradycardia commonly observed in
practice. The simulated injection experiments have demonstrated that
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the model has an explanatory usefulness and also potential in the
prediction of overall cardiovascular responses when a number of local

direct actions are assumed.
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CHAPTER 8
SUGGESTIONS FOR FUTURE WORK

The results obtained in the validation tests and the simulated

drug injection experiments suggest that the digital simulation of the

mathematical model can serve as a flexible computerised test-bed for a

variety of future investigations.

8.1

(1)

(2)

(3)

(4)

Further work using the present model

In sections 6.7.7 and 7.3, systolic elastance was compared with
some commonly used myocardial contractility measures to show its
validity as an index of myocardial contractility in the model.
This suggests that the model could be used to study commonly used
myocardial contractility indices in mere detail to assess their
reliability in a wide range of experiments. The model could aid
the design of improved indices and suggest improved measurement
techniques for obtaining such indices.

In section 6.7.2, it was shown that the estimated total systemic
resistance (ETSR) computed from the mean arterial pressure and
cardiac output in one cardiac cycle was an unreliable indicator
of the true total systemic resistance during rapid transients,
For slow transients, (ETSR) was more reliable (as shown in

section 7.2), For investigations in animals and humans, the

" beat-by~beat estimation of total peripheral resistance is highly

desirable if an indication of rapid changes in the peripheral
vasculature is required. Further work using the model could
therefore be dcne to devise new methods for beat-by-beat
estimation which are both simple and accurate during rapid

transients,

The model could assist in the evaluation of present mecthods and the
development of new methods for estimating the stroke volume and
other circulatory variables by minimally invasive or non-invasive

techniques.

A study of the systemic circulation energy input and its variation
with heart rate and other parameter changes could be studied in the
present model by simply adding an extra integrator to compute
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The model could then be used to test the applicability of the

"Principle of Adequate Design" suggested by Rashevsky (Rosen, 1973 ;
p.146) :

(5)

(6)

(1)

(8)

"The design of an organism is such that the organism performs

its necessary functions adequately and with a minimal
expenditure of energy and material both in the performance

of the functions and in the construction of the organism"
It would be interesting to investigate whether a minimum systemic

energy input occurs at or around normal heart rate,

In section 6.4, it was shown that the model exhibited adequate
compensation in response to the addition or removal of small
volumes of blood., It was not necessary to resort to hypothetical

volume receptors which are supposed to exist in the thorax (Green,

.1972 ; p.48). The clarification of the mechanisms involved in

compensation for blood volume changes could be investigated and
the significance of venoconstriction in the present model could
be assessed,

Certain variables have mathematical discontinuities in the model
e.8, the compliance of a venous segment at the point of collapse.
Discontinuities are highly unlikely to occur in the real system
and the effect of smoothing these sudden changes can be studied.
A subroutine for algebraic smoothing of step changes which may be
useful in this connection is given in appendix 7.

The section of the model that requires the greatest attention in

future work is the neural control model because of iis completely
empirical nature. The first step could be a detailed study of the
etfects of varying the parameters in the present nonlinear neural

controller,

Hyndman (1970,1971) suggested that very slow spontanecus
oscillations at a frequency unrelated to that of respiration can
appear in the blood pressure waveform in orthostasis when the
respiratory rate is sufficiently low., These were not observed in
the present work, The model here is more detailed than that used
by Hyndman and the effects of varying the gains of the central

nervous controllers and the magnitude and frequency of the
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respiratory disturbance could be investigated in order to duplicate
Hyndman's results. At the subnormal respiratory rates required to
produce the spontaneous oscillations, there is a possibility that
the change of oxygen tension in arterial blood may stimulate the
chemoreceptors which then may play a part in the maintenance of the

oscillations, This needs to be investigated further.

(9) The same threshold has been assumed for all the central nervous
controllers (following Hyndman, 1970) in the present model. There is
' no reason why this should be so and the effects of introducing
different thresholds for each controller could be studied., Also, a
single central nervous input function (B) has been used for all
controllers and there is no reason why the relative contribution of the
aortic arch and carotid sinus Baroreceptors should be the same in the
different central nervous control mechanisms. A simple change to the
model will enable this to be investigated, For the hearti rate
controller (HRC), peripheral resistance controller (PRC), myocardial
contractility controller (MCC) and venous tone controller (VIC),

suitable input functions would be ’

Bice =  *5:%n " (1= Bpoz

Bpee = %2 Bia + (-o)Basz
Buw = BUA + 0"""3) Bnoz

-By'rc e °¢l.!- 'BUA ol (I—"(‘I‘)BNOZ

with o , 2, ¥z, € [o, IJ
The constanis &; , of , 3 and o could be estimated from
& study of the literature on baroreceptor reflexes., The currently used
value of o = 0,7 in the model actvally corresponds to o, above
because this figure was based on reflex effects on hindlimb vascular
resistance ob%ained by Dampney et 21.(1971).

(10) The cardiovascular system functions very effectively in a changing
environment and a study of th: significance of the special types of
nonlinearity that have been detected (e.g. in baroreceptors and central
nervous control) could be undertaken., Possible engineering
applications could result from such a study. Phenomena such as the
direction-dependent dynamic responses occurring in the baroreceptors
(unidirectional rate sensitivity) have been observed in industrial and
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engineering processes (Godfrey & Briggs, 1972).

(11) The present model has been constructed for a calm resting human in
which the effects of higher centres have been ignored. The effect of
introducing low or high frequency noise into the central nervous
controllers to represent disturbances from the cerebral cortex could be
studied (using pseudorandom number generators and filtering algorithms
in the digital program)., As the baroreceptors are unidirectionally
rate sensitive, the effects could be significant because

differentiation tends to magnify high frequency noise,

(12) The simulated drug injection experiments described in chapter 7
show that the model has potential in predictive pharmacokinetic work.

A number of assumptions concerning the direct actions of drugs at
specific sites can be incorporated and the overall behaviour of the
cardiovascular system can be assessed on the basis of these assumptions.
This suggests that the model can function as an aid for pharmacologists
in the design of new fast-acting cardiovascular agents because these
agents to a limited extent can be tailored chemically to produce a

combination of specific local direct actions. '

(13) While the main advantage of the model is its predictive capability,
it can also be useful to explain observed phenomena e.,g, to determine
the relative contributions of various local direct actions to the
overall response observed. By the use of optimisation techniques, the
model could be used to determine the sensitivity coefficients ( o7
02 » 63 4 O ) in the equations which give the best match
between the model response and the response obtained from the real
system. This would have to be done using a hybrid computer in view of

the size of the present model and the number of computer runs required.

(14) The time constant for breakdown or absorption was assumed to be

the same in all segments in the work described. Breakdown or abscrption
may well occur more rapidly in some tissues than othsrs and this could
be easily incorporated in the model using diffeccnt time constants for
each segment. A similar consideration applies to the sensitivity
coefficients which could be different in each segment. However both of
these changes would introduce many extra parameters and make

optimisation considerably more time-consuming.
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8.2 The assessment of model adequacy

An important aspect of all mathematical modelling is the
validation of the model that has been developed. Wwhen the model is to
be used predictively, it is essential that the model should be
thoroughly validated and its adeguacy and credibility confirmed.

The validation of a large = scale nonlinear dynamic model of the

cardiovascular system can never be totally satisfactory because :

(1) only a finite number of validation tests can be conducted,

(2) the experimental data from a given source used in the model
formulation and model validation are subject to considerable
variability and noise,

(3) certain results are available only from experiments on animals
and there may be significant errors in extrapolating from
animals to humans. '

(4) many results are available only firom anaesthetised animals and
humans which may be in error when applied to conscious humans.

(5) there can be errors in extrapolating from the in vitro to the
in vivo situation when in vitro results are employed.

(6) many experimental results used in the validation tests are derived
from invasive measurements which may significantly disturb the
system and its control mechanisms. Also surgically prepared
experimental animals or humans do not remain in an acceptable

biological condition over long observation periods.

In all future work, these considerations must be taken into

account and validation must be based on the most reliable data.

In the tests conducted in the present model, both quantitative and
qualitative assessments of validity have been employed. Future work on
cardiovascular modelling needs to be based on objective quantitative
measures of adequacy. It was suggested in section 6.1 that comparison
of response features is the most satisfactory methed of assessing
validity of cardiovascular mcdels and so the quantification cf features
is an important part of future work. Also, adequacy measures can be
based on the distances between response features of the mod=l and the
real system. Possible constructions for adequacy measures are

suggested in appendix 9.

In the drug injection results of the present work, a feature of

the responses used was the direction of change. This could be
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quantified as
+1| , increase

O, neo cl\anjﬂ
—1 , decrease

F=

and then conventional distance measures between two such features
( FF , F, ) could be used e.g.

d,(F: %) = |F-&]
d,(F,R) G -5)*

]

8,3 Reduction of the cardiovascular model

Beneken (1970) has suggested the matching of computerised models
tolindividual human subjects to "follow" that individual's
card;ovascular system e.g., in clinical or surgical applications,
patient monitoring, etc. This would require appropriate measurement
techniques, interface hardware and an optimisation algorithm (for
performing the actual matching) and could give :

(1) estimates of inaccessible internal variables of the patient and
information on the present circulatory condition.

(2) prediction of likely future cardiovascular states,

(3) a safe test-bed to evaluate alternative treatments for the
individml patient,

It is not practical to use the present cardiovascular simulation
in such applications because of the computing time or equipment
requirements so the model would have to be reduced substantially with
the foullowing factors in mind :

{1} The computer simulation should be cheaply implemented and operate
faster than real time (analog computing tachniques using cheap
integrated circuit operational amplifiers may be appropriate here)

(2) The model should have physiologically meaningful parameters and
yield immediately useful information for physicians or surgeons.

(3) The model must be simple enough to enable the optimisation
algorithm to match the model to the patient extremely rapidly if
the model is required to "follow" the patient.

(4) The model structure and parameters must be appropriate to the
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information that can be derived from the patient., Thus in a clinical
situation it is desirable that the model is matched to information
from the electrocardiogram, phonocardiogram, external pressure
transducers, ultrasound méasurements, the ballistocardiogram or other

non-invasive measurements,

In the present model, the essentially linear sections can be
reduced. For example the systemic circulation model can be replaced
by the simplified second order model given in appendix 8 if the only
function required of the systemic model is to offer the correct
impedance to the heart. Nonlinearities, however, are difficult to
simplify and may have to be retained to give an adequate reduced model

of the complete cardiovascular system (e.g. heart valves)

8.4 Expansion of the cardiovascular model

An alternative direction for future work is the expansion of the
present model to include more detail and to deal with longer term
effects, This is essential if the model is to be used predictively
over a time scale greater than about 2 minutes which is approximately
the limit of the current short-term model.

Some of the following mechanisms could be included in an expanded

model of the cardiovascular system of a conscious human :

(1) fThe internal production, transport, action and breakdown or uptake
of the catecholamines adrenaline and noradrenaline which augment
the sympathetic nervous system activity.

(2) A simplified model of the kidney (linked to the abdominal arteries
and inferior vena cava segments in the present model).together
with a model of the renin-angiotensin-aldosterone-ADH system to
test hypotheses concerning blood volume regulation and the role of
the kidney in blood prsssure regulation.

(3) The release, action and breakdown of prostaglandins. There has
been considerable interest recently in the prostaglandias
(Hinman, 1967 ; Pike, 1971) which are produced by many tissues of
the body. These substances are very potent, have a wide diversity
of biological effects and breakdown rapidly after production., A
detailed model could be useful to test hypotheses concerning the
action of these substances on the cardiovascular system,

(4) More detailed models of the baroreceptor system (e.g. using the

170



recent nonlinear medel of Koushanpour & Spickler, 1975) and the central
nexvous control systems. To improve credibility, the neural control
models could be based more on the physiology, biochemistry and known
structure of the central nervous system than on a purely empirical
approach,

(5) The transport and action of oxygen and carbon dioxide together
with models of chemoreceptors and respiratory regulation. The latter
can easily be connected to the present cyclic respiration model to

- control the rate and magnitude of intrathoracic pressure changes.,

(6) The influence of coronary flow on heart performance, This would
require additional models of oxygen transport, coronary autoregulation,
myocardial oxygen consumption and compression of the coronary vessels
by myocardial contraction. The expanded model could then be used to
elucidate the phenomena occurring in shock.

(7) Delays in the onset of drug actions at particular sites, Drug
action is instantaneous in the present model and delays could be

approximated by the addition of first order lags.

In some of the above suggestions there is a requirement for the
simul taneous transport of several substances. With the multiple
modelling approach used in the present model, each extra substance
would require an additional 19 first order differential equations and
43 algebraic equations together with extra equations for the actions
of the substance at specific sites. Consequently the model size and
digital simulation execution time would increase rapidly with the number
of substances simultaneously transported. Additionally, the estimation
of parameters in the expanded nonlinear model would cause severe
computing problems, Thus an important aspect of future work on
digitally simulated expanded models could be the study of mathematiczl
and computational techniques which can result in considerably reduced
execution times. The present work has not revealed any suitable

teckniques.

To achieve the necessary speed of solution for very large models,
it may be more desirable to use analog computing methods. The very
large number of integrators in an expanded model means that a special
purpose analog computer constructed from cheap integrated circuit
operational amplifiers (suggested by Grewe et al., 1969) may have to
be used instead of the general purpose analog computer which usually
has only a limited number of integrators. However, with the rapid
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advances in digital computer technology (e.g. the availability of cheap
microprocessors) and the developments in parallel processing digital
systems (Slotnick, 1971 ; Korn, 1973), it is likely that very fast
digital computers suitable for research on expanded cardiovascular
models will be available in the near future.

8.5 Conclusion

Various directions in which future work should progress have been
suggested in this chapter. The present model can serve as a convenient
and flexible test-bed for the testing of hypotheses. The predictive
capability of the model may be of use in the design of new
cardiovascular agents.

Reduction of the model could lead to useful on-line real-time
clinical applications while expansion of the model could enable
long-term cardiovascular effects to be studied and better predictions

to be made,
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CHAPTER 9
CONCLUSIONS

A detailed pulsatile mathematical model of the cardiovascular
system of a resting conscious human suitable for the study of

short-term haemodynamics and pharmacokinetics has been developed.

A number of existing subsystem models have been integrated to
form a large comprehensive cardiovascular model. The special
requirements of short-term pharmacokinetics studies called for
essential modifications of previous models and also the incorporation
of new mathematical descriptions by the author including pulsatile
baroreceptor dynamics, separate aortic arch and carotid sinus
baroreceptors and algebraic models of drug-induced changes in

circulatory parameters.

The problems of amalgamation of the subsystem models and the
computing problems arising from the size and characteristics of the
complete model have been overcome. The digital implementation performs
well in a variety of tests designed to assess its validity.

When the local direct actions of the drugs methoxamine,
isoprenaline and noradrenaline are incorporated, the model produces
realistic haemodynamics following simulated injections of these
cardiovascular agents, The results obtained with noradrenaline
suggest that venoconstriction may play an important part in producing
the bradycardia commonly observed in practice.

The simulated drug injection experiments demonstrate the
explanatory usefulness of the model and indicate a predictive

capebility that may aid the design of new cardiovascular agents.,
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APPENDIX 1
THE COMPLETE MATHEIATICAL MODEL

A1,1 The circulatory fluid mechanics model

RIGHT ATRIVUM :

dVen
dt

= F~Fery » Yan 20

PRH = Qgp (vﬂﬁ"vuga)

F; = Fevera™t Fivera™ Farome T Feor

F = PRA'"PRV

—_

Reary
RIGHT VENTRICLE :
dVey
e = Frarv— Frvea > ey Z O
€ 2
dPoven . Fra—Fea—RevenFrven— Gz ) Fi

Frv = %y (VRV_VURV>
PULMONARY ARTERIES :

dVpa
dt

F v

pa 20O

= Fevea™ Teary >

— Voa—V
Prn = PA UPA
Cea

PPA "‘Prv

£ on > Pev>Fec

FearBe, | Pzl
RLU”G—

Frapy =
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PuLMoNARY VEINS :

dVE ok
eu:l’ = Fonev ~Fpva » Vey 20 flle)
Vou—V,
Pry = Pvc vPV - - (AL.13)
2%
Cpyn > Vev > Vuey
K¢ Covw > Vv < Vupy
Prv—"Fra) Ve
F (Pev :.a) zpv - -(hl-15)
Revia Viiry
= F, >0
Fron gy e e P (r1-16)
7F, <o
LEFT ATRIUM :
dv,
d;ﬂ = Poin~ Bgty > ¥ 20 —=--=(Al-17)
Fea = %14 (Vl.a 4 VULH) ~==-=(hl-13)
— P.g—P
f=#_ = _LE"__L!- ----- (n1-19)
LALY
F s F,>0
FraLy = {O e = ----(hl-20)
, —
LEFT VENTRICLE :
A/
d;V e FLAL‘I“ - f:"vﬂo' ) V‘_V B O ----—---(.n.l‘ 2')
/€ 2
_i‘{'_f&_-i_'gﬂ= P;.y_Pﬁo;_Rx.moiFme—\ B E.mo: F 20
pr i 2'LvAo1 = -._(FN-I’Z)
Lv
Pov = v (Vv =VYurv) -----(AI23)
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ASCENDING AORTA:

dV
d:” = Fivaoi ~ Faciacz~ Feor 5 Vaor 20 ———=(Al-24)
d'Fﬂo“‘oz s Paoi — Pﬂaz— Raoz F]namoz __.__(HI-ZS_)
dt Lpoz
/ Ky [dY,
Prot = g (nor=Vomer) + Ko (Lhet)  __ (u120)
el G Coot \ ot
Poo) — F,
For = no:R RA -—=(n1-27)
CoRr
AORTIC ARCH :
dv : '
al:;:z = Fpoinoz ~ Faozva — Faozaoz 3 Vaoz 20 ——— (p1-23)
‘('Eﬂozvn = Pacz PTH_%H—RUA Fnozuﬁ"ﬁ"nozun e [ﬁl-Z‘i)
it Lon
dFA02R03 - Faoz ~Faos — Rass Foozpoz * Gaozno3 -_..(M-Bo)
Paoy = -é— (Vae—Yunoz) + K2 i'/.qa;_) - === (1-31)
AoZ Caoz dt
HEAD % ARMS ARTERIES :
Vyp - Faozva = Fuavy 5 Vun 20 - —(p1-32)
dt
s K dV,
Pou = 7— (Vou— Voun) + K2 [ %Von il
VA ‘—w‘l( vA VWI) Can X dfr) .._(N 33)
- Fua—F
FUHUV = M ____(Hl_su_)
Heap renD
HEAD & ARMS VEINS :
dv -l
_d_.f%{ = Foavy “Fvsve > Vv 20 ————(m-s‘s)
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HEAD & ARMS VEINS (cwﬂuusp):
Pov = 45 (Vuv g uw/) ———(n1-35)
Cuy

Cuvr > Yuv = Vuuy

Cov = { ——-(r1-37)

K¢ Cuvn > Vuv € Viewy

—  Vuuvw
Voo = “: ¥, ~-=(al-35)
78
2.
E‘S = (Pw '_F:SVC_PTH “’;-F’UVSVC) Vuv ---(A.’-S‘?)
Ruv Vuuwv
5 Fs F5 = :
f uvsve ’ .._..(m—l{-o>
KoFs, Fi5<0
THORACIC AORTA :
dVaos _ FE -F,, —F. . —F Voos 20 —-=(Al- 41
prs - Ao2A03 BRove "A03IA " pAoZEAA 2 Aoz & “"( “"’)
f =
d po3if — Frog +Pry— 1A~ Frep"Ria fa0318 @ poz1n -__(HI-M)
dt Lia

d Faoann n, &03 *ﬂm"Fnﬁ" 7 ABD Ran Fﬂo_?ﬁﬂ +Gpozan 4 —(F«l' [,_3)

dt -
0 z Aoz~ Yupoz) T8 [ ZVAos Al- el
e Caos\ ™ At ) (
Fanaﬂc = (P;;B —fra = G-A“M) ""*'(Hl-l.¢-5)

8RONC ‘?’4. Bronvc
INTESTINAL. RRTERIES :

-a-t-\-f’-ﬂ = Faozia™ Fiav » Via 20 —--(m-!,»é)
dt
En = Z‘!;;(l’;ﬁl um) * K‘? a“i) -—-(H!nﬁ-‘/}\
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INTESTINAL BRTERIES (cow TINVED) :

P P
Bjam s woio ——(P1-4-8)
Rt %y vt
INTESTINAL VEINS :
dV,
-jd-:g' = Fav = Fyive » Viv20 ————(A1-49)
d
Py = _é_i (Vw"Vu.w) e ——(n1-50)
1%
Civn > Viv> Yy
CIV': > 1w ----(H!-Sl)
KGCWN: VivSViuy
« ¥ : )
Vair = ——L—:f(ﬂ ‘ --=-(pI-52)
Y-
E = (PIV"ﬁvc""PHBD_ PTH"'G';VC:V) V;? Al 5)
é R 2 __"'( -23
v Vidivi
= $fe >0
Fivive = : — ==~ (ri-5)
K:o E’»J Fé £0
ABDOMINAL ARTERIES :
dV, _ -
d‘:f = Faozna —Fanav ~Fanca 5 Vaa 20 ---——(9"55)
dFancn & Fon—Fen +Faop —RenFanca +G paca (H,,%)
ot j 2 ¥4
CA
/
Fan = = (VAA"VUQ' 4 g -”‘VMQ {
~ , s i SR —-—-=(R]-57
“an ) Can \ olE g
I B P
Fnany g Rﬂﬂ ?IHV ————(A"SS)
ABD CagD
ABDPOMINAL VEINS : .
E!-Y—Z‘f = Fanav +Févav-_awvc > Yav 20 -*--(’“‘57)
o
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ABDOMINAL VEINS (CoNTINUED) :

Pav = —é‘:—v (VAV"'Vunv)

C N CAVN > VRV >Vuﬂ\’
Av —
K6 CRVN 3 VRV < VHRV

V,
Vusy = u‘:\w
4§
F—; p— (Pav"owc"'ees.o‘“PTH_Gwch) Vﬂzlf
=
Ray Vinvw
= | R B0

anvc
Kll F'?J F? 0
LEG ARTERIES :

dVen P
dt o

LEG VEINS :

d Vc_y F pra— F
= Ve, 20
At CAcyY cvAy » "Cv

Jus il
Fev = Fg“ (ch"Vucv>
cv

ol Ccvu > VCv"VuCV
ccv )
K

¢Cevn > Yoy € Vyey

= V, N
VLLCV udcv
4
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—ea(A1-60)

——-(A1-61)

—-=-(n1-62)

——(n1-£3)

e (H I Hy)

——=(nI-¢5)

———=(PI-68)

———(A1-67)

————(A1-68)

- ——~(n1-69)

— (A7)

soe (AFTD)



LEG VEINS (CoNTINUED) :

E = (Pcv"an"PssD"'G‘nvcv)chx:

g - - (p1.72)
Rev Viceww
= Fz0
- g 8 =
Fevay = ’ (A1)
K2 Fg ) FS <O
INFEERIOR VENA CAVA :
—d—;lz-‘s - FFIVIVC 52 FIVIVC i F;VCRA > Vive 20 -—--(ﬂﬁ?k")
= Ll vy Ly
Ive e C Ive u.wg __.__(,q].'ys)
C. Civen > Vive > Vuuve )
we T ———(Al-Tb
‘%C:vcﬂ ) ch < Vu:\/c (
2
E? - (P:vc_P,eA"'G'chﬁ)"?vc (m 77)
RIVC Vuz;_vc
F , [ >0
Fivera = e X
v K Fy, B SO —---(ﬁl 1‘8)
SUPERIOR VENA CAVA 2
dv, o
z;c = Fovsve ~ Fsvern 5> Vsve 20 -..._-(Hl-'?‘?)
s o A
Fsve = C ( Veve = Yusve) ———-(nI-80
sve
C A Csvcu b VSVC "Vusvc )
Sve ™ e (128
K¢Csvew > Yave € Vusve (
. 2
£ e (Psvc" Pea + Gsvern) Vore AL 82
- —
sve ‘usve
Fioy Fio>0
Fovera = { ' ez f-2)
KS Flo: Ffo £SO (
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TIME—- VAR YING COMPLIANCES OF ATRIA AND VENTRICLES :

d:.;bo = .O (u'fo set s zero at end of cardiac cyc/ﬂ)-—-—@l-gll—)
Tpe = g+ Kz Iy — - (n1-85)
Tay = Tas — Kz, - ~-(ni-84)

Tys = Kas + K30 Ty G i
A o "
X, T ———=(p1-28)
M| .
= o S—1R)
O ) u:o >7;=|S
X3= J (IR
Sin{z ), U € Tas
x, = {ul ~Tav > 4o >Tpy ___"(,q;.ﬁn)
o y Yo s 7;1‘14'
O, x, >T,
K= ) TR T VS - =(AI-92)
Sm(xzxa-): Xy < Tys
Ry = 2.’3[5,_ 9 4a%as— .LAD] *aLad ___-(FH—‘!?Q
a,, = xs[l:z BT e "-:..m] *Avp ~ - (AI-%)
Apa = 2 [52_ T%enLras — a‘.QR.DJ + 2rap "-"—("”’?5)
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TIME-VARYING ComPLIANCES OF ATRIA & VENTRICLES (CONTINVED) :

Sy = 5[ %y %ys™ %vo) * %ryp --—(AI-9¢)
RESPIRATION :
% = [0 (yz set & zero at end oF-fes,m'mle f:'jf-‘/ﬂ) —--(Hl-?'?)
= Y25 %o -GE
Y, { ——-(AI-95)
O Y2 >Tie
3, c . [y
Pry = K *+ (ka—H) S*"(—:,-?—Ei) — R
Nl S . [Ty 2
Faop = Kz + (K, "‘3)5'”(_%',',_?’) ===(~100)
CALCuLATION oF (MAP), (Sv), (co), (ETSR) :
G+ Ty

(MHP)-_;_ PAOI d{; (t—’ = sﬁr‘f of a c:m’fac CJC/e) ———(ﬁ‘fn‘(’])

h"’ﬁr -
CSV) f ;.vso; dt —--(f’rl- 102)
Co)= &V :
T _.___(FH- 10;1)
(ETse) = (mAF) L. o8
(CO) -—-(ﬂ.? 104
CALCULATION OF TRUE ToTAL SYSTEric RESISTANCE :
2 2
RA - Km -+ RREHDQ;*}AD o o pw":t;-.w -+ esvc 1’:5‘1&: __-_L’ﬁ;.mg)
Vicw Vsve
RB = %0. Tgronc ’eexo:vc ---(m-mé)
2
Re = Reat %4 Riog g + Kov Yuew ———(a1-107)
Vev
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CALCULATION OF TRVE ToTAL SYSTEMIC RESISTANCE (conTINUED) @

Rp = 9, Rasp “R8D

2
Rg = ReRp Ron + Ray Yinvw

(Re+ Rp) Ve
RV
£F= R, + Yy O RWT+ 1w Yuivw
Vi
RG-=: Re Re o’ ﬁﬁc‘ﬁ&?c
(Re+ ) v,z
i R R
R RH 3 -+ 8 &
: ° (Rg+ Re.)
Ra R
R = R -+ AH
4 A2 (Rﬂ+£H>
R
(rrsk) = _Kcor Rr
<RCot'*‘<IJ

A1,2 The neural control model

AORTIC ARCH BARORECEFPTORS :

éﬁé = Paol = S-3

dE ;
S d&loz
! dt
S o B Y
O, §<£0
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-—=—(AlL-108)
—-—-(m-lo‘i)
—===(g1-110)

——==(Rl)

-—--(All-nz)

e (R1-13)

—— (A1)

Iy

— e (AL-116)

_..-._(m-n'z)

e (R1-118)



AORTIC ARCH BRRORECEFPTORS (coNTJNUED) :

95 = s (53 + Ky Sy K:s) = Al H‘i)
S S, >0
B — 5 5 e -
Ao2. {o e ~(A1-120)
CAROTID SINVS BRRORECEFTORS :
dS, o Fyu =5 ~—~(Al-121)
At T
df;q - -
S s 7 9 il R 122,
dt T, ( )
= dP
S, = vA
6 e ———(Al-123)
S¢ > Sg>0 |
5. ==
7 =w=afRli2
{o, 5, <0 ol
S0= Kis (53 + Kiy S = Kis) - ——(Al1-125)
B - SIO ) Sra >0
va ~ — A2
(129
C.N-S- INPUT FUNCTION :
B = (I— ki) Bnoy + Kig Bys —= - (Al-127)
C:N-S- ConTReL OF HEART RATE :
duy _ By~ ey — ——(Al1-129)
at u,
Ay us-yy ———(A1-129
dt T3
A4z - 44y ———(A1-129)

ot T
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C-N-S. CoNTROL OF HEART RATE (CoNTINVED) :

={K;7(B" Kig) , 8> Kig ———(m-131)

em
w, = —L
2 s —--(n1-132)
Kig , Up>0
iw, =
3 e ik g ~—-(r1-133)

w, = {K'g’ B>Kg

5 -—-(Rl-13L)

B, B<kyg

u, = K, o Ctt, =ty (AR
2'0 ) u-g ?2'0

U.q = LLS) 003‘(“8 < 2-0 --...(Al-l?é)
0-3 , Ug <0-3

Ty IS set o the value of Ug at bie end of
the cardiac C‘ycile

C.N-S. CoNTRoL OF PERIPHERAL RESISTANCE

d%- 2:—9

——— = F2 - (Rl-137

dt Tg ( )

‘{fvs -9 ’

£ = 3 --—(Rl-138

dt (7 ( )

9y = Kag %3 +(-53)1, ———(r1-139)

?/_{Kz-ng""ﬁa )

R ——=(Al-140
Kz, BE Ky (
C-N-S. CONTROL OF MYocARDIAL CoNTRACTILITY :
b, = b4 — (A1)
dt Tg



C-N-S. CowTROL OF MYOCARDIAL CoNTRACTILITY (CoNTINVED) :

I
Kzs> B < K

b ___{KM, B>k

C-N-S. CoNTROL oF VENOUS TONE :

44z . _d__f <y
dt Ty

d;-—"—'-

Kso , B>K,8

Kz » Bk

dS = |+ ng(dz

=1)

d'll- =1+ K3z (‘{2“’)

A1,3 The pharmacokinetics model

RIGHT RATRIUM :

d"’xn -
i ""ZE_" - wsvcm Fsvcm"' waa& Fa:&"' wm
“+ Wiyeon Fivera— “eny Frary —
= Mgg
Wga = 7
RA
RIGHT VENTRICLE :
dm F..— £ 1 ar
RY = W, W st
Ry 1L RARY  RARY RvPA RVPA
pr= Tq
m
Viev
PuLMONARY ARTERIES :
dm A - My
— A = wnvm Ewm wf’ﬂﬂ’ F;’APV -
et 7
m
Wey = ra
Vea
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Mga

q

(Pl 14:2)
——=(A1-1:3)
———(Al-14:1y)
(Al 145)

(Pl 1:0)

S
—— (1 149)
- (Al 143)
-—-(A1-150

—-_(m»!s:)

~—~(Al-152)



PuLmonARY VEINS :

dm { = Doy
— Y = Wy, FPAPV Yoy n Fevia 1
dt 7
w -~ in_f_z
(4% V,
(44
LEFT ATRIUM :
dm W - "n
— LA = Wy Eﬂfm LALY /zm.v
dt &
Wy = 2L
%
LA
LEFT VewtricLE -
dm m
Ly B - v
AL LALY "LALY Lvao! "LvAol 7:9
Yiv.= oy
v,
LY
ASCENDING RAORTA :
dm - —
d: ol = “yao Evna} Waornoz E""m"z “or fg"R
— Mgy
e
w = mﬁaf 7
Aol
Vno!
RORTIc ARCH :
dm =
-—2_—:_-‘2-' = Yasoz Eﬂomaz Ypozun F:;ozm
m
S wp;ozno.a Fﬁo?.ﬂas = - ‘goz
7
= M
Waoz = —“—-"'vﬁoz
AoZ
HERD & ARMS ARTERIES -
dm Pyn
VA = Wes aowﬂ_w Fonw™— =22
i 02UA VALY " vAvY 79
_ my
wlfﬂ F v 4
va
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——(al-159)
~-~(AI-151;)
- (41159
——=(AI150)
_.,_(AJ-W)
o9
---(1-159)
—--(AI-169
—--(A-16))
—-=(AI-162)
(@163

———(hl- 1615



HEAD £ ARMS VEINS :

dm m
w o w F —w r - LY MEE)
= VALY URDY Uvsve ULvsy
dt S R R
(assuming mass M injected
i ot time t=0)
Wy =
Vv - =(PI-160)
THoORACIC AORTA :
dm
-——ﬁ‘-’}— = “nozn03 Fhozaos = Warone Feronc ———(1-167)
_m
~Wsp31n Ewam ~Whso3aA Faszan ,;°3
Wy = Maos. = J
03 Vnos —“—(R}'IGS)
INTESTIWAL RETERIES :
dm m '
n = P =, B o
o Ao3/n ~ Ao3/IA mv Linlv 7_..? ---(Hf-!é‘?)
Wq = "
Via ~==(nl-170)
INTESTINAL VEINS :
dm
v o w | I 1) F - My
S ST e 1Ay 1AV vive " Ivive T -==7Al-
P % (A1-171)
m
w,, = AL e
%S Ml ——=(Al1-172)
RBéDominAL. ARTERIES :
dm -
73 = "aozAn f;osnﬁ — Wanpy ,—;nnv --—(HH73J
— Woacn Fanca — Man
(<]
g el
AR T Ty )
ABDoMINAL. VEINS :
dm
—— = Wanav " Anav CVAy 'CVAV e (1
AL = w P B (#1-175)
m
~ Wavive Favive = =2¥
i
L) .= mHV :
RV~ Vay ~=~(A1-17¢)
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LEG ARTERIES :

dmcn F o F.' — MCA
= W (77}
i AACA RACA CcAcy CAcVY
dt ’t.‘q
—. Mecq
Weq = =
cA
LEG VEINS:
m
. — cy
‘{mCV = Wepcy Foncy = Wevav Fevay =
dt
m
ch = YV
Vev

INFERI0R VENA CAVA :

m
i_‘_té. = w,uwy(, F/iwvc = Wve F;WVC
d b B Wil
IVERA IVERA —-—
Tg
o — My
vc VJVC.
SUPERIOR VENAR CAVA
m N —_—W 5 -
d Sve = wu vsve Fwsvc SVcRA SVCkA -
dt 7
whe o = Mave
g
# VSVc

CONCENTRATIONS AFPFPROPRIATE To DIRECTIONS oF FioW :

w _ ) Ysve ) Fsvera>©
SvcrA =
Wen 5 Fsyera €0
ﬁ)l ) Co& >0
Wep» Feor S0
” Wao3 5 Fgrone > 9
Beove: ) g s Fapone S0
v Wive 5 Flvera >0
IVCRA
Waa s Fivern <0
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e _(A-179)
e (1-179)
—-(h1159
e (a115)
—==(A1-182)
--- (183

——(11-184)

(41189

—~~()-186)

——(A1-187)

—--(n1-183)



CONCENTRATIONS RAPPROPRIATE To DIRECTIONS oF FLow (CoNTInveD)

Wep > Fraey >0 e
Wepry = e (A1-189
gisid Way, Fraay €0

o’ Way , Frvea >0 )
N -190
e Wep , Frvea €0 (ﬂl i
Wop s Fpapy >0
Weaev = 3wy, , Fopoy €0 ——=(R1-181)
_( Yev, Fopin>0
Woya = Wy, Foyin <O ——(R1-192)
» o Yeas Frawy >0
LAV Wy, FLay <O - -~ (1-193)
Wy, fivao >0 '
Wivaor = _(A1-1
i Waoyy Frvaor SO ——=(R1-11)
{wnon Faoipe2> O ( )
Aomoz. —(RI-195
wﬁob AolAz = <0
Waoz 3 Faozus >0
Wpoaua = B ———(A1-190)
Wya » Fac2us <
Waoz 3 Faozasz> O h
W o203~ ” e (m-m/
Waoz, Frozmes SO

Wya , Foauw >0
Wonvy = 2 ———(#1-198)

Woy> Foavy <O

{ww > Fuvsve 20 :
“ovsve ——~(al-199
Weve s Fovsve €O (

Wpoz > Faszin >0
M .
A~o3;,4 wm p) F;’POBM o ........_(FH' 20@
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CONCENTRATIONS APPROFRIATE To DIRECTIONS OF FLow (CoNTINVED) :

” Waoz , Frozna> 0
038R = ~—-(A1-20
Waa > Faozan €0 (a-201)

2 _ S Wa, Fav>0
1py =

—(Al-20
Wy > Fawv<o (n-202)
W v { wIV) FMVC>O
wvive =
Wive s Bvive < (@) ---(HI-ZOB)
W _( Vpy, Fanay >0
AARRV ~ N .
Way, Faaav<0O -~ (Ai-204)
4l e Z(WM; Fanca>0
AAcA~ ;
; —-———(Rl-205
Wens Fapcn 5O (a1-265)
W _ | wev, Feyay >0
CVAY T i
Way > Feyay €O ~-(#1-206)
i) o) {an; Favive >0
Avive — wme—lA)-Z2D
WIVC 3 FAVIVC SO (ﬂ’ 2 7)
w _§ Wea, Fepey>0
cnacy — E a (ﬂl‘-ZO@
Wey 5 Feacv <0 i
EFFECT OF DRU4 oN HEART RATE :
O"} = [ + o, ‘URH 5 BRADYcARDIA ___0;”‘20?)

/
TACHYCARDIA
| + 63 we, )

EFFECT OF DRUG ON PERIFHERAL RESIS TANCE

VASocoNSTRICTIoN

[+ ojwpos »
~==(Al-210)

Tgronc™ ) - [
I 4-07 wgy3

y YASoDILATATION

| + Of W,z , VAsocoNsSTRICTION

o~ e et
NI 7 ! , VASODILATATIoN (ﬁ! 2"0
+ o7 Wiy
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EFFECT OF DRV& ON PERIPHERAL RES!STHNC{E’(CONT:NUED) 2

| + O'T“nn , VYRSOCONSTRICTION

-
ABD = !
y VASODILATATION — (81-2.12
I+ o7 Wwpy, )
I + ef wen , VYASOCONSTRICTION
OLee = / --- (213
VASODILATATION

| + 07 Wen

P | + oT Wya VASO CONSTRICTION

HEAD = [ - (Al-21)
[T o7 g VASOPILATATION

EFFECT OF DRU& oN MYocARDIAL CONTRACTILITY :

| + 03 wep , PoSITIVE INOTROPY

o,.=
RA ! - (ni-2i
|+ oz w ) NEGATIVE InvoTROPY ( 5)
3 Wra
_ {1+ o5 wpy , PosiTIvE InoTROPY '
Ty = ! o (P1-216)

NEGRTIVE INOTROFY
|+ o3 Wey 2
| + 63w 4, POSITIVE INSTROPY

=
LA | —_-(A1-217)
gyl NEGATIVE [NoTRoFY

| + e3 Wy, PosiTIVE noTROFY

o=, =
LV / ——=(Al-218
T o3 Wy NEGATIVE INOTROFPY ( )
NOTE 5

(1) fhe derivatives required in equations (A1.117),(A1.123) and
(A1,132) are evaluated using the expressions given in seection 5.6.

(2) Due to the presence of algebraic loops (discussed in section 5.7),
the following variables are evaluated using rearranged expressions
given in Appendix 4 :

Pao; in equation (A1,26),  Pys in equation (41.33),
Pao3 in equation (A1.44), Pia  in equation (41.47),

Paa in equation (A1,57), P.n in equation (A1,66).
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APPENDIX 2
VARIABLES AND CONSTANTS USED IN THE COMPUTER PROGRAM

The variables and constants given in the tables below are those
referred to in the mathematical model of Appendix 1 and the simulation
program of Appendix 3,

A2,1 State variables

STATE STATE IMITIAL STATE STATE INITIAL
YARIABLE VARIABLE VALUVE VAR IABLE VARINBLE vALvE
IN IN oF IN 14 oF
CoMPUTER |MATHEMATICAL STATE ComMPuvTER |MATHEMATICAL STATE
PRoOGRAM MODEL VARIABLE PRo&RAM mMoDEL VARIABLE
x() Vea 153-43 x(32) Sq 17048
X(z) Vey 132-32 X(33) Uy, 62-617
X(3) Vpa 11486 X (34) Uy 75.2.62
X (&) Vev 534-52 X{35) Uy 5. 1|5
X(5) Via 104~ 02 X(3¢) i 0-0
X(6) Viy 13)- 27 x(37) ¢, 0-97272
X(7) Vaor £1-233 x(33) % 0-97/09
X(2) Vaoz 90- 243 X(34) dy 1-1178
46)) Vua 146-39 X (40) b, 0-97153
X(io) Voy 544-85 x(41) S Proy dt 90
X(1) Vaoz 88-157 ¥ (4:2) S Fivnor A€ 0-0
x(12) Via 22.552 X(43) Mea 0.0
x(13) Viv 597- 51 X{ ) May 0.0
X (1) Van 77-24.9 x(q.s) Mpa 0-0
x(is) Vay 290-32 X(46) oy 0-0
X (1¢) Vea 7433 x(47) ma 0.0
x(17) Voy 271-05 x(42) m 0.0
x('8) Vive 53404 x(44) ry 00
x(11) Vsve 542-37 X(55) Masa 0:0
X(20) Frvea 0-0 x(s1) " ua 0.0
Xz Fivaol 2-0 n X(52) Muy 0.0
x(22) Faoinoz 6-8039 | X(53) ®a03 0:0
| ___x(3) Faozua | —3- 8Ly x(st) " 0.¢
X(24) Frozass | 25.449 X(5%) ”y 0.0
X(25) Frozia 35.075 X(56) Man 0.0
X(2¢) Faozna | —3-32L4 x(57) May 0.0
X(Z?,) Faaca 2-6994 X(ES) Mag 0.0
X(23) o 0-0 X(59) mey 0-0
X (29) Sz 109-2¢ X (40) ™. 0-0
x(30) Sy, 4146 X(61) Mg ye 0.0
X(31) Sg lo4-93
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A2,2 Other numerical variables

VARIABLE VARIABLE VARIABLE VARIABLE VARIABLE VARIABLE
IN IN IN IN IN IN

CoMPVTER  |MATHEMATICAL || COMPUTER | MATHEMATICAL|l compuTER | MATHEMATICAL

PROGRAM MoDEL PROGRAM MoDEL PROGRAM MoDEL

| ———— — S e —

v() Paa ’(—4{3 Fey V(33) (co)
v(2) %Ra v(43) Fg v(84) (ETSR)
v(3) 4 BMZ/ dt vl ) Fevav v(8 5) (TTSR)
v(4) Fi v{45) Pive v(84) Vr
v(5) Fa v(ist) Fq 4 v(E7) (sv)
v(é) Fragy v(47) Fivera v(32) Y
v(7) Pey v(4i3) Psve v(s3) Pru
v(g) Apy v{49) Fro v(30) Paep
v@) Pra v(50) Biioen v(@) dByn /g4
v(io) Feaey v(s1) S, v(az) Wea
D) Pey v(52) S, v(43) Way
v(iz) Fz v(53) Ss v(as) Wpa
v(i3) Fevia v(54) Baoz v(25) Woy
) Pia v(s5) S; v (36) W, a
v(is) ) v(56) Sy v(97) Wyy
v (1¢) Fy v(57) Sie Il v(98) Wao)
v(i7) FLarv v(58) Bya v(37) Wasz
v(18) Py v(59) B | v (i00) Wya
v(id) a,, v(¢o) wy v(io1) Wyy
v(20) Paoi D) Uy v(102) Waoz
v(zi) e v(¢2) Usg I v{103) W, q
v(z2) Pasa. V(4 3) U5 Vﬁﬂﬁ-) Wy
v(23) Pua v(t4) “g v(io5) Waa
vGeu) Fuavy v(ss) e v(io¢) Way
v(2s) Pyv v/ée) Ty v(i67) Wea
v(2¢) Fs v/67) Fu v(io8) Wey
v(27) Fuysve v(ss) Tas ) Wye
v(2%) Pao3 v/£9) Tay v(ilo) Weye
v(29) Fagenc v(70) Tys v(in) (:Pﬁa !)mpg_
V(So) Pia v{71) X V(‘ '2) ; _(__Pnor ) MmN
v(a1) Fiaw v({72) X, SiA Son
v(32) Py v(73) X3 SRY TRy
v(33) Fs v(74) 2, SLA “Ta
\ZELD) Fivive v(75) Xg SLV 0Ty
v(35) Pas v(76) 9, SHEAD 05 uin
v(é) Faray v(17) %u SERPNC T5konc
v(&7) Piv v(7%) d, || sinvT s
v(38) £ ﬂ v(79) ds 4" SABD Ted
v(39) Favive v (36) d, SLEG oTea
v(40) fon V(1) b, SHR o
v{4)) Feacy v(82) (MmAP) PHI @
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42,3 Numerical constants

All constants are given in medical units (mmHg, ml, sec) unless

otherwise stated,

CONSTANT | CONSTANT CoNSTANT CONSTANT
IN IN VALUE IN IN VALVE
CoMPUTER | MATHEMATICAL CoMPVTER |MATHEMATICAL
ProGRAM MoDEL i PRO&GREM MeDE L
0] Cpun X COMPUTED P(2) Ren g:r 0-003
P2) Ron Vioy | Comevrep || P23 Ks 0-1
P() |1 + 522 | compuTed P Gpys 0-3
P("*‘) Cuvn K¢ COMPUTED P(BS) Apyp 0:04-6
P(5) Csven Ky ComevTED || P(3¢) Vi 0.0
P(e) Reve Vusve | comevTed Il P(7) Biven 0-003
P(2) Prun — k.0 P(28) App 1-539 cm®
P(s) Pagow +4-0 P(9) Lay 0- 000!8
P@) K -3.0 Plo) € a4 di+3
P (i0) Kz —¢-0 Pl41) Vuea 50. 0
P() K3 + 3.0 Pi2) Fee 7-0
P(12) Ky, + 60 Pe3) | Riwwe 0-11
P(13) Tie 40 Plut) Covn 8- 4
) Tx 5.0 Pl45) Vory 14600
P(i5) n l-o Pus) Kg 20-0
P(1¢) P 90-0 degrees P(47) Revia 0-007
P(17) £ po20n 19-5 em Plus) K- o-|
P(i3) Lao2nos 10-0 ¢m “ P(49) A pe 0-28
P(i9) Lyvsie 18-0 em P(s0) 2, ap 0-12
PLo) | Laosia §:0 cm P(s1) Vokid Jo-0
P(21) L aosan 16.0 em P(52) Reuiv 0-003
P(u) £ verv §:0 cm P(53) ALvs I-5
P{23) 4 AACA 48-0 em P(s4) A, vd 0- Oztf
£026) 1 €ivanv 16-0 em .’_‘(_5‘5) Viv 00
PGS i Layey #48-0 on P(56) | Rivaos 0-003
228) || -Livcon 10-0 em PGs7) | Apo I-539 cm*
PG | Lancan -5 em " P(53) L,y 0-00022.
PL28) | Laosnn 10-0 em P(3) | Cao 0-28
P(29) %ras 0-15 Pe) | Yinor 53.0
P(32) 228D 0-05 Plé1) % 0-04
P(31) Yz 30.0 Plez) £ oo /2.0
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Numerical constants (continued)

CONSTANT CONSTANT CoNSTANT CONSTANT
co MP:JNTER Hn'ms':ﬂ'mnl. VRLULE Cam:uHTER MHT}!;:RTIC:WL paEnE
PROGRAM MoDEL PRO&RAM MoDEL
P(63) Bars Biowie> P(at) Civn 10-6
P(éy) Lasa 0.0004-3 p(as) Vo i to7.0
P(s5) Choz 0-29 P(ae) G ey COMPUTED
P(sé) Vs é1-0 P(a7) Ric 0-16¢
P(67) Bon 0-047 P (a8) Kia -0
p(48) L 0-0lL p9) Ciaa 0-21
P(“f) Rasz 0-0009 P(""’) Vuan 58-0
P(70) Lpos 0-0038 P(i01) Ragp 57-0
P(i) G pozun CoMPYTED P(102) Ren 0-/¢
P(72) G oz R03 CoMPUTED P(103) Loy 0-03|
P(13) Con 0-33 Plot) | Ganca CoMPUTED
P(7%) Vi 4.0 P (105) Cayw 5.1
P(75) Riskas (-0 Plot) | Voavw 305.0
P(7¢) Covw 9-4 P(107) | Giveay CoMPuUTED
P(77) Viuvw 552.0 P(io) |  Ray 0-595
pP(72) Guysve COMPUTED P(109) Ky -0
P(71) LI 0-226 D) o 012
P(80) & 0-667 P(111) Vuea 63.0
P(s1) Cacs 0-29 P(i2) R e 15.0
P(82) Virkss 59.0 p(i13) Covie 4.8
P(33) Gaosan CoMmPUTED Pliy) Vievn 257.0
P(e4) R gaonc I12.0 P(us) | Gayev ComPuTED
pls) | Ry 0-00!4 P(115) Ry 2.3
P(36) Lig 0-0027 | P(1i7) E,z 0-0
PB7) | Gaosia CorPUTED P(ns) C“,c,,_“ 83
P(83) Ran 0-0iz P(na) Visive 4880
P(2%) Lan 0-0i4 P(20) | Gvera COMPUTED
P(o) | Gap3zan ComPuTED P(i21) Rive 0-015
P(a1) Ca 0-06 P(122) | Cyen K COMPUTED
P(a2) Viia 17.0 P023) | Coven 8.3
P(a3) R 2-3 P2e) b Yugie 488-0
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Numerical constants (continued)

CONSTANT | CoNSTANT CONSTANT | CoNSTANT
IN IN IN IN
CompuTER  |MaTHEMATICAL| VALVE compuTER  |maTHEMATICAL| VALVE
PROGRAM MoDEL PRo&GRAM MODEL
I - L
pP(12s. Gcvoin CoMPUTED P(15¢) Ko 0-7
PO26) Rsve 0-06 P(157) Ks I-é
P('Z-’) Rive Viive COMPUTED P(158) Ty 4.0
P(12%) T, 0-8 P(159) Kz /-0
P(129) T2 01 P(166) K3 /-0
P(i30) K3 -0 p(ié1) K4, 0-6
P(i131) Kiu, I-o P(é2) Ko I- 4
P(132) Kis Yo0-0 . P163) Ty lo-0
P(132) Ky 0-7 Pl6Yy) | Cayw kg ComPYTED
PO346) |Ryy Vv |compuTED Pl165) h 0-0005
P(135) | Cwn ke CoMPUTED " FOEE) 1R Vs CompuTED |
P(i34) Kis I-0 |  psD) | coow ey | comevren
P(137) K)g 0-0 P168) | Rey Vieun | comeuTeDd
P(38) | Ry Viiyw | comruTED P(164) Ty 30-0
P(129) Kiq 5 P(i70) eA”znP’;,) COMPUTED
P(140) Ko 4.5 pCn) | €zaZ,) | comeuTed
P(141) T3 I-o p72) | ™/1e | comPuTeED
P(142) h 2-0 P(173) K;—K) | comPuTED
P(14:3) K2, 0-006 P(i74) M 70-0 M9
P(i4-4) Ty (o) 0-324 L P(175) o7 400-0 miug”
P(i45) Kyz 0-1 P(175) oz 50-0 npg”!
Pit) K2z 0-09 | P(i77) o3 50:0 mlpg”'|
Ple7) K24 0-Clg || P(178) K, =Kz COMPUTED
P(-8) Kas | o016 PI T 3. 14159
P45 Kag 0-2 ORIF g 0.0003978
P(150) K27 0-¢ RHP& eg 0-7807
PGs1 Ka2g I-4. DEGRAD Tiz0 0-01745
) s 4o || ws e ¢
) % 200 J WP vk | 172
P05 | kg | 075 R T
P(1s5) Tun 0-8 H INTLEC N Laention 52
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A2.,4 Logical variables

Logical variables are used to control the simulation.
'TRUE' is equivalent to 'ON' and 'FALSE' is equivalent to 'OFF!,

Logical variable Initial
in

comnuté;_brograg Telue
L(1) TRUE
L(2) FALSE
L(3) FALSE
L(4) FALSE
L(5) FALSE
L(6) TRUE
L(7) TRUE
L(8) TRUE
L(9) TRUE
L(10) TRUE
L(11) TRUE
L(12) TRUE
L(13) FALSE
L(14) FALSE

Comments

'ON' at t=0 ; 'OFF' for t>0

'ON' at the end of each cardiac cycle
Drug Injection

Respiration

‘Orthostasis

Heart rate control

Peripheral resistance control

Venous tone control

Myocardial contractility control

'ON' = Tachycardia ; 'OFF' = Bradycardia

10N '=Vasoconstriction
10FF'=Vasodilatation

'ON' = Positive Inotropy
'OFF' = Negative Inotropy

Drug transport
Drug action
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APPENDIX 3
THE CARDIOVASCULAR SIMULATION PROGRAM

A3.,1 Summary of the program structure

The program listed in section A3.2 uses facilities available in
most versions of FORTRAN IV to ensure portability. Free formats, mixed
mode arithmetic and other features of extended FORTRAN IV are not used,
In the program listing, the letter 0 is distinguished from the number O
by placing a line through the letter thus : #.

The principal arrays in the program are :

(1) X(61) - vector of state variables
(2) D(61) = vector of derivatives of state variables

(3) v(112) = other numerical variables
(4) P(178) = numerical constants
(5) L(14) ~ 1logical variables (for control of the simulation)

The variables in the mathematical model corresponding to the
program variables are given in Appendix 2,

Following the Executive Control Segment, the subprograms in order
are :

(1) SUBROUTINE INTEG(D,X,T) - computes a new state vector after
one integration step using Euler's method,

(2) SUBROUTINE MODEL(D,X,T) = computes the derivative of the
current state vector from the mathematical model.

(3) SUBROUTINE ODDJOB(D,X,T) - performs miscellaneous tasks at
t=0 and once every cardiac cycle,

(4) SUBROUTINE CYCLE(D,X,T) - deals with respiration at each
integration step, detects the end of the cardiac cycle and
performs miscellaneous tasks at the end of the cardiac cycle,

(5) SUBROUTINE RESULT(D,X,T) - prints neading and results,

(€) SUBRCUTTNE PRELIM - preliminary calculation of frequeutly
used constants.

(7) SUBROUTINE TTSR(X) - computes the true total systemic
resistance,

(8) BLOCK DATA - initialises the arrays and variables in labelled
COMMON blocks.,
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A3,2 The program listing

c
C  EXECUTIVE C@NTR@L SEGMENT

c
;%éxﬁgﬁﬁ(l‘(%) 0(61)
corygn /MIsc/ NS,NP,NV,INJLEC,PMIN,PMAX
g
CPImgN
caign /xic/ m}(61)

SEC@iD PART @F INITIALISATIPN (1ST PART IN BL@CK DATA SUBPREGRAM)

aQa

7=0,0
og 1 I=1,NS

1 ig;?ﬁf(}ﬂ

ANY REQUIRED CHANGES IN STATE VARIABLES @R NPN~C@MPUTED
CANSTANTS BEFPRE THE RUN MAY BE INTRGDUCED AT THIS PPINT

oo aa -

CALL PRELIM

CALL gnDnygs(D,X,T)
CALL r«p’nm.sn o X T)

CALL CYCLE(D,X,T)

CALL RE.’SULT(D,X,T)

DYRAMIC SECTIZN

Bnaa .

L(1)=.FALSE,
2 C@NTINUE
CALL INTEZ‘:§ D,X,T)
CALL CYCLE(D,X,T)
IF( NgT.L(2))cg T 2
CALL ﬁDNﬁfBED,X,Tg
CALL RESULT(D,X,T
IF(?.GT,100, 053
L(2)=,FALSE,

G¢ Tﬁe

SUBR@UTINE INTEG(D,X,T)

CAPUTES NEW STATE VECTER AFTER @NF INTEGRATIZN
STEP USING EULER'S METHED

Q2000

DIIMENSIEN X(61),D(61)
cgugn /pv/ P(178),V(112‘
chgn /MIsc/ NS,NP nv,nm;ﬂc PMIN,PMAX
H=P(165
Dg 1 I=1,N
x(:)—x(x5+a*n(1)
1  CPNTINUE
CALL M@DEL(D,X,T)
T=T+
RETURN
END
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QoQ Qoo Qaa

oo

aQa

SUBRGUTINE N@DEL(D,X,T)

C¢MPUTES THE DERIVATIVE gF THE STATE VECTER FRPM THE
MATHEMATICAL M@DEL ¢F THE HUFAN CARDIPVASCULAR SYSTEM

LPGICAL L(14)

DIMENSIZN X(61),D(61)

cormgn /pv/ P(178),v(112)

cgvMgN /mIsc/ NS,NP,NV,INJLEC,PNIN,PMAX

comMgn /ugcic/ L

CMgN /SIGMA/ SRA,SRV,SLA,SLV,SHEAD,SBR@NC,SINT, SABD, SLEG, SHR
DATA PI/3.1415926536/

DECIDE IF DRUG ACTI@N IS REQUIRED

IF(NPT.L(14))CE T4 5
DIMENSIPNLESS FACTPRS FPR DRUG ACTIPN

SIG1=PE175;

SIG3=P(177
URA=1,0+SIG3*V(92
URV=1,0+5IG3*V(93
ULA=1,0+SIG3*V(96
ULV=1,0+5IG3*V(97
UHEAD=1,0+5IG1*V(100)

" UBR@NC=1,0+SIG1*V(102)
UINT=1,0+SIG1*V(103
UABD=1.0+SIG1*?£105
ULEG=1,0+SIG1*V(107
UHR=1.0+P§1?6;*V(92
IF(NgT.L(12))c¢ T8 1

PPSITIVE INGTREPY

SRA=URA
SRV=URV
SLA=ULA
SLV=ULV

cg ¢ 2
NEGATIVE INGTREPY

SRA=1,0/URA
SRV=1,0/URV
SLA=1,0/ULA
SLV=1,0/ULV
IF(.NgT.L(11))cE T8 3

VASPCENSTRICTIPN

SHEAD=UHEAD
SBR@NC=UBR@NC
SINT=UINT
SABD=UABD
SLEG=ULEG

Gf T4 4

VAS@DILATATIPN
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QQoQ

C
C
C

SHEAD=1,0/UHEAD
SBR@NC=1,0/UBR@NC
SINT=1,0/UINT
SABD=1,0/UABD
SLEG=1,0/ULEG

BRADYCARDIA

SHR=UHR

TACHYCARDIA

1P(1(10) )SHER=1,0/UHR
CENTINUE

SET INITIAL VALUE gF HEART PERID

IF(L(1))v(66)=p(144)

SET FIXED HEART PERID IF HEART RATE CUNTRL @FF

IF(JNET.L(6))V(66)=P(155)

TIME-VARYING C@MPLIANCE GENERATIMN .

v(68)=P(145)+P(146)*7v(66)

V(69 =v268)-P(147)
V(70)=P(148)+P(149)*Vv(66)

v(71)=PI/V(68

v(72)=pP1/v(70

v(73)=0.0

IF(X(36) ,LE,V(68))v(73)=s1N(V(71)*X(36))
v(74)=0,0
IF(X(36).G7.V(69))v(74)=x(36)-v(69)
v(75)=0,0
IF(V(74).LE.V(70))V(75)=51H(V(72g*v(74)3
v 2;=v 73)*(P(29)*X(40)*sRA~P(30) )+P(30
v(8)=v(75)*(P(34)*x(40)*sSrV-P(35) )+P(35)
v 15;=v 73)*(P(49)*X(40)*SLA~P(50))+P(50)
v(19)=v(75)*(» )+P(54)

75)%(2(53 )*k(40)*sSLV-P(54

START @F CIRCULATZRY FLUID MECHANICS AND NEURAL C@NTREL MNEDELS

v(64)=P(143)*(X(33)+X(35) )*SHR
v(77)=P(154)*x(38)+(1.0-P(154) )*Xx(37)
IF(NPT.L(7))V(77)=1.0

v(79)=1.0+> 159)*§XE39)-1.0)
v(80)=1,0+P(160)*(X(29)=1.0)

v %%235333&%2}:588

vi535=P§130§*Ex§293+PE131g*x(so)-P(132))

vs=@ﬁ%#7)ﬁ8£
v(6)=v(5)
I#(v(5),LT.0.0)V(6)=0.0
v(9)=(x(3)-P(41))/P(40)
§§22f4§42T P(45))cev=pP(1)

vE11g=Ei$43.P 45; /cev

v(10)=(v 9)-V§113§/P(43)
IP(V(11).17.P(42))V(10)=(v(9)-P(42))/P(43)
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14)=v(15)*(x(5)-P(51)
;1 § $?$;§)-VE14))*X(4;*k(4)/P(2)
IF(3(12) LT.0.0)v(13)=v(12)*P(48)
v(18)=v(19)*(x E6)—P(55))
v(16)=(v(14)-v(18))/P(52)
v(17)=v(16)
IF(v(16).L7.0,0)V(17)=0.0
QA=X 7)-P(60)+P(61)*(X(21)—X(22)+J(1)/P(62))
V(20)=04/2(3)
IF(V(20),GT,PFAX )PMAX=V(20
IF(v(20),LT,PNIN)PHIN=V(20
v(21)=(v(20)=v(1))/p(62)
QB=X(8)-P(66)+P(61)*(x(22)-X(23)-x(24))
v(22)=98/P(65
gﬁ:xgz$)3P 77)/v(80)
IF(QC.LT,0,0)CUV=P(4)
o g
P(75)*SHE
QD=X(9)-P(74)+P(61)*(x(23)+v(25)/cD)
DHD=P(73)+P(61)/QHD
v(23)=qp/DHD
V€24§=(V(23)-V(25))/QHD
QE=X(19)-P(124)
csve=P(123)
* IF(QE,LT,0,0)CSVC=P(5)
v(4a)-qg/bsvc
Qr=(V(48)-v(1)+p(125) )*x(19)*x(19)
=N
IF(V(49).LT.0.0)v(50)=Vv(49)*P(33)
Qe=x(18)=P(119)
cIve=p(118)
1F(QG.LT,0,0)CIVC=P(122)
V(45)=aG/CIVC
QH—(V(45)-V(1)-P(120))*X(18)*h(18)
V(46)=qs/P(127)
v(47)=Vv(46)
IF(V(46),LT,0.0)V(47)=v(46)*P(33)
QI‘(V(25)-V(48; =v(89)+p(78))*X(10)*x(10)
26)=Q1/P(134
v(27)=v(26)
1F(v(26).LT.0,0)v(27)=v{26)*P(80)
QI=V(77)*P(84)*SBRENC
QK=X(11)-P(82 +P(c1)*Ln(24)-x(25)-x(26}+v(1)/QJ)
s ; =qk/(p{81)+p{61)/23)
=(v(28)=v(1)=2(83) /2
QL‘K(1>)-P(95)/V(80)
CIV=P(94)
1F(QL,LT,0.0)CIV=P(135)
v(32)=aL*v(73)/CTV
Q=(V(32)-V(45)+7(90)-V(89)-P(96) )*x(13)*x(13)
253; =Q/P(138
v(34)=v(33)
IF(V(33).L1,0,0)V(34)=v(33)*P(98)
ggjv 129 93;*S%NT) (x(25)+v(32)/Qx)
=X(12)=-P(92)+P(61)*(X(25)+v(32)/Qx
V(30)=af/(2(91)+(61)/2N)
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v(31)=(v(20)-v(32 i

RSN

CAV=P(105)

1P(QP,LT,0,0)CAV=P(164)

V(37)=QP*V(79)/CAV -

QQ=(V(37)-V(45)+V(90)-v(89)-P(107))*X(15)*X(15)

v(38)=00/P(166

v(39)=v(38)

IP(V(38).LT.0.0)V(39)=V(38)*P(109)

QR=V(77)*P(101 )*SABD

Qs=X(14 -P(100;+P(61)*(x(zs)—x(27)+V(37)/QR)

vf35;=as/(P(99 +P(61)/QR)

v(36)=(V(35)-v(37))/&

Qr=x(17)-p(114)/v(80)

ccv=pP(113)

1#(QT,LT,0,0)CCV=P(167)

v(42)=ar*v(79)/cCcv

QU=(V(42)=V(37)=v(90)=P(115) )*x(17)*X(17
(v( ( ) ))*R(17)*x(17)

v(43)=Qu/P(168)

v(44)=v(43)

IF(V(43).LT.0,0)Vv(44)=V(43)*P(117)

Qv=v(77)*P(112)*SLEG

QW=X(16)=P(111)+P(61)*(x(27)+v(42)/aV)

v 40;=QW/(P(110)+P(61)/QY)

V(41 =EV(40)-V(d2))/QY

V(4)=v(50)+V(47)+v(29)+V(21)

DECIDE IF DRUG TRANSP@PRT IS REQUIRED

1P( NgT,L(13))cP TF 8

CAMPUTE DRUG C@NCENTRATIPNS IN EACH SEGMENT AND
SELECT CENCENTRATIPNS APPREPRIATE T¢ DIRECTIZNS gF FLEW

6 1=1,19
3€1+91)=X(I+42)/X(1)
CENTINUE
GSVCRA=V(110)
IF(V(50),LE,0.0)GSVCRA=V(92)
GCPR=V(98)
IF(v(21),LE.0,0)GCER=V(92)
GBRANC=V(102)
17(v(29),.LE,0,0)GBRANC=V(92)
GIVCRA=V(109)
1P(v(47).LE,0,0)GIVCRA=V(52)
GRARV=V(92) e :
IF(V(6).LE,0,0)GRARV=V(93)
GRVPA=V{93)
1F(X(20),LE,0,0)GRVPA=V(34)
GPAPV=V(94)
1F(v(10).LE,0.0)GPAFV=V(95)
GPVLA=V(95)
IF(V(13).LE,0,0)GPVLA=V(96)
GLALV=V(96)
17(v(17).LE,0,0)GLALV=V(97)
GLVAZ1=v(97)
1#(X(21).LE,0,0)GLVAG1=V(98)
GAg12=v(98)
1P(x(22) ,LE,0.0)GAgF12=V(99)
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GAFUA=V(99)
IF(X(23),LE.0,0)GAB2UA=V(100)
GAP23=V(99)
IF(x(24).1E,0,0)cAg23=V(102)
GUAUV=V(100)
1r(v(24),LE,0,0)GUAUV=V(101)
GUVSVC=V(101)
IF(V(27).LE,0.0)GUVSVC=v(110)
GA@31A=V(102)
IF(X(25).LE.0,0)GAF31A=V(103)
GAP3AA=V(102)
IF(X(26).LE.0,0)GA#3A4=V(105)
GIAIV=V(103)
IF(V(31).LE,0,0)GIAIV=V(104)
GIVIVC=V(104)
1F(v(34).LE,0,0)GIVIVC=V(109)
GAAAV=V(105)
IF(V(36).LE.0,0)GAAAV=V(106)
GAACA=V(105) :
IP(X(27).LE,0,0)GAACA=V(107)
GCVAV=V(108)
IF(V(44).LE,0,0)GCVAV=V(106)
GAVIVC=V(106)
IF(v(39).LE,0,0)GAVIVC=V(109)
GCACV=V(107)
IF(V(41).LE,0,0)GCACV=V(108)
HSVCRA=GSVCRA*V(50)
HCPR=GCPR*V(21)
HBRﬁNC=GBR¢NC*V€29;
HIVCRA=GIVCRA*V(47
HRARV=GRARV*V(6)
HRVPA=GRVPA*X(20
HPAPV=GPAPV*V(10
HPVLA=CPVLA*V(13
HLALV=GLALV*V(17
HLVA@1=GLVAF1*X(21)
HAg12=GAg12%X(22)
BAPRUA=GAZ2UA*X(23)
HA@23=GA 23*x§24;
HUAUV=CUAUV*V(24
Huvsvc=cuvsva*v£27g
HA@3IA=CA@3IA*X(25
HA@3AA=CAZ3AA*X(26)
HIAIV=GIAIV*V(31)
HIVIVC=GIVIVC*V(34)
HAA&V=GAAAV*V§36)
HAACA=GAACA*X(27
HCVAV¢GG?AV*V(44;

HAVIVC=GAVIVC*V(39)

HCACV=CCACV*V(41)
c
C DRUG MASS DERIVATIVES IN FHARMACFKINETICS M@DEL
C

D( 43 )=HSVCRA+HC@R+HBRENC+HIVCRA-HRARY

D(44 )=HRARV-HRVPA

D(45)=HAVPA-HPAPY

D(46 )=HPAPV-HPVLA

D(47 )=HPVLA-HLALV

D(48 )=HLALV-HLVA@1

D(49 )=HLVA@1-HAZ12-HECHR
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Qoo

Qo

Qaacc

D(50)=HA@12~HAPRUA-HAP23

D( 51 )=HA@2UA-HUAUV

D( 52 )=HUAUV-HUVSVC

D(53 )=HA@23~HBRENC-HAP3 TA-HAF3AA
D(54 )=HA@3IA-HIAIV
D(55)=HIAIV-HIVIVC

D( 56 )=HA@3AA=HAAAV=HAACA
D(57 )=HAAAV+HCVAV-HAVIVC

D( 58 )=HAACA~HCACV

D( 59 )=HCACV=-HCVAV

D(60 )=HAVIVC+HIVIVC-HIVCRA
D(61 )=HUVSVC~HSVCRA

D¢ 7 I=43,61
INCLUSI@N gF DRUG BREAKDEWN/ABSPRPTIfN

(1)=p(1)-x(1)/P(169)
ENSURES P@SITIVE DRUG MASSES IN VARIABLE STEP INTEGRATIPN RPUTINES

1F(D(1).GT.0.0)GE ¢ 7

SLﬁPE=-200.0*X(I;

IF(D(I).LT.SLEPE)D(I)=SLPPE "

CYNTINUE :

CENTINUE

p(1)=v 4)-?56)

=v(6)-X(20)

=X(20)-v(10

v 1og-v 13
13)-v(17

17)-%(21

21 -xgzz -VE21;

ILL

I

=0 @O~ O PNN

X(22)=-X(23 )-X(24

=X(23)-v(24)

0)=v 243-v£27

13)=V(31 —V§34§

14)=X(26)-V(36

15)=V(36)+v(44

10)=v 39)+V(34§-V(47)

19)=v(27)=v(50) )

aos=§vg7 -V 9)-X(eo)*(P§37)+P(170)*x(203))/P(se)
i

11)=X(24)-V 292-x(25)-x(26)
12)=X(25)=v(31

-X(27

)
16 )=x(27 -v§41
17)=v(41)-v(44
21 18)=V(20)=-X(21)*(P(56)+p(171,*x(21)))/2(58)
9 I=1,21

HEHOEEHBUEHEBEBEEERNEBEB B SE SIS

ENSURES P@SITIVE VPLUMES AND P@PSITIVE VENTRICULAR
GUTFLPWS IN VARIABLE STEP INTEGRATIPN RPUTINES

1F(D(1).6T.0.,0)cf 4 9

SLEPE=-200,0*X(I

IF(D(1).LT, SLEPE)D(I)=SLPPE

CANTINUE

D(22)=(v(20)=v(22)-x(22)*P(63))/P(64)

D(23 )=(v(22)+v(89)-v(23)=-x(23)*P(67)-P(71))/P(68)

D(24)=(v(22)=v(28)-X(24)*P(69)+P(72))/P(70

D(25)=(Vv(28)+v(89)=V(30)-V(90)-x(25)*P(85)+P(87))/P(86
26)*p(88)+P(90))/P(89

D(26)=(v(28)+V(89)=V(35)=-V(90)=X
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C
c
C

10
1

12

QOO0

14

15

3527;=(V(35)-v(4o)+V(90)-x(27)*P(102)+P(104))/P(105)
28)=1,0

NEURAL CPNTREL SECTIEN

D 29 é 522)-K(29))/P(128)
g; v(513‘&’(61)*(D(zz)-n(zs)-n(24)))/'P(65)
IF(v(51) LT7,0,0)v(52)=0,0
vEgg =$?gg +p(61)*{1(23)+¥(79)*D(10)/(CUV*QED) ) ) /DHD
IF(v(ss) LT,0,0)V(56)=0,0
D(30)=(V(52)=x(30))/P(129
D 31)= v 23)-X(31))/P(128
D(32)=(V(56)-Xx(32))/P(129)
1*(v(53).1LE.0.0)cg T4 10
v 3)=P(1)o;*(n(29)+P(151)*D(ao))
V(54)=v(53
Gg ¢ 11
v§54)=0.0
V(3)=0.0
CANTINUE
V()7)~P(150)*(X(31)+P(131)*X(52)—P(132))
Ir(V(57).LE,0,0)Gf T 12
5913=PE130)*(b( 31)+P(131)*D(32))
v(58)=v(57)
Gff 1¢ 13
vEsa;=o.o
v(91)=0.0
CANTINUE
v(59)=(1.0-p(133) )*v(54)+P(133)*V(58)

CAPARE BARFRECEPTER SYSTEM @UTPUT WITH THRESHELD
FPR BANG-BANG ACTIFN IN NEURAL CENTRELLERS

IP(V(59).LE, P§137)30¢ 8 14

V(60)=P(136)*(V(59)-P(137))
V(63 )=P(137

V(76)=P(150

V(78)=P(156

V(81 )=P(161
V(61)=P(136)*((1.0-P(133) )*V(3)+P(133)*v(91))
cff 16 15

Y¥(60)=0,0

v 63§=v(59)

V(76 r'>151

v({78)=P 15?(

v(81)=p(162

v(61)=0.0

CANTINUE

v(62)=P(139)

IF (v(e*) LE,0.0)V(62)=P(140)
D(33)= 60)-1(33))/V€oz)
D(34)= 63§-x§34)§/P 141)
D(35)=(x(34)-x(35))/2(142)
D(36)=1.0

D(37)= V(76)-A(37))/P§152
D(38)=(V(76)~%(38))/P(153
D(39)=(V 783—&5)9) /Pé1‘8
D(40)=(v(81)-x(40))/P(163
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QOO0

(>N

IF VEN@US TNE PR NMYPCARDIAL C@NTRACTILITY CENTRPL NPT REQUIRED,
SET DERIVATIVES ¢F CPRRESPPNDING STATE VARIABLES T¢ ZER@

TRCAE L) )0

PART @F MAP AND SV CALCULATIEN

S mi L
RETURN

END

Qo

aaco

oaQoaoo

(e o]

SUBRUTINE #DDIFB(D,X,T)
MISCELLANEFUS TASKS AT T=0 AND @NCE EVERY CARDIAC CYCLE

LPGICAL L(14)
DIMENSIFN x?61),n(61)

cohragn /pv/ p(178),v(112)

cgvgy /1Isc/ NS,NP,NV,INJL@C,PNIN,PMAX
coMgN /LgcIc/ L

DATA RHEG,DEGRAD/0,7807,0,01745/
PRTHPSTASIS

PHI=0,0

IF(L(5) )PHI=P(16)
TILT=P(15)*RHFG*SLI( DEGRAD*PHT )
P(71 =TILT*P§17
P(72)=TIL7*P(18
P(78)=T1L.T*P(19
P(87)=TILT*P(20
P(90 =TILT*P§21
P(96 )=TILT*P(22
P(104)=TILT*P 233
P(107 )=TILT*P(24
P(115)=TILT*P 25%
P(120)=TILT*P(26
P(125)=T1L™*P(27)
P(83)=TILT*P(28)

DRUG INJECTI@N

1IF( 047, 1L(3))cd 1F 1
XEINJLF,'Z}):P(T?:;;
;o 5):: TALSE

[ yEe S TR

CANTINUE

IF VENGUS T@NE @R MYPCARDIAL CENTRACTILITY C@NTRPL NPT REQUIRED,
SET CPRRESPPNDING STATE VARIABLES T¢ UNITY

D‘s.NﬁT.LEB;;XEW;ﬂ .0

IF( NFT.L(9))%(40)=1.0
CAPUTE TPTAL BLEPD VELUME

VSUM=0,0
g 2 1=1,19
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VSUM=VSUM+X(I)
v(86)=vsuM
RETURN

END

sHeoloNeNs

QOO0

Qoo Qo

SUBRPUTINE CYCLE(D,X,T)

DEALS WITH RESPIRATIUN AT EACH INTEGRATIPN STEP
DETECTS END @F CARDIAC CYCLE AND PERFFRNS
MISCELLANEGUS TASKS AT END @F CARDIAC CYCLE

LEGICAL L(14)

DIMENSIZN X(61),D(61)

chrgn /pv/ p(178),v(112)

CAmgN /MISC/ NS,NP,NV, INJLEC,PMIN,PMAX

chigN /ugeIc/ L
RESPIRATIPN
IF(L(4))cf ¢ 1

X(28)=0,0
s

V(90
cg 74 2
IF(x(28).6T.P(14))x(28)=0.0
v(88)=x(28)
IF(X(28).GT.P(13);V(88)=0.0
Q=sIN(P(172)*v(e8))
vsa9gsp 9)+P(173)*Q
v(90)=p(11)+P(178)*Q
CONTINUE

TEST FPR END $F CARDIAC CYCLE
IF(X(36).LT,V(66) )RETURN
VARIPUS CALCULATIPNS AT THE END @gF THE CARDIAC CYCLE

L(2)=,TRUE,
v 111;=Pr-.ax
v(112)=PMIN
PMAX=-1,0E20
PIMIN=1,0E20
v(87)=x(42
v(82 =x§41 AL 663
v(63)=v(87)/V(66
v(84)=v(582)/v(83)
CALL TSR{X)

UPDATE HEEART PERI@D

v(65)=V(54)

IF(v(64 -GT.2‘0;V265;=2.0
IF(V(64).LT.0.3)V(65)=0,3
IF(L(6))V(66)=V(65)
v(67)=60,0/V(66)
X(36)=0,0

X(41)=0,0

X(42)=0,0

RETURN

END
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c

SUBRZUTINE RESULT(D,X,T)
PRINT HEADING AND TABULATED RESULTS

L@GICAL L(14)
DIMENSIfZN X(61),D(61)
cgragn /pv/ P(178),v(112)
Crgn /MIsc/ Ns,NP,NV,INJLEC,PHIN,PMAX
chgn /Lgcic/ L
1F(.N¢T.L(1§)G¢ % 1
WRITE(2,100
1 WRITEE2,101 m,v(82),v(e7),v(83),v(66),V(67),v(84),V(111),v(112)
RETURN
100 F@RIAT(1H1,6X,1HT,11X,3HAP,9X,2HSV, 10X, 2HCH, 10X,
A2HTH, 10X, 2HFH, 10X, 4HETSR, 8X, 4HPMAX , 8X , JHPMIN/ )
101 FPRMAT(1H ,10E12.4)
END

C
(¥
C

SUBRGUTINE PRELIM
PRELIMINARY CALCULATI@N @§F FREQUENTLY USED CPNSTANTS

cohragn /pv/ p(178),v(112)

DATA PI,@RIF/3.14159,0,0003978/ .
P(1)=P(44)*P(46
2)=P(47)*P(45 *PErng
3)=p(59)+P(61)/P(62
4)=p(76)*P(46

5)=P 1253*?246)
6)=P(126)*pP(124)*P(124)
122)=P 1183*?546)
127)=pP(121)*P(119)*P(119)
134)=P(79)*P(77)*P(77)
135)=P(94)*P(46
138)=P(97)*P(95)*P(95)
164 )=P(105)*P(46)

166 )=r(108)*P(106)*P(106)
167)=P(113)*P(46)
168)=p(116)*P(114)*P(114)
170 =¢RIF[EP(38)*P(38);
171 )=pr1r/(P(57)*P(57)
172)=P1/P(13)
17% =PE10;-PE9)
178)=p(12)=-P(11)
RETURN

END

WowWddd Yo dudddddd

SUBRPUTANE TTSR(X)
CAVPUTES TRUE TPTAL SYSTEMIC RESISTANCE

DIMENSIEN X(61)

cihign /pv/ P(178),v(112)

cigN /SIGMA/ SRA,SRV,SLA,SLV,SHEAD, SBRENC,SINT,SABD, SLEG, SHR
RA=P 67;+P(75)*SHEM>+P(134)/(XE10)*X(10))+P(6)/(x(19)*X(195)
RB=V(77)*S3REHC*P(84)
RC=P(102)+v(77)*P(112)*sLec+P(168)/(x(17)*x(17))
RD=V(77)*£(101 )*SASD
RE=RC*RD/(2C+aD)+P(88)+P(166)/(X(15)*X(15))
RF=P(85)+V(77)*SINT*P(93)+P(138)/(x(13)*X(13))
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RG=RE*RF/(RrE+rF)+P(127)/(x(18)*x(18))
RH=P(69)+RB*RG/(RB+3G)
RI=P(63 )+RA*RH/( RA+RH)
v(85)=pP(62)*rRI/(P(62)+RI)
RETURN :

END

C
C
C

BLCK DATA
FIRST PART §F INITIALISATIgN

LPGICAL L(14)

cgivgn /pv/ P(178; ,v(112)

cprign /xic/ x(61

cggN /iasc/ NS,NP,NV,INJLEC,PMIN,PMAX

cimignN /LgcIc/ L

CAM@N /SIGIA/ SRA,SRV,SLA,SLV,SHEAD,SBRENC,SINT,SABD,SLEG,SHR
DATA P /0,0,0,0,0, o 0. 0 0. o 0 0,-4 044.0,=3,0,

Au6.0,3.0,6.0,4.0,5.0,1.0,90.0,19.5,10.0,18.0,
38,.0,16.0,8.0,48,0,16,0,48,0,10,0,1,5,10,0,0,15,
c0,05,30,0,0,003,0,1,0.3,0.046,0,0,0,003,1,539,0,00018,
D4.3,50.0,7.0,0,11,8.4, 460 0,20,0 o 007, 0.1 0428,
K0,12,30,0,0, 003 1,5,0.067,0.0,0, 003 1.539, 0.00022 40428,
F53 0,0,04,12,0, 3 OE=-5,0,00043, 0. 29,61,0,0,047,0,014,0,0009,
0038,0,0,0,0,0,33,114.0,6.,0,9.4, 552, O, 0. 0,0,226,

no 657,0.29.59.0 0,0,12,0, 0. 0014 0,0027, 0. 0, 0. 012, 0 014,
10,0,0,06,17.0,2,3, 10.6 607 0,0,0,0, 166,1.0,0 21,
JSS-O 5?10,001 !0 051 0 O 5 1!305 O 0-090-595110
K0,12,63,0,15.0,4.8, 257 0,0,0,0,3,0,0,8.3,488.0,
L0,0 0.015,0.0, .3,488,0,0,0,0,06,0,0,0,8,0,1,
M1 0,1.0,40.0,0 7,0,0,0, 0,1.0,80 0,005,145,

N4.5,1.0,2,0,0,006,0, 8264,0 1,0,09,0,04,0,16,0.2,
£0.6,1444440,20,0,0,75,0.8,0.751.6,14.0,1.0, '
?1,0,0,6,1.4,10,0,0,0,0, 0005,0.0,0.0,0.0,30.0,
Q0,0,0,0,0,0,0, ,70 0,400,0,50.0,50,0,0,0/

DATA V /112%0

DATA X /153, 63 132,32,114,.86,536,52,
A104,02,131,27,81,233,90.243,146.39,
3546.85,88.15?,22.552,59?.54.?7.249.
€290.32,74433%,271.05,534,04,542,37,
10,0,0,0,6,8039,=3,8444,25,669,

E35, 075,-3 3266,2.6994,0.0,109,26,
F1.4146,104.95.1.7048,62-617.75.268,
G75.115,0,0,0.97272,0,97109,1.1178,
¥0,9715%3,0.0,0,0,0,9,0,0,0,0,0,0,0,0,0.0,0.0,
10,0,0.0,0,0,0,0,0.0,0,0,¢,0,0,0,0,0,0.0,
Jo0.0,0 o/

DATA NS ,NP WV, THJLC, P, PMAK /61,176,112, 52,1 ,0E20, =1 ,0E20/

DATA u/ THUE, y  FALSE .,.;:LHE.,.r:LCT.,.Flqu.,.LRUE.,.TRUE..
A, TRUE, , , TRUE, , , TRUE, , , TRUE, , , TRUE, , , FALSE, , , FALSE,

DATA SRA,SRV,SLA,SLV,SHEAD,SBR@NC,SINT,SABD, SLEG SHH/1U*1 .0/

END
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APPENDIX
REARRANGEMENT OF THE SYSTEIMIC ARTERIAL
EQUATIONS TO ELININATE ALGEBRAIC LOOPS

Algebraic loops (discussed in section 5.7) cause problems in the
digital simulation and are eliminated by manual rearrangement of the
equations involving loop variables,.

d'v‘"‘ in eqn,(A1.26) from egn.(A1,24) gives :

(a) Substituting for —

Sl 2 K = 3
Faor = Cuol (Vaor “A"‘)"'Eﬁ" FLvser ’iorﬁaz."@ax) —“-@4")

Substituting for Fco& in egn,(A4.1) from eqn,(A1,27) and

rearranging gives @

Fe
vﬂol unol * KS(LW’IOI AclA0Z2 9 Rc:ﬁl
Kg
Kcox

-—— (.ﬂa..z)

Pnol -
Caat +

(b) Substituting for fi%l in eqn.(A1.33) from eqn.(A1.32) gives :
s K, = 3
e va ~ E;;(Vun" Vuun) i Ef;; (F;:}ozun Fuauv) —— ( Al 3)

Substituting for F,,,y in eqn.(A4.3) from eqn.(A1.34) and

rearranging gives :

(F + g
Vua—Voua + Kg\TRozva ™ R,.,, o5can

Pon = = —-—-—(94-0_}
Coa * 5
Ruen» “hean
g y
(¢) sSubstituting for i_.‘!i?- in eqn.(A1.44) from ean,(A1,41) gives
K
CA 3(n03 VW"'J) + 4 (gazm Ferone™ Faozin aasnﬁ) —— —(HQ-'S)

Substituting for Fggone in ean.(44.5) from egn.(41.45) and
Tearranging gives :

4 . Fen \
Vaos=Vusos + K\ aazaoz™ Taez1a Tpozan * Roeswe Torone Yip. /

Pros = ---(Aq.-é)
K
Caos + 5

-F,

RBROM: orovc Vi

212



(d) Substituting for % in eqn.(41.47) from eqn.(A1.46) gives :

Pia = —C]‘-; (Via—- um) L3 E%(Fﬁosm— me) ——~ (A7)

Substituting for F4;v in eqn.(44.7) from eqn.(A1.48) and

rearranging gives :

P Via=VYuia + Kg(Thezia Rint %y a4 il (n#- 8)
1A K g -
Rint “inr Y4

(e) Substituting for d'v“m in eqn.(A1.57) from eqn.(A1.55) gives :

Pan = 'é;;( n"vuna)'*'——'(nos.qn Fanny — FRM“) ""(M"ﬂ

Substituting for Fppay in eqn.(A4.9) from egn,(A1.58) and

rearranging gives :

P,
T %
Vaa—Vyna + Ks(ﬂ"”” anca + Raap “asp ¥4

> —--(Al;.-m)

Pna=

Can +
Ropep “ABD> Y4

(f) Substituting for i;?tf. in eqn.(A1.66) from eqn.(A1.65) gives :

- K
Fea = Cen (Ven— VUC") 53 E‘f; (Fancﬂ " Fcncv) '--'-(Mz—-”)

Substituting for Fgacy in eqn.(44.11) from eqn.(A1,67) and
rearranging gives :

F(_y-
vCﬂ_vUCﬂ “* Kg Fﬂncﬁ + 'QLE‘- U:E& aq_

< Spe— W)

gl-«EG a:s & ‘7’9.

Pea
Cea *
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APPENDIX 5
CALCULATION OF THE EFFECTIVE CROSS-SECTIONAL AREAS OF THE
SEGMENTS REPRESENTING THE ASCENDING ACRTA AND PULMONARY

ARTERIES FOR THE APPLICATION CF BEENCULLI'S THEOREM

In the modelling of the ejection of blood at high velocity from
the right and left ventricles, Bernoulli's theorem is applied (eans.
2.34 & 2.35). A complication arises in applying this theorem because
the blood is constrained to flow in a curved elastic artery., It is
therefore necessary to determine the effective cross-sectional areas
of the ascending aorta and pulmonary arteries segments which will take
into account this constraint,

Consider a curved section of blood vessel having a radius of
curvature R and internal radius r as in fig. AS.1 « A ventricular
valve orifice is assumed to be located at one end of the vessel (CD),
Blood ejected at high velocity from the ventricle will tend to continue
moving in a straight line by Newton's first law of motion, The
presence of the curved constraining vessel will result in an increased
pressure on one side of the vessel, The assumption is made that the
effective cross-sectional area as "seen" from the valve orifice reduces

with increasing distance from the orifice.

At a distance 2 measured along the vessel axis distal to the
orifice, the effective viewed area may be approximated by a circle with
diameter

d(z) - AB = oB-O0A
;o odE@) = (R+ ) —-(R-—*f’) Sec(—%) —--—(HS’.I)

Tho length of vessel L at which d{L) just reduces to zero is
given by

0 = (Re7)—(R-7) sec(’)

R A i:: -——(FIS.Z)
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The average viewed area over a length € of the vessel is given

y)
A = [ e,

by

Substituting for d(z) from eqn.(A5.1) gives
MO = B[ T+ (s ) -2eendler) secfZ) 4=

which on integration leads to

Ne)= [l + derfton () 2R (e PRI

—-~(r5:3)
Now from eqn.(A5.2) :

R+~
R—

Se.c(—f;- = -- -(AEI.&)

and

b= 2L - --(h55)

L L
Putting £ =1 in eqn.(A5.3) and substituting for M(;:z‘) and fu[“k"> ;
the average viewed area over the length L of the vessel is

A(L) =T L(RH') + 2R(R-TIW R — 2R (R+ 1)(R-) @.,2( R+ 1+ 2.,/&? ]

"“(HS 6)

This area is assumed to be the effective value required for the

application of Bernoulli's theorem., The corresponding effective
diameter will be given by

D="24 ﬁn(f) ~-<(a57)

In secclion 2,2.4, the orifice diameter for the aortic and
pulmonary valves is taken as 1,9 cm so the orifice radius is r = 0.95
cm, Assuming a radius of curvature of, say, 25 cm and substituting
these values in ean.(A5.6), the effective cross-sectional area is
calculated to be 1.539 cm? corresponding to an effective diameter of
1.4 cm. The effective vessel length calculated from egn.(A5.2) is

9.626 cm which is an acceptable value,
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APPENDIX 6
CALCULATION OF THE INPUT INFPEDANCE OF Tilli SYSTEMIC CIRCULATION MODEL

The equations of the systemic circulation model are used to
prepare a linear electrical analog shown in fig, 2.5 using the
analogies mentioned in section 2,3, This electrical analog is used in
one of the preliminary validation tests described in chapter 6 to check
that the systemic circulation model has a realistic input impedance,

As frequency response is being considered, the steady or very low
frequency intrathoracic and intra-abdominal pressures are ignored., The
systemic venous circulation contributes very little to the overall
input impedance at the ascending aorta and so each nonlinear venous
segment is replaced by a linear approximation with & constant
uncollapsed compliance and a linear pressure-flow relation, The
arteriovenous resistances in the systemic vascular beds are set to

their normal values,

‘The input impedance of the electrical analog is obtained by
successive reduction to a single complex impedance value using
combinations of impedances in series, impedances in parallel,
star-delta and delta-star transformations,

A TFORTRAN IV subroutine for computing the input impedance is
given in section A6.1 . The subroutine employs CCIPLEX variables and,
as presented, is designed to investigate the variation of input
impedance with Ks (the arterial viscoelastic time constant). The
subroutine may be changed easily if the effect of varying another

parameter is required.
The subroutine arguments in order sre as follows :
Inputs ¢ FREQ - frequency (Hz)
AK8 -~ arterial viscoelastic time constant (sec)

Outputs : 24 =~ megnitude of input impedance {imHg sec g )
ZP - phase angle of input impedance (degrees)
2R - real part of input impedance (mulig sec ml™' )
ZI - imeginary part of input impedance (mmHg sec ml™' )

In the subroutine listing, the letter O is distinguished from the
number O by placing a line through the letter thus : (-

217



A6.,1 The subroutine listing

SUBRJUTINE IMP(FREQ,AKS,7HM,7P,ZR,2I)
Cc
C C@MPUTES INPUT IMPEDANCE FF SYSTEMIC CIRCULATIPN IM@DEL
¢

REAL LA@2,LUA,LA@3,LIA,LAA,LCA

CPMPLEX ZY,77Z,ZAA,ZAB,ZAC,ZAD,ZAE, ZAF , ZAG, ZAH, ZAT , ZAJ , ZAK , ZAL
CPMPLEX ZAM,ZAN,7A@,ZAP,ZAQ,7AR,ZAS , ZBA,ZBB, ZBC , ZBD, ZBE, ZBF
C@vPLEX ZBG,ZBH,ZBI,ZBJ,ZBK, Z5L, ZBii, ZBN , ZB@ , ZBP, 7ZBQ, ZBR , ZBS
CAVPLEX ZBT,ZBU,ZBV,ZEW,ZBX,7BY,7B%,7ZCA,2CB,7CC ,ZCD, ZCE, ZCF
C@-PLEX ZCG,ZCH,ZCI,ZCJ,2CK,7CL,2CM, ZCN,7C@, ZIN

DATA PI,CA@1,LAf2,RCER,CAG2,LUA,RAP2,RAP3,LAGS,

1CUA, RHEAD, CUV, RUV ,CA@3 ,RBR@NC ,RTA ,LIA ,RAA,LAA,
2CIA,RINT,CIV,RIV,CAA,RABD,RCA,LCA,CAV,RAV,
3CCA,RLEG,CCV,RCV,CIVC,RIVC,CSVC,RSVC,RUA
A/3,141%9,0,28,0,00043,12,0,0,29,0,014,0,00003,0,0009,0,0038,
B0.33,6.0,9.4,0.226,0,29,12,0,0,0014,0,0027,0,012,0,014,
€0,06,2,3,10,6,0,166,0,21,57.0,0,18,0,031,5,1,0,595,
10,12,15,0,4.8,0.3,8.3,0,015,8.3,0,06,0,047/

W=2 ,0¥PI*FREQ ’
WA==1,0/W

ZY=CI-I‘£’LXEO. 0, m;

2Z=ClIPLX(AKS, WA

ZAA=22/CAP1

ZAB=CMPLX (RA@R2 ,W*LAG2)

ZAC=22/CAg2

ZAD=CIPLX(RAZ3 ,W*LAF3)

ZAB=27/CAP3

ZAP=CMPLX(RIA ,W*LIA)

ZAG=27/CIA

ZAH=2Y/CIV

ZAI=ZY/CIVC

ZAJ=CMPLX(RAA,W*LAA)

ZAK=27/CAA

ZAL=CMPLX(RCA ,W*LCA)

ZAV=2Z/CCA

ZAN=ZY/CCV

ZAP=2Y/CAV

ZAP=CIPLX(RUA,W*LUA)

ZAQ=2%/CUA

ZAR=ZY/CUV

ZAS=ZY/CSVC

ZBA=RUV+ZAS*RSVC/( ms+as;vc;

ZBB=REEADHZAR* ZBA/( ZAR+ZBA

ZBC=ZaP+7AQ* FB/( /AG+ZBB)

ZBD=ZAL* ZAM+( ZAL+ZAN ) *RLEG

ZBE=7LD/7ZAL

ZBF=ZBD/RLEG

ZBG=7BD/ 7AM

ZBH=ZBG+RCV+RABD

ZBI=RABD*ZEG/ZBH

ZRJ=RCV*ZBG/ZBH

ZBK=RABD*RCV/ZBH

ZBl=ZRJ+ZBE*ZAN /( ZBE+ZAN)

ZBl=ZBK*( ZAP+RAV ) +RAV*ZAP

Z8N=75Y/ Za
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ZBf=7Bl/RAV

ZBP=7BY/ZBK

ZBQ=ZBL*ZB¢/§ZBL+ZB¢)
ZBR=ZAK*ZBF/( ZAK+ZBF )

ZBS=ZAJ*( ZBI+ZBR )+ZBI*ZBR
ZBT=2BS/ZBR

ZBU=73S/ZB1

ZBV=2BS/7AJ

ZBu=ZBV*Z8Q/( ZBV+Z3Q)
ZBX=Z7BT*( ZBN+ZBW )+ZBN* ZBW
ZBY=7BX/7ZBW

ZBZ=7BX/ZBN

ZCA=7BX / ZBT

ZCB=ZCA*ZBP/EZCA+2:BP;
ZCC=RIV*ZAH+( RIV+ZAH ) *RINT
2CD=2CC/ZAH

ZCE=2CC/RIV

ZCF=2CC/RINT
2LG=ZAG*ZCE/ ( ZAG+ZCE)

ZCH=ZAF*( ZCD+2CG ) +2CD*2CG
Z2C1=2CH/2CG

20J=2CH/ZCD

ZCK=7CH/7AF

2CL=201*7ZBY/( ZCI+ZBY) y
2Cr=1,0/(1.,0/ZA1+1 ,0/RIVC+1,0 ?L:B+1.72::F+1 «0/2CK)+7CL
2cN=1,0/(1,0/2Z32+1,0/ZAE+1 ,0/ZBU+1 ,0/7CJ+1 ,0/2CH+1 ,0/RBRENC )+ ZAD
2C¢=1,0/(1.0/ZAC+1,0/ZBC+1,0/ZCN ) +ZAB
ZIN=1,0/(1.0/RCER+1,0/ZAA+1,0/7CH)
ZR=REAL( ZIN)

ZI=ATMAG(ZIN)

%sqmim*mmx*m)

ZP=ATAN( ZX/7R)*180,0/PI

RETURN

END
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APPENDIX 7
A SUBROUTINE FOR THE CUBIC SMOOTHING OF STEP CHANGES

Step changes occur in certain variables in the present model e.g.

(a) the sudden change of venous compliance when a venous segment
collapses,
(b) bang-bang action in the peripheral resistance, myocardial

contractility and venous tone controllers,

Truly instantaneous changes of level are highly unlikely to occur
in the cardiovascular system or in real biological systems in general,
Therefore, in future work, it is desirable to introduce a more
realistic smoothing of step changes. One method for achieving this
smoothing is to approximate the step function in the vicinity of the
discontinuity by a cubic curve as shown in fig. AT.1 .

Two points (%;,9, ) and (x;,Y,) are selected on each side of the
discontinuity and a cubic is constructed to pass through the iwo pointie
and to have zero slope at the two points, These constraints are
sufficient to determine the cubic uniquely, The composite curve
consists of the cubic between the two points and the original step
function elsewhere and is continuous and has a finite slope everywhere,
As the two points come closer to the discontinuity, the cubic becomes
a better approximation to the original step functiion,

Suppose the cubic funetion is given by

5 = a_.x,s + bxz'*' cx + o[. _.__(37.:)

where a,b,c and d are constants to be determined., The cubic passes
through the points (%Y ) and (%:,% ) so that

Y, = az‘,;"-r Lx_,"J— cx; + d ____(’;.‘;7.,_)
32__,-_: a;tz_g-f- L'xzz'-f-‘ cx, + d __“(97‘3)

The slope of the cubic is given by

;—i — Bax?2+ 2bx +C — (A7)

The slope is required to be zero at the points (X,,Y ) and (>2,4,)
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so that
3111'?.-’,252:! P O ' —__<97-5)

S M R )

Equations (A7.2),(A7.3),(A7.5) and (47.6) enable a,b,c and d to be
determined, It may be shown that

2(y,-
b=—-3(x+z)a ——=(A7-8)
c= 3x%4% - -~ (a7-9)
d=y- a%>-bx)*—cx, = --(H?—m)

A FORTRAN IV subroutine for evaluating the cubic smoothing
function is given in section A7.1 . The arguments.cf the subroutine

are as follows :

Inputs : X1 - abscissa of the point to the left of the discontinuity
at which the cubic is to start
Y1 - ordinate of the point to the left of the discontinuity
at which the cubic is to start
X2 = abscissa of the point to the right of the discontinuity
at which the cubic is to finish
Y2 = ordinate of the point to the right of the discontinuity
at which the cubic is to finish
X « current value cof the independent variable for which the
smoothed function value is required
Output : Y = the smoothed function value
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AT .1

QOO

The subroutine listing

SUBRGUTINE SH@@TH(X1,Y1,X2,Y2,X,Y)
CUBIC SMP@PTHING gF STEP CHANGES

IF X.LE.K1%G¢ ¢ 1
IF(X.GE.X2)cf T¢ 2
A=2,0%(Y2-Y1)/(X1=X2)**3
B=-1,5%(X14X2)*A
C=3,0*X1*X2*A

D=Y1=( (A*X1+B)*X1+C ) *X1
Y=( (A*¥X+B)#X4C ) *X+D
RETURN

Y=Y1

RETURN

=Y2

RETURN

END

y1
B :
7% S e o e :
OR |GINAL :
STEF ——> "
FuncTioN )
|
|
]
|
|
|
[ .
)
cugic :
APPROXIMATION !
)
l//' |
[ |
H[ | 1
1 1
! I
! |
! '
! 1
I I
1 1 SN
I
x, Ay 2

FlG.R7-1 SMo0THING OF A STEP CRANGE USING A CUBIC

FUNCTioN /N THE VICINIT) OF THE DIScoNTINUITY.
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ATYPENDIX 8
THE ESTIMATION OF TOTAL SYSTEIMIC RESISTANCE
FROM MEAN ARTERIAL PRESSURE AND CARDIAC OUTPUT

It was suggested in section 2.9 that, during transient dynamics,
there may be a considerable difference between the true total systemic
resistance (TTSR) and the estimated total systemic resistance (ETSR)
obtained using eqn,(2,76) :

(MAP)

2R sk’

(ETsR) =

where (MAP) and (CO) are obtained on a beat-by-beat basis as follows @

nP o _l__ t;"'TH dt-
(mAf) = - | P - —(r3.2)
I
L
o)== ) Fomer = (a2:3)
I

This assertion may be proved using a simple reduced model of the
systemic circulation., In section A8,1, the reduced model and its
characteristics are presented. The reliability of the estimate (EISR)
when the reduced model is in a pulsatile steady state and when the
same model is exhibiting transient dynamics is assessed in sections
AB8,2 and AB,.3 respectively.

A8,1 A simple reduced model of the systemic circulation

A gross approximation to the systemic circulation is a single
lumped parameter segment described in mathemetical terms by a second
order diffeventi»’. enuation. “he electricz’. analeg of this highly
reduced model is shown in fig. AG,7 . Th2 modulus and phass angle of
the input impedance of the reduced model are given in fig, 48,2 and it
is seen that, despite the simplicity of the model, the frequency
response corresponds closely with the frequency response of the real
systemic circulation e.g. as given by Mills et 21,(1970).

At zero frequency, the input resistance of the model is (R;+R;)

which represents the true total systemic resistance of this model.
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Using the notation of fig, A8.1, the following equations apply ©o
the electrical analog :

dF
PP = Rif + Lo ~~-(A%-4)
d.F, P,
- O sl S~ oo s (B 205
! dt R, (he-5)

A8,2 The model in a pulsatile steady state

Consider an applied pulsatile pressure with period T,',, o« If the
model is in a pulsatile steady state, the resultant flow F and
pressure & will also be periodic with period Ty .

Integrate equations (A8.4) and (48,5) between limits £, and
t,+Ty as follows :

)+ Ty l 5+ ' G+ Ty ¥ t) ‘:Ef )
= A P, dt — — Pdt = R,.-—f Fdt + L--——f 2i.dt ---(A86
TH &, / TH e, 2 Tu e J Ty E, At ( .

) ftl‘”;r ; tl*;? N d Ty )

£ Rat =) s+ L[ h (b8
.T’:f £ d T;f € e Ra Tn t * (

Now, both F; and P, are periodic so that the integrals of the
derivatives in eqns,(A8.6) and (A8,7) have zero value, Let

_ u |t
F=| Bdt A=w mu

ana

BbP—PF = RF ——u(Ag:8)

e ---(#9)

224



Eliminating P, from eqns,(48,8) and (A8.9) gives

= R, +R, ———(n8-10)

Now from eqns,(A8,2) and (48.3), E and ?,' represent the mean
arterial pressure and cardiac output respectively for this model. Thus
the left hand side of eqn.(A8.10) represents the (ETSR) for the model,
The right hand side of eqn,(48,10) is the (TTSR) for the model so it is
_concluded that, for the simplified model presented here, the (ETSR)
will be correct provided the system is in a pulsatile steady state,

A8,3 The model exhibiting a transient response

Consider a nonperiodic pressure & such that Q>0 ast>c0
Suppose that if this is applied to the circuit independently, the
resultant response is a flow G such that G>0 as t> ,

The principle of sﬁperposition applies to a linear system so that
the nonperiodic pressure @ and flow G can be superimposed on the |
previous pulsatile steady state pressure P, and flow Ff respectively.
The composite pressure F’,' and the resultant flow F," are then given by

p'= Q+ P e (p$-11)
= &+ F ———(n%-12)

As T>o00 ﬁ.'—bf: and F'>F . The (ETSR) in these transient
conditions will be

o+ Ty £)+ Ty =
"i’L Rl dt —Lf Qdt + P
Erse) = —fob = _Thdg 13)
( L (T - g4, — s L
L dt " F
Tr Fj T"*--I: G—d’b + 1
I
But from eqn.(£8.10),
P
—-——L— = (TTsR) ~—— (A% 14)
F
and the ratio : b+ Ty o
=) @
HJy, Tﬁj; G dt
|

can be varied by choosing the nonperiodic function Q suitably
so that the estimate (ETSR) may differ considerably from the true
value (T1SR)., Clearly, (ETSR)— (TTSR) as t-> .
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APPENDIX 9
AN APPROACH TO THE QUANTIFICATION OF MODEL ADEQUACY

A perfect mathematical model of a biological system would require
an infinite number of tests to prove that the outputs are correct for
all possible values of the inputs., Clearly a practical quantitative
measure of model adequacy has to be based on the results from a

limited number of comparative tests on the model and the real system,

The usual performance criteria of integral error squared,
integral absolute error, etc, used in matching the responses of models
and real systems are unsatisfactory in biological applications due to
biological variation within a given species and an approach based on
features is more appropriate. To pursue this feature approach, the
following definitions are introduced (the notation is local to this
appendix)

Let U te the set of all possible tests which can be designed
to compare the performance of the model and the real system, A finite

subset of tests is selected :
T=00.%,7, vyl S )

where J  is the number of tests.

Let H Ybe the set of all possible features which can be
attributed to responses of the real system. J finite subsets of

features are selected
GcH, Goc H,G<H, ------, G;c H

which will be used in each of the tests T,,72,T,---., T3 respectively,
The set F= (G-,,G,, . &’?r) contains all the featursze used
in the tests. “

uet Nk be the number of features used in the K th tect (i.e.
the number of features in the subset G’K ). The total number of
features in F is

"
N= ZNg
k=1

Let ng be the £Lth feature of the model response in the K th
test and sinilarly let Smg be the {£th feature of the corresponding

real system response in the Kth test.
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Let d s(MS Joe a measure of distance between M,p and S,z .
(TANY 1O 4 24

Ao (M W¢e)is specified in the usual way for distence functions

S AW
i.e. for features A, B and C

dke(‘*)s) =0
Ay (A B)=0 iff A=B

dye (08 = dye (6, A)

dze (As B) < 4;3(‘5 C) + dxe(c» 3)

Let Wyg be a positive weighting factor attached to dxg( Mg, ,,g with
a value corresponding to the importance in the overall adequacy measure
of the {th feature comparison in the K th test.

Let D be the set of N distance functions (which may be
different) and W be the set of N weighting factors used ia the J
tests,

If all the distance functions are unbounded then the adequacy may
be defined as

«,(T,F,p,w) =

Ny

=
| + Z ‘Z xe(Mer S‘k«f)

If all the distance functions are bounded i.e.
A
d‘nZ(MKstke) < dgg(Mxe;-gxé) £

and the upper bounds can be computed, a definition of adequacy is

Sl et

Z‘ Ex Wye dyg (Mge,&e)
o (TR D0W) = | — XL -

2. 2 W dye (Mx! 2 Sk )

k=1 £=]

In both cases, the adcguacy value is on the closed intexval Eo,}] .
A value of 1 indicates complete agreement and a value of O indicates
complete disagreement between the model and real system responses in
the tests conducted, The inadequacy may be defined as

F:I—-o(

Clearly there are an infinite number of different adequacy

functions that can be defined in this way depending on the chcice of
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Ty F, D and W and the formulation of the adequacy function,

There could be difficulties in gquantifying particular features
or constructing a suitable distance function and a2 discrete "fuzzy"

distance function using qualitative statements may have to be used 2.9

o , Complete Agreement
i o Good Agreement
d' - Kz Moderate Agreement
’ Poor Agreement
, Complete Disagreement

vhere Q< K <K< k<K,

This can introduce a subjective variability into the adequacy
measure,
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