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SUMMARY

A comprehensive rrathématical model of the human respiratory
system, incorporating events within the respiratory cycle, has been
developed. This has been built up in a systematic manner, starting
from a simple description and adding in a step-by-step fashion
additional features. At each stage of complexity, the model behaviour

has been examined and the validity of the assumptions tested.

The initial models involved many gross physiological assumptions
with many features lumped into single compartments. Nevertheless,
some of the predictions were physiologically plausible. These models
highlighted, however, the inability of either central tissue control
or arterial chemoreceptor control individually to provide an adequate

description of all dynamic phenomena.

Subsequent model development included additional tissue compart-
mentation and the effects of arterial blood CO, and 0, concentrations
on cercbral blood flow and cardiac output.

Further extension involved the separate development of a lung
gas exchange model which included the variations of both lung volume
and gas concentrations due to inspiration and expiration. This was
then combined with the circulatory model to provide a comprehensive
:iescription of the respiratory system within which instantaneous
vaiues of variables such as arterial blood CO, and oxygen concentra= -
tions during the respiratory cycle could be studied. Both for
breathing and for the excessive production of muscle tissue Co, as

occurs in exercise, model results were within the range of physiological

acceptability.



After obtaining qualitatively acceptable results, two
approaches to system identification and parameter estimation
were adopted. The first involved finetional minimisation using
the system trajectory in the hyperspace of the model states.
The second used pattem recognition techniques whereby parameters
were adjusted in order to match selected features of the simulated
response with the corresponding features of physiological test data.
This novel approach may provide a powerful technique for the ident-
ification of complex systems and in the respiratory context enable

alternative hypotheses regarding controller strategy to be evaluated.

‘Having obtained a satisfactory mathematical model of the
human respiratory system, its simulation using a digital computer
can provide predictions about the system's behaviour without the use
of difficult and time consuming experimentation. Whilst same physio-
logical test data will still be required to validate the model
predictions, the understanding of the system dynamics provided by the
model enables experiments to be designed much more effectively in
order to maximise the information obtained from the minimum number

of tests. '



1. INTRODUCTION

Traditionally mammalian physiology has been studied by
formulating manageable verbal models based partly upon facts,
partly upon assumptions. In most cases these verbal models
have been a series of statements of observed or presumed
causal relationships among system variables. As a number of
these causal relationships lengthen with the accumulation of
experimental evidence and data, the problem of representing
the system behaviour grows more complex. Eventually at some
level of complexity, interaction among the system variables
mke verbal models conceptually difficult and their behaviour
is not intuitively obvious. Further the assumed relationships
are not explicitly clear and are embodied within the general
text. This difficulty can be overcome to a large degree by
quantifying the verbal models, that is by restating the causal
relationships and assumtions in quantitative symbolic form.

The use of quantitative methods requires a precise statement
of the problem ald of the assumptions and hypotheses, and also a
systematization of the steps required to study the problem which
lead %o the results and coriclusions. The systems science approach
provides techniquesfor this systematization of the method of the study.
The physical system may be thought of as a dynamic or static
object with well defined boundaries across which flows substance,

energy or information. Flows which are adjustable or



are causative agents are system inputs if observed and included

in  the study. The flows which change due to the changes in

the inputs are system outputs. A system may be divided into
various smaller systems called the subsystems. A '‘mathematical
system' is a set of mathematical (algebraic, logical ete.)
relations that involve and relate the system inputs and outputs

in terms of the characteristics of the subéystems. This mathematical
system is termed as a'mathematical model'. A mathematical model

can be described by a set of mathematical relationships and symbol-
ically represents a system, which can be manipulated free of most
limitétims of physical circumstances. Simulation of mathematical
models involves numerical methods and often the use of computational
hardware, and provides a means for studying the effect of parameter
changes or some hypothesis modification in the mathematical model.

In the past decade a considerable effort has been made to study
physiological systems in the form of mathematical systems. Progress
in this field has been varied across the spectrum, since some
physiological systems are more amenable to quantitative representation
and stUdy than others. One area most suited to quantification is the
'regulation of respiration'. Because of its dependence upon physical
and chemical characteristics of gases, study of respiratory physiology
has always made use of mathematical expressions. Indeed as long as
47 years ago (Adolph et al ,1928), fairly complex mathematical problems
appear in the context of respiratory physiology. Analytical study
for details of a subsystem has been pursued in abundance by

physiologists. In the recent past, attempts have been made to formulate



mathematical models of the whole system, emphasising the
relevant features within the context of the study.

The objectives which suggest the study of physiological
systems from the point of view of system science in the form
of mathematical systems may be sumned up as follows:
1. Formulation of a neat diagram of all the relevant signal
paths within the physiological systems and clearly showing
interactions that take place among the subsystems, Showing the
effect of disturbances at various levels within the system;
2. The prediction of results of experiments or of actions
that ar'e yet to be performed and the expression of the experi-
mental results in a neat concise form;
3. The identification of incomplete and therefore ambiguous
data, thus highlighting the need for further experimentation in
the required field;
5. 'The identification of some critical experiments which are
needed for efficiently confirming or denying a given hypothesis.
6. On the other hand in the field of systems and control engin-
e:er‘ing the design of engineering control systems involve many
interacting variables and the relationships between variables may
be linear or non linear. Physiological systems present the system
engineer with excellent examples of multivariable, complex and
non-linear control systems which are functioning satisfactorily.
The study of such systems may well provide a better understanding
and insight into the best ways of designing engineering controls.

Also the problems involved in identification and parameter estimation



of physiological systems and answers thereof are of great
interest to system scientists.

Apart from this there are severe physiological constraints
in the real system making experimentation extremely difficult
and limited. If a mathematical model is developed, then with
the computer’s facilities available, various experiments may be
simulated on the computer and effects of parameter variations
may be studied more easily.

Thus the problem boils down to formulating a realistic
mathematical model. To be of value, a model should exhibit some
degree of isomorphism (i.e., similarity) with the real system.

This isomorphism may occur on any number of levels from integrated
whole structure to the single cell or unit process. Of major
importance in any modelling and simulation study is the degree of
isomorphism which is required to achieve the desired result. This
varies with the system under study and 'a priori'knowledge available
about the system, interactions between subsystems and parameters
thereof. In general physiological systems are complex, multivariable
and nonlinear. 'The study of such systems and formulation of
mathematical models with some degree of isomorphism requires a
detailed knowledge of various subsystems and their parameters. Thus
in the case of respiratory system one may find it both necessary and
convenient to group related variables in mathematical models

(lunped compartmentation), to allow some broad assunptions, and to
try to reproduce the gross effects of interactions in the real system 3

rather than the detailed effects. This will help in the task of



structuring the models and interpreting their results.

In the recent past a number of mathematical models of the
respiratory system have appeared in the literature. The scope
and complexity of these models depended primarily upon the
objectives of the research group and secondly the state of art
in the computing and physiological field. In all cases the
models have been developed to study one particular feature of
the system. As shown in the critical review (chapter 4 of
this thesis) there has been a singular lack of a unified approach
to the_ problem.

Among others the main problem facing the researchers in the
field is that of model validation. A subsystem model although
detailed in certain aspects is of little use if it can be validated
only on one set of experiments and falls short of predictions in
others. Most of the physiclogical results are on the whole system,
namely on normal healthy man. Thus clearly there is a need for a
comprehensive modei depicting as many features of the real system
as possible though it may be lacking in depth due to lack of
physiological details or due to computational problems. One of
the main advantages of such a model will be a wider set of
experimental results against which it can be tested and validated.
Furthermore as such a model includes all the relevant features,

a larger set of hypotheses related to subsystems can be tested
within the context of the whole providing a wider base for experi-

mentation.Thus in this thesis a mathematical model of the respiratory



'system is developed which exhibits breathing. The inclusion of
the actual respiratory cycle provides instantaneous time course
of the model variables such as fluctuation in arterial blood 002
and 02 with the change in alveolar gas composition. The physio-
logical results show that these oscillations should increase
peak to peak with exercise without changing the average (mean)
value, whereas the oscillations should become smaller with
inhalation of CO, gas mixture, with increased mean value. This

phenomenon could not be checked in any of the previous models

because they all used only time average values of these variables.

Another important feature of mathematical modelling is
developing the model itself. It is extremely difficult if not
impossible to structure directly a complete, complex model of the
respiratory system and still have a degree of confidence in the
time course of variables and values of parameters. It is much
simpler to start from a very model model and to successively add
more and more complex features. At each stage of complexification,
the hypotheses associated with that feature may be studied in
conjunction with some parameter sensitivity of the whole model in
relation to real system which may point towards further complexification.
Thus the final model, which will develop through this process of
step by step complexification, will be more complete and one may
be able to put more confidence upon the model predictions.

’]hus. in this thesis, starting from a simplified version, the model
is made more complex in various stages by the addition of one or
more physiological phenomenon and at each stage of complexification
the effect of one or more parameter changes is studied and results

presented.



First of all in chapter 2 a brief description of the real

system is presented. This includes the way the gases are
carried by the blood from cne site of the body to others and
various interactions that take place at each site. This then
serves as a physiological guide to subsequent models. In chapter
3, the physiological system is loocked at from a control
system point of view and it is shown that the respiratory system
exhibits a feed back control loop formation. Some aspects of
other local controls within the real system are also put forward.
In chapter 4 some of the mathematical models published in the
literature are reviewed and a comparative study is presented.

In chapter Y4,some of the problems of developing a mathematical
model of the respiratory system are highlighted and a step by step
complexification approach is presented. From chapter 5 to 9 this
approach is used to develop a comprehensive breathing model of
the respiratory system. In chapter 5 a two compartment model
(lung and tissues) is used to study the effect of dead space and
circulation delays. . Inclusion of dead space required a slightly
higher controller gain. By further variation of controller gain
and/or circulation delays, the phenomenon of Cheyne-Stokes breathing
is developed, but it is shown that changes required in parameters
to develop the above phencmenon are far beyond physiological
limits, This led to inclusion of oxygen in the model (chapter 6)
which provided the facility to use an alternative controller,

which provided higher gain than the previous controller. But this



model althéugh suitable for exhibiting Cheyne-Stokes breathing,
did not provide satisfactory results for CO2 breathing. In the
next chapter (chapter 7)abrain tissue compartment is included in
to the controlled system. Also local blood flow controls are
included. In chapter 8 a lung gas exchange model is developed
which when attached to the brain tissue model, results in an
overall model which exhibits breathing (chapter 9 ). This is
probably the first model to show breath by breath variations with
the system variables providing a facility for testing instantaneous
variations in variables due to some disturbances.

The problems of identification and parameter estimation are
highlighted in chapter 10. It is shown that where a certain feature
of the results is an important factor e.g. presence or absence of
oscillations, the techniques of pattern recognition may be gainfully
applied for the purposes of identification and parameter estimation
on the complex, multivariable, non linear system . An attempt is
also made to develop a new control structure for the model with a
functional minimisation technique. In the following chapters the
results obtained are discussed in comparison to relevant physiology
and some conclusions are put forward. In conclusion the areas of
uncertainty are highlighted and some recommendations for future
work are made.

| As far as the study of the respiratory system is concerned, it is
right to underline the fact that modelling is but a part of the
overall research program to gain deeper understanding of the

respiratory control system. The other part, the clinical and

10.



experimental program is extremely important. Modelling

cannot provide any new knowledge about the respiratory system;
only measurements and tests on the real system can do that.
Modelling, however as shown in this thesis, can be of great
service in integrating the large amount of knowledge available,
it can test hypotheses to a certain extent, and can suggest the
areas where further experimental knowledge and data are required.
Apart from that,mathematical modelling can suggest some questions
and hypotheses. The answering of these questions and testing of
these hypotheses will lead to new knowledge. This process, moving
from laboratory to computer centre to laboratory and back again,
requires the closest cooperation between medical researcher and
systems scientist. Where such a close relationship exists, this
approach is sure to provide increased understandiﬁg of the

- respiratory control system, and as a result, make a substantial

contribution to the knowledge available.

11.



CHAPTER 2

PHYSTOLOGY OF RESPIRATION

The function of a respiratory system is to supply the
required amount of oxygen (02) to the body and to remove excess
carbon dioxide (002). This is achieved by the process of inspir-
ation and expiration in a cyclic fashion. Oxygen is provided to
the body during respiration and the excess carbon dioxide is
removed during expiration. A functional diagram of the system is
shown in figure 2.1. Blood acts as the carrier of gases to and
from the lungs and tissues. This exchange of gas depends upon the
partial pressure gradient between the blood and the site through
which it is passing.

Due to ventilation,the partial pressure of 0, in the alveoli
increases well above that in the venous blood flowing through the
alveolar capillaries. This loads the blood destined for the tissue
cells with 02. On the other hand ventilation lowers the partial
pressure of Co, in the alveoli, below that of the venous blood
thus allowing excess CO, to pass into the lungs. Thus the arterial
blood has a higher partial pressure of O2 and a lower bartial pressure
of CO, than the venous blood. In the tissues 02 is being consumed

2
and metabolic Co, is being produced, resulting in the lower 0, partial
pressure and higher 002 partial pressure. The excess O2 of the
arterial blood is unloaded into the tissues and C02 passes from tissues
to the blood. Thus the venous blood has a lower partial pressure of
002 and a higher partial pressure of CO, than in the alveoli and the

circuit starts again.



The gas exchange between lungs and atmosphere takes place

due to the variation of pressure and volume within the lungs.

During inspiration the diaphragm descends and the chest wall is

pushed outwards, decreasing the total pressure within the lungs.

This results in the fresh air being sucked into the lungs.

During

expiration the elastic recoil force brings the chest wall the pre-

inspiration position, increasing the total pressure within the lung,

which results in the alveolar @s being pushed out to atmosphere.

Thus the total volume of the lung and the partial pressure of CO

2

and 02 are continuwusly changing within the lung in an oscillatory

fashion, which in tum produces oscillations of Pop_ and Py in the

2

2

arterial blood. However the table below gives the approximate average

normal values for the partial pressures of gases in the various parts

of the system, assuming total pressure to be 760mm Hg.

Conversion of Physiological Units to S.I. Units

Physiological
Pressure 1 mm Hg
Volume 1lml
TABLE 2.1

TOTAL AND PARTIAL PRESSURES OF GASES IN mm Hg

SII.

133.0 kg m 82

1.0 X 10703

b poe MOIST (37°C)  ALVEOIAR ARTERIAL MIXED
TRACHEAL AIR GAS BLOOD VENOUS BLOO
Py 159.0 149.0 102.0 100.0 40.0
2
PCO2 0.3 0.3 42,0 42.0 47.0
PH20 0.0 47.0 47.0 47.0 47.0
P 600.7 563. 7 569.0 571.0 572.0
"0
TOTAL 760.0 760.0 " 760.0 760.0 706.0

75




2.1 ILUNG VOLUMES AND CAPACITIES

Fig 2.2 shows the lung volumes and capacities.
i. VOLUMES

™V - 'Tidal Volume' is the volume of air breathed in
or out during.quiet respiration (about 500 ml).

IRV - 'Inspiratory Reserve Volume' is the maximal volume
of air which can be inspired after completing a normal total inspir-
ation; i.e., inspired from the end inspiratory position (2-3.2).

ERV - 'Expiratory Reserve Volume' is the maximal volume
of air which can be expired after a normal tidal expiration; i.e.,
expired from the end expiratory position (750 - 1000 ml). ‘

RV - 'Residual Volume' is the volume of gas which remains
in the lungs after a maximal expiration (about 1200 ml).

ii. CAPACITIES

VC =~ 'Vital Capacity' is the maximal volume of air which
can be expelled from the lungs by forceful effor:t following a maximal
inspiration (3.2 - 4.8 ).

TILC - 'Total Lung Capacity' is the volume of gas contained
in the lungs after a maximal inspiration (about 6 2).

FRC - 'Functional Residual Capacity' is the volume of gas
remaining in the lungs at the resting expiratory level.

In quiet respiration, an adult breathes 5-7 %/min, his breathing
rate is 12-14 breaths/min., and the amount of air inspired or
expired per breath (tidal air) is approximately 500 ml. At rest an

adult uses about 250 ml 02/rrfm and expires about 200 ml/min.

14.



In heavy exercise the ventilation rate may exceed 80 £/min.
and the oxygen usage may rise above 3.5 £/min.
2.2 ALVEOLAR VENTIIATION AND PHYSTOLOGICAL DEAD SPACE

In quiet breathing a normal man inspires and expires about
500 ml of air. Some of this inspired air (about 150 ml) merely
fills the conducting air passages between the mouth and nose and
the respiratory bronchioles. The remainder effectively ventilates
the alveoli thereby lowering the PCO_2 and raising the P02 of the
alveolar air. As the alveoli still contain some of the 2-2.5
litres of gas after a quiet expiration (finmctional residual capacity),
the overall reduction of PCE}2 and rise of P02 by one subsequent
quiet inspiration of 350 ml is small; nevertheless the expulsion of
about 350 ml of this 'diluted' alveolar air containing 6 per cent

002 and 14 per cent O, by the following expiration ensures that the

2
alveolar gas pressures of oxygen and carbon dioxide are kept
relatively constant, despite the continuous delivery of 002 and

removal of O, by the pulmonary capillary blood. Clearly the volume
of alveolar ventilation is of paramount importance in this respect.
The total ventilation per minute (5-7 litres/min) at rest is usually
achieved by a tidal volume of 500 ml and a respiratory frequency of
12-14/min. If the ventilatory volume be kept steady then the
breathing can be modified by altering the frequency. Thus at a
rate of 36 breaths/min a pulmonary ventilation of 6 litres/min would
require a tidal air of only 167 ml; conversely at a rate of 6 breaths/
min., the same pulmonary ventilation would require a tidal volume of
1000 ml. Although the total ventilation would be the same,the
respective alveolar ventilations would be vividly different, for

150 ml of air in each breath merely fill the dead space.

15‘



The alveolar ventilation can only be deduced by measuring
the total ventilation and subtracting the volume required for
ventilation of the dead space.

Thus it can be seen that

Total Ventilation/min = Tidal volume X frequency of respiration/min.

l.es V‘l‘ = VTV > I i
but also ‘}T = (VD + VA)f (dead space + alveolar volume)

therefore alveolar ventilation per min is given by

Vv = (V.

A. W-VD).f

2.3 RESPTIRATORY QUOTIENT 'R.Q.°

The respiratory quotient is defined as the ratio of total body
002 production to the total 02 consumption by the body per unit time.

That is to say
R.Q. = _M£02
U02

2.4 THE CARRIAGE OF GASES

As shown in figure 2.3 the blood circulating between the lungs
and tissues acts as a carrier of gases, carbon dioxide and oxygen.
These gases are carried in chemical ccsrbinatim,in solution or in

both.

2.4.1 CARRIAGE OF OXYGEN

Oxygen is carried in two waysby the blood.

i. DISSOLVED IN THE PIASMA

The amount of oxygen dissolved in the plasma is proportional

to the partial pressure (tension). At a tension of 100 mm Hg, about

© 6.



0.13 ml volume per cent of oxygen is dissolved in the blood.
These small volumes may be neglected as far as the oxygen supply
to the tissues is concerned.

ii. IN CHEMICAL COMBINATION

The amount of oxygen combined with haemoglobin in the red
cell (the oxygen content) depends upon the partial pressure of
oxygen, but the relationship is non-linear as shown in figure 2.4.
This is known as the oxygen dissociation curve. At partial pressures
of 100 mm Hg the haemoglobin in the red cell is fully saturated and
the volume per cent oxygen is about 20. Thus the oxygen concentra-
tion in the arterial blood is about 0.2. The oxygen tension in the
resting tissues is about 35 mm Hg. Owing to this great difference
in the partial pressures, oxygen quickly passes to the tissues and
oxygen tension in the blood falls to about 40 mm Hg. As a result
the venous blood leaves with an oxygen content of about 14 ml/100 ml
blood and the arterio - venous difference in oxygen content is
5 m1/100 ml blood. The reduced haemoglobin gets saturated again when

the blood passes through the lungs. Thus the oxygen loop is completed.

2.4.2 CARRIAGE OF CARBON DIOXIDE

Carbon dioxide is carried in the blood in three ways:
B IN SOLUTTION
Carbon dioxide is more soluble than oxygen. The amount in
solution is proportional to the partial pressures within physiological
limits. At a partial pressure of 40 mm Hg,3 ml carbon dioxide is
dissolved in every 100 ml. of blood.

17:



ii. COMBINED WITH PROTEIN

Carbon dioxide forms a neutral carbamino compound
with haemoglobin and to a lesser extent with the plasma proteins.
It combines with the haemoglobin in the red cell at a
different part of the molecules from that at which the oxygen
combines. At tensions in excess of 10 mm Hg saturation occurs.
The amount combined then depends not so much on the partial
pressures as on the state of oxygenation of the haemoglobin
molecule. With full reduced haemoglobin 8 ml carbon dioxide
is carried as carbamino by 100 ml blood whereas with saturated

haemoglobin only Inl earbon dioxide is carried.

iii. AS BICARBONATE

The greatest portion of carbon dioxide in the blood is in
the form of bicarbonate-sodium bicarbonate in the plasma and
potassium bicarbonate in the red cells.

The relationship between total carbon dioxide content
and its partial pressure is given in figure 2.5 which is known as the
carbon dioxide dissociation curve. As shown in the figure,the shape
of the curve varies with oxygen partial pressure. The linear
02.

This arterial blood reaches the tissues with a P of

S

about 40 - 42 mm Hg and CO, content of about 48 ml/100 ml blood.

relationship may be assumed between 40 to 60 mm Hg PC

The PCO2 of the resting tissues is about 46 mm Hg; thus Co, in
solution rapidly diffuses into the blood to reach an equilibrium
tension of about 46 mm Hg, The 002 content eventually rises to

52 ml/100 ml blood.

18.



2,5 THE CHEMICAL REGULATION

In the regulation of respiration several processes are
involved.

5 B8 Venous blood, low in O2 and high in CO,, retums from
all of the tissues of the body (mixed venous blood) to the right
atrium and ventricle and is pumped through the pulmonary
circulation.

iis The mixed venous blood flowing through the pulmonary
capillaries is arterialised - i.e., receives 0, from the alveolar
gas and gives offlexcess 002.

iii. ‘e arterial blood is distributed to all the tissues of
the body. |

5 S 0, and 002 are exchanged between the blood in the tissue
capillaries and the tissue cells themselves.

Obviously , multiple and complex mechanisms regulate the
cardiovascular and respiratory systentto enable them to maintain a
proper chemical and physical environment for function of all cells.
There are centres to receive information from parts of the body about
their needs for gas exchange. In the case of chemical regulation,
there are receptors (chemoreceptors) which respond to changes in
either 002 or 02 or both, and then send signals to the respiratory
centre from where the central signals emerge for the required ventil-
ation, which is controlled by either changing depth or frequency of

respiration or both.

19.



2.6 CHEYNE-STOKES BREATHING

Cheyne-Stokes breathing is characterised by regular,
recurring periods of more than normal breathing and very
little or no breathing at all. The time course of ventilation
and breathing pattern is shown in figure 2.6. It can be seen
that the tidal volume gradually increases to a peak and then
gradually decreases to either zero or a very low value,
resulting in sustained (or damped) oscillations in average
ventilation flow rate. In normal subjects this pattern may occur
after hypoventilation (Douglas and Haldane 1909), or after
a.rTivallat high altitudes (Douglas and Haldane 1913). It has
also been observed in patients with congestive heart failure

in whom the circulation time is prolonged.
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CHAPTER 3

CONTROL TN RESPTRATORY SYSTEM AND PROBLEMS OF MATHEMATICAL
REPRESENTATION

All bodily functions exhibit the phenomena of regulation and
control in some form or another. In many cases overall control is
achieved by multiple feed-back loops, which may be simultaneous or
hierarchical. The control of breathing, cardiac output, body water
balance and temperature are examples of regulation, whereas the |
position control of limbs, muscle systems and chest cavity are
. exanmples of servo-control.

Breathing is regulated by a complex system of multiple feed-
back loops in which operating levels satisfy input-output relationships
in a cyclic fashion. The time varying course of all respiratory
variagbles is affected by metabolic functions within the body cells,
external stimuli mediated through climatic or chemical elements, and
inherent oscillations due to the processes of inspiration and expiration.

Respiration is dependent upon neural impulses which originate in
the lower brain (medulla) and are transmitted to the chest wall and
digphragm to govern both the rate and depth of breathing. In the
lungs, exchanges of both oxygen (02) and carbon dioxide (COZ) take
place by diffusion across the alveolar membrane separating gas and
blood. 0, and CO, are then carried in solution and chemical combination
td the cell system, ;\rhere gas exchange across membranes again takes
place. ‘

Control of both rate and depth of breathing is governed primarily .
by neural signals initiated at central and peripheral sites in the body

and transmitted to the respiratory centre. Because of the importance
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of the chemoreceptors in the control of respiration, it is customary
to distinguish between chemical control and non-chemical control

and to refer to the latter as neural control. The neural control

can be reflex in nature, as are the signals arising from stretch
receptors in the lung, or it can be at the conscious level, associated
with vocalisation, emotion, or exercise anticipation.

Chemoreceptors involved in respiration are located centrally at
or near the respiratory centre and peripherally in the carotid and the
aortic body. The central chemoreceptors are responsive primarily to
carbon dioxide and hydrogen ion concentration. Their location in the
medulla, perfused with blood and bathed in cerebrospinal fluid, suggests
that they might respond to chemical changes either in cerebral blcod or
in cerebrospinal fluid or both. The carotid chemoreceptor is located in
the neck near the bifurcation of the common carotid artery. The aortic
chemoreceptors are situated in the arch of the aorta, the main blood
vessel leaving the heart. Information about the oxygen concentration
of the blood comes primarily from these peripheral chemoreceptors,
although they are also sensitive to carbon dioxide changes. A detailed
discussion of the physiology involved is given in Chapter 2.

Thus the controlling system for respiration can be classified

i) Mechanical Control: occuring through the lung mechanisms where

frequency of breathing and tidal volume are directly controlled to
provide ventilation by the pressure-volume characteristics of the

lung and chest wall.
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ii). Chemical Control: incorporating the control of breathing

through neural signals indicating the chemical states of various
sites in the body.

Three chemical factors, involved in the control of ventilation,
are: Carbon dioxide tension (CO2): Hydrogen ion concentration,
gt (pH level): Oxygen tension (02)

That is to say:

VENTIIATION = f (CO,, H, 0,)

When a subject inhales a CO2 mixture, ventilation increases, as
does the 002 concentration in the blood stream and tissue. It can
therefore be assumed that ventilation is in some way controlled by
the 002 concentration. If now by breath holding this rise in
ventilation is prevented, the concentration of 002 rises to an even
higher level than when the normal ventilatory response is permitted;
indicating that the 002 concentration in the blood and tissue is in
tum controlled by ventilation. The loop is thus closed with 002
controlling ventilatioﬁ which in tum controls the body CO2 concentration.
On the other hand,supply of oxygen seems to be linked with the body
tissue 002 concentration. Oxygen requirements of the body rise
dramatically in muscular effort. In a trained athlete making an all
out effort, a steep rise occurs in the metabolic output of carbon
dioxide of the muscle tissue, requiring as much as twenty fold increase
in ventilation. This may partly be due to large oxygen requirement
of the body and partly due to removal of the excess carbon dioxide so

formed in the body.
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The effects of blood and body tissue carbon dioxide concentration
changes and ventilation are thus opposite in direction. A rise in
CO2 concentration increases ventilation which in tum tends to reduce
the 002 concentration. Teleologically this implicates the ventilatory
response to carbon dioxide inhalation or CO, production within the

2
body, in the minimisation of the increase in CO. concentration in the

2
blood and tissue.

The respiratory system appears therefore to conform, both in
pattem and purpose, to a feed-back control system. A simplistic
representation in the terms of three main chemical variables, CO,,

H+, and O2 is given in figure 3.1. Disturbances may be attributed
to a variety of phenomena such as changes in the physical state or
changes in inspired gas composition.

In brief the function of the respiratory system is to supply
oxygen to the blood, remove metabolic carbon dioxide and to maintain
a stable pH level within the body so that the tissue cells may function
efficiently. Gas exchange takes place within the lung and tissue
compartments. These two are connected through the flow of blood
which provides a vehicle for gas transport from lungs to tissues and
back to lungs.

It is apparent that the control of the three principal chemical
variables already listed may be achieved in two ways, either by
changing ventilation or by changing the blood flow rate or both.
Changes in ventilation may be achieved either by changing the frequency
or the depth (tidal volume) of breathing, or a combination of the two.
There is some evidence to suggest that both the frequency and the tidal

- volume are some function of the total ventilation. Due to mechanical factors
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there is a limit on the extent to which frequency may be changed
and tidal volume is, in the limit, restricted to vital capacity. |
Furthermore, due to the presence of dead space there is also a
lower limit to tidal volume, below which no ventilation takes
place no matter what the frequency is.

In the case of changing the blood flow rate, there is evidence
of local feed-back effects. Cerebral blood flow is a function of
arterial carbon dioxide and oxygen concentrations. If the total
cardiac output remains unchanged while a change in arterial CO‘,_3 and
02 concentrations alters the flow rate of the blood to the brain
tissues, the blood flow rate to other parts of the body will also
change.. However, the total cardiac output is known to be a function
of arterial 002 and O2 concentrations, providing another local control.
During exercise the metabolic carbon dioxide production of muscle
tissue greatly incmaseé. This is accompanied by an inecreased blood
flow to the muscle tissue which can be achieved by increasing the
cardiac output, by reducing the flow of blood to other tissues or by a
combination of the two effects.

Physiological observations for these local or central control
actions are far from complete, particularly during transient events.
Some empirical relationships exist for local blood flow control and
some equations for chemical control of respiration have been derived
from steady-state data assuming that the controller equations hold for
the transient situation as well as the steady state. (Grodins et al,1967).

Much respiratory physiology remains uncertain and there is a clear need

for improved experimental data particularly in regard to the dynamic state.
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3.1 SOME PROBLEMS INVOLVED IN DEVELOPING A MODEL

For the purpose of developing a mathematical model, the
respiratory system can be divided into convenient and relevant
sub-systems such as lungs, tissues (brain, muscle and others),
heart, arterial blood and venous blood. The more detailed the
compartmentation, the closer the approach to isomorphism although
in practice the state of knowledge of sub-system behaviour and
parameter values impose the limiting constraints.

The mathematical relationships for each sub-system may be
written in terms of continuity equations either in the steady state
(excluding the effect of variable time lags in diffusion and
transport) or in dynamic terms. In general very small time constants
may be regarded as instantaneous (for example, from the respiratory
centre to phrenic nerve activity at the abdomen). Equally very
lar-ge time constants may be regarded as tending to infinity (for
example body adaptation to a new climate). Thus in many cases, the
model may be systematically reduced by excluding these two extremes,
depending of course, upon the time course within the field of
interest and the accuracy required.

Many questions remain unanswered regarding the physiology of
respiratory phenomena such as location and action of chemoreceptors,
variagle time lags involved in diffusion and transport, and controller
system parameters. Initially therefore, more importance will be
attached to the general shape of model responses than to exact
replication of magnitudes. The model shown in figure 3.1 is in its

sinplest form. In fact the equations governing the controlled



and controlling system are exceedingly complex. In general s
steady state relationships are well defined but there is a
singular lack of dynamic information.

Some of the main problems in producing a comprehensive
mathematical model of the respiratory system may be summarised
as follows:

LUNG

i) Ventilation is a cyclic process with lung volume undergoing
periodic changes. It's amplitude and periodicity can vary
independently, so for a given ventilation there could be a number
of frequencies and tidal volumes.

ii) A variable portion of the total ventilation is not effective
due to the existence of dead-space, the space from the thorax down to

the alveoli. The volume of this dead-space is a function of tidal
volume.

iii) Both oxygen and carbon dioxide are exchanged across the
alveolar membrane, but rates of diffusion differ widely between the
two gases involved. Also the respiratory quotient (R.Q.) is not
unity, i.e., dry expired and inspired volumes differ.

iv) A blood element requires a finite time to traverse the lung
and during its passage gas diffusion occurs at a rate proportional
to the partial pressure gradient.

v) Ventilation perfusion ratios differ in different parts of the
lung so that the alveolar gas tensions are functions of both space

and time.
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TISSUES

The tissues actually consist of a group of individual
elements connected either in parallel or in a parallel-series
combination. Each element has its own metabolic rate and blood
flow and probably also a characteristic buffer capacity for the
gases involved. Thus one might expect as many tissue concentrations
as there are individual circuits. Each tissue is at a different
'time-distance' from the lung and this 'time distance' may differ
between the arterial and venous side of the same tissue. Again a
blood element requires a finite time to traverse a tissue element ,
and-gas diffusion occurs at a finite rate proportional to the
partial pressure (tension) gradients.

These apart there are many other problems including:
i) Lack of knowledge concerning the controller mechanisms
particularly in the case of neural information flow.
ii) The pulsatile nature of blood flow.
iii) Limitations of the sites at which measurements can be made
in the intact functioning organism.
iv) Lack of physiological data regarding dynamic relationships
between system variables and of parameter estimates.

All of this means that a number of simplifying assumptions
have to be made before building up the model. There is clearly
a trade off between such assumptions and the accuracy obtained, but
it is possible to improve upon previous simplifications as the
size and complexity of the model are increased. Even so new

approximations have to be made at each step of complexification.
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CHAPTER 4

MODELS OF RESPTRATORY SYSTEM

4.1 A SURVEY

In the last two decades several mathematical models of the
' human respiratory system have been published. These models,
although different in nature and purpose, seem to share certain
characteristics. As a set of mathematical equations, they are
all non-linear and sufficiently complex to defy any analytical
calculations, but require the use of computing devices. Some have
been relatively less complex and allowed solutions through the use
of analog computers. Others being more complex required the use of
larger digital computers. The solutions of these mathematical
models represent one or more time varying functions which correspond
to experimental results. In each case some assumptions and simplific-
ations have been applied to varying degree depending upon the complexity
of the model. Here a c_onparative study is put forward of some of the
mathematical models and their achievements are discussed.

Grodins and his associates were the first to apply the techniques
of mathematical modelling to the respiratory control system (Grodins
et al, 1954). This model was concerned with the response to inhalation
of carbon dioxide gas mixture. As subsequent models followed the same
basic pattern, it seems appropriate that this model be discussed in
more detail. Grodins and his associates recognised that when the CO2
content of the inspired mixture was altered, pulmonary ventilation

changed in such a manner as to suggest that the mechanisms of the body
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were trying to maintain the body 002 concentration at a fixed
level. In developing the mathematical.model, concepts and termin-
ology of control system engineering were applied. The following
illustrates the analysis and compartmentation of the system:

i. Controlled System - the network of physiological elements
such as lung, tissues, blood circulation, through which ventilation
and inspired carbon dioxide fraction affect the total 002 content of
the body.

ii. Controlling System - the relationship through which body €O,
content affects pulmonary ventilation.

iii. Controlled Quantity - body tissue carbon dioxide concentration.

iv. Controlling Quantity - pulmonary ventilation.

v. Disturbing Quantity - carbon dioxide concentration of the
inspired gas.

Within the above frame work of the system the following simplifying
assumptions were made:

1. The body consists of two rigid compartments (lung and tissue) which
are connected by the circulating blood.

2. The time required for the blood to travel round the circuit i.e.
transportation delays, and the delays associated with the diffusion of
gases across the membrane are negligibly small.

3. Alveclar gas partial pressure of carbon dioxide (PCOZ) is equal to
arterial blood P002 and tissue fluid P002 is equal to venous blood

PCO at all times, i.e. du;ing the dynamic period as well as in the

2
steady state.



4, The 002 dissociation curves for arterial blood, venous blood
and tissue fluid are identical and linear.

5. 'The entire cardiac output passes through the tissue compartment
and is constant. The cardiac output is independent of arterial

blood PCO =
2
6. The 002 production of the tissue is the total CO2 production of
the body and is constant.
7. Respiratory Quotient is unity i.e. the production of body 002 is

equal to body consumption of 0. at all times.

2
8. The lung compartment has a constant volume and ventilation is a
mﬁdire.ctional flow through this compartment.

Thus two differential equations were formed describing the
controlled system, one for the gas exchange in the lung compartment
and the other Ifor the gas exchange in the tissue compartment.

The mathematical description of the controlling system (Controller)
was based upon the assumption that the ventilation is linearly
dependent on the P

of the venous blood (equal to the PCO of

CO
tissue). The linear?; steady state relationship between alvgolar
ventilation and the P002 of the arterial blood had been established
earlier by Gray et al EL950:| . It was supposed that a similar expression
relates ventilation and tissue fluid POOE' It was further assumed
that the controller equation holds for the dynamic as well as the
steady state.

This model when simulated on an analog computer produced

'disturbingly good results' as Grodins himself put it. The model



was reasonably successful in predicting the relatively slow
respanse assoclated with sudden inhalation of air containing a

small percentage of CO,. The results obtained can be classified

2
as follows:

1. During the 002 on-transient ventilation rose slowly to a new
steady state level without any overshoot, while arterial blood
P002 rose much more sharply, overshot to a certain extent and
then gradually fell back to a new steady state level.

2. The time to achieve a new steady state was a function of the

- percentage of CO, in inhaled gas mixture and was larger for higher

2

percentage of 002 inspired.

3. Overshoot of arterial PCO diminished with the increased
2

percentage of CO, inhaled but undershoot during the off-transient

2
increased with the percentage of inhaled Co,.

Although the agreement between the theoretical and experimental
curves of ventilation versus time was good, there were serious
discrepancies in the off-transient curves of 002 partial pressure
versus time. The model predicted much more undershoot 'chah had
been observed experimentally. Furthermore Grodins noted certain
high-frequency oscillatory components in his experimental work which
could not be simulated with this model. However if the simplicity
of the model and the obvious gross assumptions are considered, the
results were tolerably good. The high frequency phenomena absent
from the model may be attributed to the absence of oxygen from the
controller equation and the controlled system. It is known that
any decrease in arterial oxygen content tends to increase the gain

of the controller, and higher controller gain tends to make systems more
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oscillatory. The inclusion of transportation delays may also have
made the model more oscillatory.

Defares [Defares et al 1962] produced an improved model,
pointing out several weaknesses in the assumptions of the previous

model and modifying two important features of the controlled system:

1. "The body tissue compartment was subdivided into two compart-
ments i.e. a brain tissue compartment and an 'other tissue' (not

brain)compartment.

2. While the total cardiac output was maintained constant and
independent of the inspired 002 fraction, the blood flow rate to the
brain tissue compartment was made a function of the arterial blood
P002‘ This feature was based upon the findings of Kety and Schmidt
[1948].

They also made their controller equation a function of brain
tissue CO2 content as opposed to the bulk tissue 002 concentration used
by Grodins et al, but by so doing, to maintain the steady state
conditions of the model, the controller gain had to be doubled and
the intercept of the controller equation had to be changed accordingly,

' maintaining the normal operating point. The brain blood flow

controller equation expressed brain blood flow as a non-linear function

of arterial blood P.. .
002

controller problem, i.e. a local blood flow control to the brain

Consequently the model became a two level
tissue compartment, and an overall ventilation control.

The results of this model were not substantially different from

the previous one. In the text,some experimental data are presented,
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tending to support the suggestion that the effect of cardiac out-
put variations upon the respiratory off-transient is simulated
better by this model. Clearly the added feature of a separate
brain tissue compartment whose blood flow rate is dependent upon
the arterial PCO » 18 a realistic improvement in the model. A

2
detailed study and simulation of these two models was presented in

a report by the author in his M.Sc. dissertation [Bali, 1971].

Grodins and James [196] provided an extended model which was
used to simulate the effect of increased metabolic rate and cardiac
output during exercise. This required several modifications on the
previous models. The most important of these was the choice of
controlling equation during exercise simulation. As a step towards
this end, the authors test the hypothesis put forward by Yamamoto
and Edwards [1960]- that the dynamic characteristics of controller
may differ from the static and, therefore among others, a potential
signal source may be the oscillatory changes in arterial PC02 which
reflect the cyclic pattern of breathing. Inclusion of such a feature
demanded the explicit mathematical description of the events of the
respiratory cycle, making this the first respiratory system model to
include a variable lung volume. This was achieved by using a sinus-
oidal curve to show changes in tidal volume which enabled the
arterial P002 to oscillate with the respiratory cycle, and the
predictions made by Yamamoto [1960] to be tested. These were that
'the magnitude of the P002 oscillations should change with the

respiratory cycle and that in exercise states such fluctuations

should increase in size without increasing the time average value,



whereas in CO, inhalation the size of oscillations (peak to peak)
should decrease with increased average value'. This phenomenon is
shown in figure U4.1.

To employ the dynamic signal from arterial P.. , the ventilatory
controller equation was modified to include integrg.l as well as
proportional control. The inclusion of integral. control was based
upon the assumption that in the real system, an integral control
was responsible for the zero steady-state error of mean arterial

blood PCO during exercise. Other alterations in the model were as
2

follows:

1. Blood flow rate to the brain is a function of brain tissue

002 concentration.

2. Cardiac output is a linear function of the total body 002

production.

The simulation results of this model are much better. Despite
the modifications, the results are unchanged for Co, inhalation,
but in addition, as in the organism, there is no steady state error
in the mean arterial blood P002 with increased metabolic output.
The transients during onset and recession of exercise agree closely
with the experimental neéul’cs of Dejours [1959:]. Thus one major
improvement of this model is that it can be tested against a larger
set of physiological experimental results. Still the model includes
a large number of gross assumptions which include; zero transportation

delays around the body circuit, omission of oxygen in the model and

no separate compartment for the muscle tissue.



Admittedly separation of muscle tissue compartment would
require another local feed-back loop i.e. muscle tissue blood
flow control.

A further improvement on the model was made by Milhorn
Eﬁ]hom et al,19%__] . They were the first to include oxygen flow
into the model and improved upcn some of the previous assumptions,
the most important being the inclusion of transport delays. But
due to inclusion of oxygen some new simplifying assumptions had to
be made. Some of the important features of their model are as

follows:

1. Blood flow rate to the brain tissue compartment is a

function of arterial blood P0 and P00 .
2 2

2. Pulmonary ventilation is controlled by the arterial blood
'PO at the peripheral chemoreceptors (Carotid - Aortic bodies) as
2

well as the PCO in the brain tissue.
2

3. Circulation times between the lung and the two tissue

compartments are finite and constant.

4, The arterial blood Py is a linear proportional function
2
of alveolar gas P02, i.e. a gradient exists between the twoj; such

that the arterial blood s is equal to alveolar gas P0
2 2

times a

constant less than unity.

5. Venous bloocd P0 is equal to the tissue fluid P0 at all
2

2
times for each tissue compartment.

6. The 02 dissociation curves are identical for arterial and

venous blood.
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When this model was simulated, the results for the steady
state €O, inhalation and hypoxia were found to be in close agree-
ment with the experimental evidence. The dynamic response i.e.
transient results were also presented but due to lack of experi-
mental results, the comparison was rather scant, and 002 inhalation
transients were more rapid than experimental evidence suggested.

In 1967 Grodins [Grodins et al,1967] presented a model of the
respiratory system which is one of the most detailed to date. One
of the main extensions from the previous models was the inclusion
of local control loops for blood flow. The blood flow to the brain
and also the total cardiac output were formulated to be a function
In addition the model

of arterial blood P, as well as PCO "
2

0

included the chemical details of traftsport and acid-base behaviour,
and the dependence of transport delays on cardiac output. These
variable tissue delays were computed by considering the volume of
arteries and veins to be fixed and dividing these volumes by the
time integral of blood flow rate. Thus more realistic time delays
were achieved within the model.

The inclusion of chemical details of acid base behaviour
allowed metabolic disturbances in acid base balance to be simulated,
in addition to Co, inhalation, hypoxia and hyperventilation. As the
model included a separate cerebro-spinal fluid compartment, two
control strategies were tested. In the first, the central component

of control was assumed to be dependent upon chemical states of the

brain tissue compartment, in the secord the controller equation
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included the effect of cerebro-spinal fluid hydrogen ion
concentration and arterial blood P002 and Poz.

In spite of some obvious gross assumptions, e.g. ventilation
is a unidirectional flow, this model perhaps is more complete and
general. In the author's own words, 'the treatment of tissue
buffering and material exchange across the blood brain barrier is,
at best, only a very crude first approximation'. Nevertheless
this model includes all the features of the previous models with
the exception of sinusoidal variations of lung volume and arterial
PCO2 with respiratory cycle as in Grodins and James [1964]

The models discussed above all attempt, with varying degrees
of complexity, to simulate the changes in ventilation and arterial
blood gas composition which follow changes in the composition of’
inspired gas or metabolism.

Another series of respiratory models, those of Horgan and Lange,
are concerned with other features of the respiratory system behaviour
namely Cheyne-Stokes respiration and the role of cerebro-spinal fluid
P002 in ventilatory regulation.

The first model [Forgan and Lange,l962-lj, like the Grodins [195U4]
model, consisted of two rigid compartments, lung and bulk tissue,

and dealt only with CO Its novel feature was the inclusion of

5
transportation delays, possibly the first model to include circulation
lags. The controller strategy implied that the controlling system
had a linear Gray type response over the normal and high range of
arterial PCO but zero sensitivity on the lower ranges. A modified

2
version of this model appeared soon after E}brgan and Lange,1962—2] A
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The new model included a controller function dependent upon
arterial PCO and P0 . A non-linear expression was employed

2 2

for the O2 dissociation curve.

This new model when used to simulate the phenomenon of
Cheyne-Stokes breathing following simulated hyper-ventilation,
. produced results which closely represented the experimental
results obtained by Douglas and Haldane [1909]. The most
interesting feature was the relationship it showed between periodic
breathing pattern and lung to chemoreceptor circulation delays. It
was predicted by the model that the longer the circulation delay,
the more oscillatory became the breathing pattern. - This behaviour
is consistent with some experimental results available ]:Guyton et al,l956_'[ ¢
However, quantitatively the results differed from experimental evidence
in two respects. First it was necessary to employ circulation lags of
between 4O seconds to 5 minutes in dogs to obtain the oscillatory
pattern of respiration predicted by the model with 6 seconds lag.
Second,there is no evidence that Cheyne-Stokes breathing pattem
results from a sustained, voluntary hyper ventilation for 5 seconds.
In addition the authors themselves agree that the model is deficient

in simulating 002 inhalation.

In an attempt to improve the model, Horgan and Lange [1963],
modified the controlling system by including three additional compart-

ments, namely, brain tissue, ventralateral surface of the medulla and

cerebrospinal fluid. It was assumed that the chemoreceptors for 002

uy.



are located both within the brain tissue and at the ventra-
lateral surface of the medulla. The latter was treated as

having neither blood flow nor metabolism and as being

dependent upon cerebrospinal fluid for its chemical composition.
The ventilatory equation was assumed to have two components, 40% of
the response being due to the chemoreceptors at the ventrolateral
surface and the remainder due to the brain tissue in contact with
the arterial blood.

When the new model was simulated to study the effects of
altering the cerebrospinal fluid P002’ the results obtained for
ventillatim and arterial blood POO2’ were found to be similar to
experimental data of Mitchel et al [1963]. Since the presumed
dual nature of the ventilatory controller and several parameters
. for the simulation were based directly upon the results of Mitchel
et al, the performance of the model in these results is hardly
surprising. The model also successfully simulated 002 inhalation
and Cheyne-Stokes breathing.

Longobardo et al [1966] published 2 model of human respiratory
system with the view to study the causes of Cheyne-Stokes breathing.
This model is very similar to the one published by Milhorn et al [1965]
with two important alterations. In the controlled system the brain
tissue is embodied in the bulk 'other tissue' compartment and a
Separate muscle tissue compartment is formulated. In the controlling
system the chemoreceptors are assumed to be responsive to arterial
blood P002 and P02 rather than cerebral venous blood and response to
arterial PCO and Po2 is taken to be multiplicative rather than

2 ;
additive as in all previous published models. Evidence for this



multiplicative relationship has been presented by Nielsen
and Smith [195I]. In this study Cheyne-Stokes respiration
induced in a number of situations is simulated on the model.
No attempt was made to simulate relatively slow responses,
such as those associated with co, inhalation. The use of non-
linear controller is a novel feature of the model. Here again
the relationship between the circulation delays and the time
period of Cheyne-Stokes respiration was emphasised.

Considering the above models it is apparent that they can
be divided into two groups; Grodins, Milhorn and their associates,
and Horgan, Longobardo and associates. The first group primarily
concerned itself with the CO, inhalation and metabolic disturbances,
whereas the second group concemed itself with the effects of
cerebrospinal fluid in regulation of breathing and the phenomenon of
Cheyne-Stokes breathing. The difference between the two groups lies
mainly in the control strategy employed, i.e. the mathematical form
in which controller equation for ventilation is employed. In each
case a new controller function is developed to produce one or the
other feature of experimental respiratory response. The models

which simulated successfully the response to CO, inhalation, could

2
not produce the phenomenxiof Cheyne-Stokes breathing and vice-versa.
With the exception of Grodins 1967 model all the models were
simulated with only one control strategy. The reason for that may
well be that the models have not been sufficiently general, One

important feature which has been completely ignored, with the
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exception of Grodins 1964 model, is that breathing consists

of breaths. Oscillatory evénts in time with the respiratory

cycle are not formulated. Another interesting aspect of the

review is the process of development of the models. The

models have developed step by step from a very modest E?rodins et al,
1954] to a comparatively very complex [Grodins 1967], but the
development has not been altogether systematic in the sense that
the effect of introducing a new feature has not always been tested
for a wider range of stimuli. If at each stage of complexification
the importance of one or more added parameters is more completely
studiéd then eventually it should be possible to construct a more
detailed model which predicts most of the features of the real

system with greater certainty.
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MODEL DEVELOPMENT

4,2 Several levels of mathematical representation are evident
in current studies of respiratory system (as reviewed above).
Some are simplistic,others more complex and yet others tend
towards isomorphic description of the process of respiration.
The level adopted will clearly depend upon the particular aims
and objectives of the study. For example a simple representation
may be adequate as a diagnostic tool for clinicians, whereas for
the system scientist, seeking insight into the behaviour of the
respiratory system, a model must, as far as possible, mirror the

true structure and dynamics of the process.

Due to the system being very complex the approach to complete
respiratory system modelling requires the adoption of lumped
compartmentation, starting from a relatively simple model and
adding further complex phenomena. The aim is to try to reproduce
the gross effects of interactions in the real system rather than

necessarily being concermed with detailed effects.
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CHAPTER 5

MODEL 1. (Incorporating dead-space and time delays).

This model, as shown in figure 5.1, is a three compartment
model, dead-space, lungs and tissues. Delay times due to the
circulation of blood from lungs to tissues and back are also
included. Apart from CO2 breathing, the phenomenon of Cheyne-
Stokes breathing is also developed in the simulation of this
model. Any factor which decreases the damping of the respiratory
control system would be an adequate cause of Cheyne-Stokes
breathing. -

The two factors are postulated to be:

1. Increased circulation delay times, which increases the
delay time from lungs to the tissues.

2. Increased controller gain.

The following assumptions are introduced in the development
of the model.

1. Respiration (Ventilation) is controlled by the tissue 002
concentration and there is a linear relationship between ventilation
and tissue 002 concentration which holds for steady-state as well as
the dynamic state.

2. Tissue elements are lumped into a single compartment.

3. The rapid changes in alveolar and blood gas concentrations
with each respiratory cycle are ignored and alveolar volume is

considered constant .,



4. Cardiac output is considered to be constant and the pulsatile
nature of the cardiac output is ignored.

B Co, dissociation curves are equal and linear for arterial
blood, venous blood, and tissues.

6. Venous Pc02 is equal to tissue PCOZ'
7. Arterial PCO2 1s equal to alveolar PCO2

8. Circulation times are finite and are constant during each
simulation.

9. The respiratory quotient is constant and equal to unity.

5.1 DERIVATION OF EQUATIONS:

The body is divided into three compartments representing dead
space, lung, and tissue (figure 5.1). The continuity equations are
developed for each compartment as follows:

i. DEAD SPACE

The air pathways from the mouth down to the alveoli are
known as the dead space since during inspiration they are filled with
fresh air and during expiration with the alveolar gas. Thus the
portion of inspired air filling these pathways does not reach the
alveoli. Instead the alveolar ventilation is a mixture of inspired
fresh air minus the dead space volume plus the alveolar gas in the
dead space trapped at the end of the previous expiration. Thus:

Alveolar Ventilation = Total Ventilation - dead spaceX frequency
by VA =V—VD.f (5.1)

where f is the respiratory frequency.

Now if V'IV is the tidal volume:

Ve ;
VTV. P (5.2)
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Assuming a linear relationship between tidal volume and

respiratory frequency we can write:

Vg = K3.f (5.3)

where K3 is a constant.

From equations 5.2 and 5.3

Vs
or £ = (V/K)M/? (5.4)
From equation 5.1 therefore:
V= V- vy (Y2 (5.5)
s i 18 LU_I:I_C}_S_

In the lungs, inputs of (0, are from air by ventilation

2
and from venous blood, and outputs are to air and arterial blood,

thus
d £y A ; i
Yo & + %co, = ¥a Yoo, " Caco,? * 2 Cwoo, Fr) T Cac0)  G-6)
2 2 2 2 2
iii. TISSUES

In the tissues inputs of CO., are from arterial blood and

2
metabolic production of 002 and the output is to the venous blood.

ac '1002 = M+q (CaCO2 (1) == choz) (5-7)
Equations (5.5) and (5.7) thus define the controlled

system behaviour.

iv. CONTROLLER:
The form developed by Grodins (1954) of the controller

equation is retained viz. a proportional relationship between



ventilation and the tissue ‘C:O2 concentration as shown in

figure 5.2. Thus the equation of the controlling system may
be written as:

V = a. C,I‘302 - b (5.8)

where 'a' and 'b' are constants; 'a' relating to the controller
gain and 'b' evaluated from steady state results for a given 'a'.
Assuming the normal steady state value of ventilation to be

(Reynolds and Milhorn,1973) 6 litre/min. for an initial value of Cro
g

as (C'IC02)O’ equation 5.8 becomes:

6.0

8.7 (C ) =b
'ICOZO

and b a. (

C )k (5.9)
l:[10020

Substituting this value of b (5.9) to equation (5.8), the
controller equation becomes

V=6.0+a (sz - (cmz)g (5.10)

V. 002 DISSOCIATION CURVE

Assuming the CO2 dissociation curves to be the same for arterial

blood, venous blood and for the tissues, we can write:

Cvcoz('r) - C‘ICOE(T) (5.11)
Further assuming the 002 dissociation curve to be linear:
cacoz(r) = (K PE,'.CM;O2 + K;) (1) (5.12)

Figure 5.3 shows the comparison between the linearised 002
dissociation curve and the experimental curve, for Kl equal to
0.00425 m Hg (0.566 N/m%) and K, equal to 0.32. The t implies

transportation delays.
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The following normal values are adopted for the purpose

of simulation: (Grodins et al,1954; Defaris et al,1962; Green 1970).

V, = 3.02 Vy, = 0.152
Vp = 40.0 2 P, = 760.0 m Hg (10° N/n’)
q = 6.08%/mn. a = 500.0
M = 0,963 %/min. Ky = 0.0%
Using these values in the system equations
A Coot & BOMD = ) = C) # V- (= 0o YL 30 (B3
5 Aco, 0, AX A *"IC0, T “AcO,
%t cTCO2 ={0.263 + 6.0 (C,, (1) = GOy ))/H0.0 (5.14)
2
where
Cax = 3,2 CA002 + 0.32 " (5.15)
v, = V - 0.15 (V/0.035)/2 (5.16)
v = Bl SO0 e " (B2 35 (5.17)
00, C0,’
Equations (5.13) = (5.17) were solved for various conditions
as follows

e 25355, T% 002 breathi_ng
2. Variation of controller gain 'a!'

3. Variation of time delays 't

5.2 RESULTS AND DISCUSSIONS:

- 8 002 Breathing:
In the model simulation,a step of 3%, 5% or 7% 002 is
introduced in the ventilation at time equal to two minutes and
then the step is removed at time equal to twenty two minutes and

normal conditions are restored.
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Graphs 5.1.1 to 5.1.3 show the time variation of ventilation
due to 3%, 5% and T% CO, inhalation respectively with the value of
'a' (controller gain) equal to 500. (Grodins 1954). Thin lines
with crosses show the experimental curves produced by Reynolds
et al (1972). Three features are evident in these results:

(a) The time course of ventilation in the model responses and the
experimental results, seems to féllow an exponential pattern

suggesting that the system can be approximated by a first order lag.
Thus structurally the model seems to represent the real system.

(b) There is a marked difference in transient responses between

onset and offset of the stimuli, the latter being much faster in

time. Thus it is possible to make a comparison in terms of time
constants (or half times = :693 x Time Constant - as is customary

in physiological studies) during dynamic states.

(c) Time to reach the steady state at the onset of step increases with

increased percentage of 002 inhaled, but there is no marked difference in
the time to reach back to prestimulus value after the removal of the
step. Thus non-linearity of the system is more evident at the higher
percentages of 002 inhaled.
Although qualitatively the model responses conform to the above

features, in quantitative terms there are substantial differences

between the model responses and the experimental results. The time
cbnstants of the model response are much smaller than that of the
experimental results in both on transients as well as off transients.
This is particularly evident for the smaller values of the step

applied. In the steady state, as can be seen, the model values are
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far below the experimental results and percentage error increases
with the size of the step. A summary of these values and differences
is given in Table 5.1.

Although there is no nonlinear element in the system equations,
nonlinearity is introduced due to multiplication of ‘}A (function

) and C

of iC
T002 A002

that increasing the controller gain results in a faster time

(equation 5.6). In general it is recognised '

response. Furthermore the analysis of controller equation suggests
that the steady state value of V is directly dependent upon the
value of 'a' (equation 5.9) for a given final steady state value

of 0,1,002 after the step input of 002.

In an attenpt to improve the model performance the controller
gain was increased to the value of 1000 (a = 1000,equation 5.9).
Graphs 5.1.4 to 5.1.6 show the ventilation time response to 002
inhalation on the experimental curves obtained by Reynold et al
(1972) for comparison (Thin lines with crosses). Clearly as
expected the model response is faster @nd the difference in steady state
values between model and experimental results is very small in
comparison to the previous case (a = 500). The following main
features of the curves are evident:
(a) In the case of 3% 002 step input (graph 5.1.4) the model response
is faster than the experimental results, i.e. the time constant of
the predicted curve is smaller than the experimental results. On
the other hand the steady state value predicted is still smaller

than the experimental results. If now the controller gain is increased’
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for this case the steady state results may improve but the transient
response will become still faster; even some oscillations may
occur.
(b) In graph 5.1.5 (5% co, input ) the predicted results closely
follow the experimental results inthe dynamic as well as the steady state
within the variations of experimental results.
(¢) The graph 5.1.6 shows a comparison between predicted and
experimental results for T% CO2 inhalation. It is evident that the
model response is slower in the dynamic state but the steady state
results are higher than the experimental results. If now the controller
gain is increased to improve the dynamic response, the steady state value
will become still larger.

Comparison of time constants and steady state values between

the two model predictions and the experimental results is given in

table 5.1,
% 25 MINUTE VALUE TIME CONSTANT IN SECONDS

o

2 IN LITRES/MINUTE ON TRANSIENT OFF TRANSIENT
INPUT | EXPERIMENTAL a=500 2=1000 |Exp. a=500 a=1000 Exp. a=500 a=1000
3 11.25 9.5| 9.7 | 94 | 18 gy | 52 | 60 0
5 17.4 1.0 | 17.4 |azu | 168 | 138 | w8 | 72 P
7 41.0 8.2 | 42.5 |94 | 280 | 216 | 24 |10 28

Table 5.1

COMPARISON OF RESULTS FOR VENTILATION
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Graphs 5.2.1 to 5.2.3 show the time response of alveolar
(',‘02 with co, inhalation for each controller gain setting. With

higher controller gain the rise in CACO is less than in the
2

case of lower controller gain, which is expected because the
ventilation rise is steeper and higher with a higher controller

gain which reduces the CO, increase, The common feature of each

2

response is that the over-shoot of the CACO at the onset of the
2

step, decreases with increased CO This phenomenon is found

2.
experimentally by Reynolds et al (1972).

ii. Cheyne-Stokes Breathing:

The phenomenon of Cheyne-Stokes breathing is the
oscillations in ventilation with time, with or without periods of
'apnoea' i.e. zero breathing. The two parameters tested are the
variation in controller gain and/or increased transportation
delays. Once the required time delay and controller gain are set,
the model is allowed to run for 2 min at which point a step input
of 3% 002 is applied. This step is removed at time equal to 5 min.

Graphs 5.3.1 to 5.3.3 show the effect of increasing controller
gain on the time response of ventilation. With the gain equal to
4, oscillations appear but are damped and no periods of apnoea occur,
but with the gain increased to 6 and 8, sustained oscillations
appear with periods of apnoea. Thus it can be concluded that for
a given time delay (48 seconds in these graphs), the presence and
absence of Cheyne-Stokes breathing depends upon controller gain.
Three separate features are evident from the study of these
graphs (Graphs 5.3.1 to 5.3.3):

1. The maximum ventilation durir{g sustained oscillations
increases with increased controller gain; i.e. maximum ventilation

is a function of controller gain.
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2. 'The period of apnoea increases with increased gain.

3. Time period of the sustained oscillation increases with
increased controller gain.

Graphs 5.4.1 and 5.4.2 show the effect of varying time delay
on the Cheyne-Stokes breathing for a given controller gain. It
can be seen that the periods of apnoea, i.e. the time for which
there is zero breathing, remains unchanged and so does the peak
ventilation during each oscillation with the change in circulation
delay. However the time period decreases with increased circulation

delay.

iii GENERAL DISCUSSION:

From the above analysis it can be concluded that the
structural features of the model responses are similar in pattermn
to the experimental results, although the model contains some gross
simplifications. The characteristics of the controller functions
were developed from empirical relationships between the system
varisbles. No 'a priori' knowledge exists for the controlling
system and therefore the controller gain was changed - to improve
model performance. Even with doubling the gain, although the dynamic
and steady state predictions of the model improve, as shown in
Graph 5.1.6, the dynamic response is still much slower in the model
prediction than the experimental results and the steady state result
is higher. Thus two conclusions can be drawn from the 002 breathing
results:

1. 'The characteristics of the proportional controller should

be changed with the percentage inhalation of CO2.
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2. There is a possibility of a dynamic term in the
controllér, i.e. the controller not only responds to the changes

in the tissue CO, concentration but also to the rate of change

2
of tissue CO, concentration. In other words a differential plus

2
preoportional controller should be postulated.

The study of the stability of the system utilising 002
control only has indicated two factors which by themselves can
produce the phenomenon of Cheyne-Stokes breathing. 'These are (1)
increased circulation delays and (2) increased controller gain.

Although the parameter changes required to produce Cheyne-
Stokes breathing are well outside the physiological limits, this
exercise shows the importance of time delays and controller gain
in the Cheyne-Stokes breathing. It is probable that cardiac patients
who have enlarged left hearts, and therefore, increased lung to brain
tissue circulation times, and are exhibiting Cheyne-Stokes breathing
are those patients who normally have higher than normal controller
gain, since the two factors, controller gain and circulation time,
are additive.

The failure to produce Cheyne-Stokes breathing with physiologically
feasible model parameters may well stem from the omission of oxygen
from the model equations. It is a physiological fact that any decrease
in oxygen level in arterial blood tends to increase the controller
gain. This will oceur, particularly in apnoeawith the rise in Co,
concentration in arterial blood. Thus the inclusion of oxygen control
in the model may well enable Cheyne-Stokes breathing to be produced

with transport delay values which are within reasonable limits.
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CHAPTER 6

MODEL IT (INCORPORATING OXYGEN)

In the previous chapter (5) the inadequacy of the

" proportional controller (Grodins, 1954) in producing Cheyne-
Stokes breathing was discussed. However,it is established

that the two factors responsible for the Cheyne-Stokes breathing
are the co}ltroller gain and the circulation delays and it is
proposed that inclusion of oxygen in the controller equation
may well produce Cheyne-Stokes breathing within physiologically
feasible parameters of the model. Thus the following improve-

ments are made on the previous model.

1. Oxygen as well as carbon dioxide is included in the nodel

formulation.

2. Along with the previous controller equation, a new controlling
system is postulated, that ventilation is a function of arterial

CO2 and 02 concentrations.

3. The body respiratory quotient is less than unity, i.e. the
total 002 production of the body tissues 1is less than the total

02 consumption of the body tissues.

Apart from the above, all the assumptions made in the previous
model are retained and further following simplifications are

postulated:

1. Oxygen dissociation curves are equal for arterial and venous
blood and the two tissue compartments. Due to gross non-linearity
of the oﬁcygen dissociation curve,a three part linear representation

is assumed. (Figure 6.2).
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2. Muscle and other tissue compartments are at equal time

distance from the lung on the arterial as well as the venous side.

3. Arterial chemoreceptors are situated at half the distance
between the lung and the tissues and are responsive to the arterial

carbon dioxide as well as oxygen concentrations.

4y, The partial pressure of alveolar oxygen is equal to that of

arterial blood, and the venous blood P02 is equal to tissue P02
at all times.
6.1 STRUCTURE AND FORMULATION OF THE MODEL

The present model of the respiratory control system is divided
into a regulated system and controller. The regulated system consists
of the stored quantities of oxygen and carbon dioxide in body tissues
and in the lung, as described by Fahri and Rahn (1955 and 1960).
The magnitudes of these stores are reflected in the arterial and
venous carbon dioxide and oxygen gas concentrations in the blood.
There are two types of controlkrs used in the body. In the first
controller, ventilation is considered to be linearly dependent upon
the mixed venous CO, concentration. The second controller consists

2

of chemoreceptors that are sensitive to arterial 002 and 02 concentra-

tion changes and directly effect ventilation. Although these effects
are not the only ones, for the present other stimuli are considered

to affect ventilation by modifying the relationship between the PCO
2

and P. and ventilation.

0,

The functional diagram of the model is given in figure 6.1.

6.1.1 Arterial Stores

The arterial carbon dioxide and oxygen stores contain these two
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gases at a partial pressure which is identical with the
corresponding gas tensions of the arterial blood. This c‘cxnpartmnt
is made up of the arterial blood and the functional residual
capacity of the lung. (chapter 2).

The dynamic equations, using the principal of continuity,

-

for the gases in arterial stores can be written as follows:

ti) (3‘02 2

d Vv AP Y SN
aFE (—ﬁ—PB_ 7 A002 a aCOZ)

& G0 et Y P R L 6.1
Vb02 a.002 —Pg:[l—? ICO2 a002
where q (CvCO2('r) - CaCOE) is the net rate at which 002 is brought into
the arterial store by blood V (P - P ) is the net

rate at which the 002 is brought to the arterial stores from the atmosphere
by ventilation (PICO is normally zero except in the case of 002

2
breathing). The arterial stores have been divided into two terms:

Vr PACO , which equals the CO, storage as gas in the functional

PB-H'{ 2
residual capacity and Va'caco s which equals the CO, storage in the
2
arterial blood.
(ii) O2 :
similarly for oxygen we can write

d Toay v )

B 7

L PR O3 B W U TN SR 6.2
WO2 802 -P——:lﬁ 102 3.02
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6.1.2. Venous Stores:

There are two venous stores. The first compartment
(venous €0, stores in the muscle) consists of the gas stored
in the muscle and is in equilibrium with the gas partial pressure
of venous blood leaving the muscle. The second (venous gas stores
in the other tissues) consists of the gas stored in all other
tissues in the body except muscle. The gas partial pressure of
these tissues is the same as that of the venous blood leaving these

tissues.

(i) 002 :
Equations similar to those of arterial stores can be written
for the venous stores:

a) Muscle Tissue:

%g‘ (Vﬁ ; QnCO2) z F%l * % ( QaCOE(T) 5 CvaO2 ) seee 6.3
where Vm. Cmcozis the CO; in the muscle tissue,

4. (Qacoz(T) _anCOZ) is the net rate at which CO, is being added

to the tissue compartment (in fact C vm CO is normally higher than

2
Qaco,thus the quantity is - Ve; representing removal of 002 from
the tlssue store) and Mh is the metabolic rate of muscle tissue 002

production.
b) Other Tissues:
Similarly for the compartment to which all the remaining
tissues of the body are assigned:

vOTCO

%g(vor + Corco,) = MOT N qOT (Cacozm -C : ) oouis Bt

.



(ii) 02 £
For oxygen, as no appreciable O2 is stored in the tissues,
only one equation in the form of venous O2 store has been formulated,

158

a4 (V,.0.n)= -U+q(C.q (T)=Cuy) e
5 -V VO2 aO2 v02
where-ﬁ represents the rate of oxygen consumption by the whole body

and q (CaoI2 (1) - C,

o) ) represents the net transfer rate of oxygen
2

to the tissues.

6.1.3 Other equations of the controlled system:
(a) The total cardiac output is equal to the blood flow rate to

muscle tissue compartment plus the other tissue compartments, that is:
qzq_m-t-qOT ....6.6

(b) On the assumption that the carbon dioxide partial pressure in
muscle and in all other tissues is equal to that of the venous blood
with which each is perfused and the partial pressure of the glveolar gas
is equal to the partial pressure of arterial blood at all times (that

is during the transient as well as in the steady state), we can write

Pm-ooz - Pmcq2 6.7
PQTCC)2 = PVOTC02 6.8
%hop, = Taco, 6.9
R LS 6.10

Once the equality in partial pressure is assumed (equations
6.7 and 6.8) and as the CO2 dissociation curves are assumed to be equal

and linear for tissues and venous blood,it follows that

6.11
C = C
Vm002 mCO2
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6.1.4. Dissociation curves:
(a) Carbon dioxide

The Co,, dissociation curve is assumed to be linear,

for arterial and venous blood and for tissues, and is of the form

i = K
‘3002

where K, and X, are constants. Considering Ky (slope of the curve)

equal to 0.0065 and X5 equal to .2U4 (Grodins 1954), equation 6.13
may be written as

C = .0065. P

6002 6[;02 + 0.244 6.14

(b) Oxygen:
7 Due to gross non-linearity of the curve a three piece
linearised representation is assumed for the arterial blood, of the
form

o K. P + Ky 6.15

al 3 "aQ2

n

where K; and K, are constants for a given range of values of volumetric
concentrations as follows (Dittmer and Grebe,1958).
i) Concentration > 0.187
K3
Ky

0.0001625

- 0.1756

ii) 0.155< concentration< 0.187
Ks
K,

0.00107

0.1123

iii) Concentrationg 0.155
K,
Ky

0.00388
0.0

n

Figure 6.2 shows the comparison between the experimental
oxygen dissociation curve and the piecewise linearised version given

by equation 6.15 .
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6.1.5 Controller Equations:

1), Tissue 002 control ;

The equation relating tissue 002 concentration to
ventilation is used as in the previous case:

LR N K (C'I'COz = (CTC‘Oz)o) 6.16

where Vo is equal to the steady state ventilation at rest and

( C‘IUO ) 1is the corresponding value of the tissue 002 concentration.
20

K is the gain of the controller.

2). Arterial OO2 and 02 control:

By allowing subjects to breath gas mixtures containing

various percentages of OO2 (thus varying alvolar PQ0 ) for different
2
alvolar partial pressures of oxygen, a set of curves is obtained as

- shown in figure 6.3A. (Lloyd and Cunningham,1963 .) Each curve is isoPAo i
2

The dotted lines represent extrapolation. Thus it is clear that the
slope of the curve is changing with the oxygen partial pressure in the
alvoli, and these curves can be represented by a linear equation with
variable slope, of the form

B KS (PA002 - K6)5 PA(Dz > K6 6.17

where K5 is the variable slope and K6 is the point on the figure for
zero ventilation.

ILloyd and Cunningham (1963) found that K 5 can be represented as
a hyperbolic functicn of Ppo. @s shown in figure 6.3B. This curve can

. 2
be represented by an equation of the form:

(l(5 - K7) (Pﬂ02 S KB) = constant K say

or K. =K.+ K
5 7 e
P - K
AOZ 8 :
or K_=K, Q+ -——ES——- ) 6.18

where Kg is such that K9K7 = K
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Substituting this value K. (equation 6.18) into equation

6.17 we get
V=K (P K ) (14 K ) >0 gral o 6.19
. 2 P 0 - KS
: a 9
replacing Fyos, DY Pa002 2 Fao, ® Fa0, as assumed. Thus

equation 6.19 represents the form of arterial chemoreceptor
control action.
Using the data of Nielson and Smith(1951)as shown in fig.6.4,

Longobardo et al (1966) developed a controller equation as

follows:
; 23.53 (P, g, ~31)
V = 1.81 (PaCQ gt 3:].-0) + Pao = 32.-“[‘ = 15-0 R 6.20
; 2 .

The following normal values were used in the above equations :

Symbol Value Used Reference
v, 2.51 Grodins et al (1954)
Va 2.4 ¢ Farhi & Rahn (1960)
vv 3.6)’ "
a 5.6 &/min Grodins et al (1954)
c';m 0.895 %/min Farhi & Rahn (1960)
q 4,705 %/min "
.OT
Moo 0.228 %/min Grodins et al (1954)
. 2 ’
M 0.038 &/min Farhi & Rahn (1960)
rim 0.19 %/min "
Uo, 0.28 %/min Grodins et al (1954)
V]'Lll 29.14 Farhi & Rahn (1960)
%, 12.0 ¢ "

Tshle 6.1

84



Using equations 6.14, 6.15 and 6.20 the following intermediate
variables are generated to ease the presentation of the model

equations:

KK2 = Vr + PB ~--4T) Va K3 ..... 6.21
KK3 = Ca002 - K2 - 31.0 Kl ..... 6.22
KKLI = Ca0 . Kll - 32.44 K3 ..... 6.23

2

Using the above normal values the following system equations are

formulated for simulation:

Cv002 = (0.895 cmCO2 + 4,705 comoz) /560 avaes Begh
KK, = 2.5+1711.2 Kq Gowae 0408
}{K3 = Ca~002_ 0-"“455 “w e 6.26
KK’_! = Ca02 =3 Kn- 32.’-”4 K} B L R St et e 6.27
d : & A - v (T e .
w (Caco) = (25.953 (CVCO (= € ) V (*/2) (C o - 0.2h4
2 2 2 2
K, (Pg -.u'r) PIOO;:) 5,623 5 . L sevee 6.28
d i -
= (Cm002) = (0.038 + 0.895 (CaCO2(T) Cmcoz) ) 729.14 ...6.29
d L. =
o (co,mog) = (0.19 + 4.705 (CaOOZ (1) CnCC‘-2 )) 2.0 630
%{-I (caoz) = (5.6 ( Cv02 (t) - Caog) 713.0 K, + 150.0 K5 V (1/2)
-V (t/2) (Ca02 - K3) )"/l{l'{2 ..... 6.31
d - — -
= (cvqa) = (5.6 (0302(1) cvoz) OLaB) /36 LNl 6.32
- .K ' -
y (1.81KK3 + 23.53KE<£3 3/KK1|, ) /0.0065 - 15.0 ....6.33
or
v = 470.6 Cv002 - 268.0 sonwabs 3R
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L

These equations were solved using MIMIC digital simulation
language. As the arterial controller is assumed to be sited half-
way between the lung and muscle or other tissues, V is delayed by half
the time taken for the blood to travel from lung to tissues. A
normal circulatory time delay of 12 seconds is assumed (Milhorn et aly
1965). For studying the behaviour of the model, however, the time
delays are varied for each. input or disturbance (e.g. OO2 breathing,
hyperventilation, asphyxia). Simulations were carried out for each
controller in turn.

The model was simulated for following conditions.

1. €O, Breathing : 3%, 5% €O, input

2. Asphyxia s ¥V = 0,0 fort< 1.5 min.

3, Hyperventilation : N =" B0 For't < 1.5 min.
Y. = 30 fort< 1.6 mn.

Under each input or disturbance various time delays were

simulated for each of the controller strategies.

6.2 RESULTS AND DISCUSSION :
b ) GO2 BREATHING

Step inputsof 3% and 5% were applied to the model. The
model was run for approximately 5 minutes to achieve a steady state
and then the required 002 step was applied for 15 minutes. The 002
level was then switched back to zero and the pre-stimulus conditions were
restored. In each case both control strategies (i.e. arterial P002
and P02 , and tissue 002) were applied in turn for circulation delays

between 12 seconds and 48 seconds.
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. Graph numbers 6.1.1 to 6.1.3 show the results of 3% Co,
inhalation with 12, 24, 48 seconds circulation delays respectively
using the tissue 002 controller. It is apparent that the model
now behaves like a second order system in which the damping
decreases with increasing circulation delays. Assuming the off-transient
response to be-an exponential delay of oscillations, the
damping factor calculated using the logarithmic decrement, reduces
from.8 for 12 seconds delay to .6 for a U8 seconds delay. But
Cheyne-Stokes breathing for which the damping factor is effectively
zero is not present. The responses for 5% 002 inhalation with 12
and 24 seconds time delays are shown in fig. 6.1.4 and 6.1.5
respectively. There is no appreciable difference between the two
responses again confirming that the damping factor of this system
is dependent upon circulation delays. Thus it is possible that for
an increased circulation delay the damping factor will become zero
exhibiting Cehyne-Stokes breathing, but this time delay will certainly
be outside physiological limits as the delay of about U8 seconds in
circulation is present only in patients with acute heart congestion
and any further delay will normally result in death.

Graph numbers 6.1.6 to 6.1.8 show the time response of
ventilation for 3% o, inhalation with 12, 24, 48 seconds circulation
delay respectively, using arterial chemoreceptor control. It is
evident that although the system still behaves like a second order
system, the damping factor is certainly smaller than in the case of
tissue 002 control. This certainly is due to the higher gain of the
controller equation (equation 6.20), which is not only dependent upon
increase in carbon dioxide concentration but also upon the decrement

in oxygen concentration in arterial blood due to inhalation of €O, g;as
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mixtures., Furthermore these two effects are additive as well

as multiplicative resulting in a non-linear control. The period

of oscillation in this case for 24 second delay (graph number 6.1.7)
is 0.9 minutes in comparison to 5 minutes in the case of tissue

0, control for a similar delay (graph number 6.1.2). Thus the
response produced by the arterial chemoreceptor is much faster

with a frequency of oscillation about 5 times the frequency of

oscillation produced by the tissue CO, control. With 48 seconds

2
time delay (graph 6.1.8), the damping factor is zero producing
Cheyne-Stokes breathing with sustained oscillations of ventilation

with periods of apnoea, i.e. zero breathing. The period of oscillations
is 1.1 minute which is slightly larger than in the case of 24 seconds
time delay response. Graph 6.1.9 shows the results for 5% co,
inhalation with 24 seconds time delays. Although oscillations are
larger, the time period of these oscillations is very similar to the
time period in the case of 3% 002. Thus the time period of
oscillations seems to be a function of circulation delays.

An important feature of these responses for both controller
strategies is the fact that although at higher time delays, oscillations
appear even before the stimulus is applied in the model. These
oscillations die off very quickly with the input of 002. In graph
6.1.8, the damping factor is zero for the off-transients, but for
the on~transients it is approximately 0.5. Also comparing the on-
transients for 24 seconds delay of 3% and 5% €O, input (graph
numbers 6.1.7 and 6.1.9 respectively) there is a marked overshoot
for 3% Co, which is not present in the case of 5% o, input. Thus
it can be concluded that input of carbon dioxide increases the

damping factor. In other words the gain is smaller and the
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damping factor is larger during on—transients than during off-
transients.

From the above it is evident that there is a marked
difference between the two control strategies. In the case of
tissue 032 control the results are similar in structure to the
experimental results for 002 input, but in the case of arterial 002
control certain high frequency phenomena are present which are not
comparable to experimental results. Another feature of interest is
that for similar conditions the steady state results for tissue 002
control are higher than for the arterial chemoreceptor control.

In the case of 5% 602, the steady state value of 5% 032 input is
about 17 i/min (graph number 6.1.4) whereas in the case of arterial
controller ventilation is about 15 2/min (graph number 6.1.9). This
is true for 3% 002 input as well. Thus 002 inhalation responses of the
arterial controller are not even structurally similar to experimental
evidence,but Cheyne-Stokes breathing is produced within physiological
limits of parameters.
ii. ASPHYXIA

In this case ventilation was held at zero for 1.5 minutes
after which normal control was allowed to function. Both controller
equations and the variation of time delays were tested.

For tissue CO, control, again the time response of

2
ventilation became more oscillatory with the increase in circulation
delay but the initial overshoot of ventilation after removal of the
breath holding remained unchanged. (Graphs 6.2.1 to 6.2.3). Again
Cheyne-Stokes breathing did not occur even with 48 seconds circulation
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When the arterial contmllel; was used, the initial over-
shoot after removal of the restriction on ventilation was much
larger than in the previous case and furthermore this overshoot
increased with the increased circulation delay. After this over-
shoot of ventilation a period of apnoea occurred and the duration
of this period of zero breathing increased with high circulation
delays. The results were of high frequency and Cheyne-Stokes

breathing occurred at 48 seconds circulation delay.

iii,  HYPERVENTILATION

The model was hyperventilated (forced higher than normal
ventilation) at two levels : 30 litres/min and 60 litres/min for
1.6 minutes and 1.5 minutes respectively, after which normal conditions
were restored. For tissue CO, control the period of apnoea following
hyperventilation is practically constant and so is the magnitude of the
first overshoot following the onset of normal control.(Graphs 6.3.1.
to 6.3.2). For arterial control this period of apnoea becomes smaller
with increasing circulation delays but the first overshoot following apnoea
becomes 1ar§;er. The periods of apnoea for higher level of hyperventilation
are larger for both controllers. (Fig. 6.3.8. to 6.3.11.)

From the above results it is clear that the tissue CO, controller
is slow acting and produces low frequency effects. Under normal conditions
the simulated results are s:un.llar in structure to experimental observ-
ations. Cheyne-Stokes breathing cannot be produced, however, even for
the case of acute heart congestion. On the other hand the arterial
002 and 02 controller is fast acting and produces high frequency results.
Those obtained for C0, input under normal circulation conditions are
not even structurally similar to experimental evidence. (Reynolds et al,

1972). As is apparent in graph 6.1.6 the model response is at least
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that of a second order system due to the overshoot and undershoot
present. On the other hand Cheyne-Stokes breathing can be re-
produced realistically within physiological limits of the parameter
values, irrespective of the input. This confirms the results
discussed in chapter 5, which suggested that circulation delays

and controller gains were the two most important factors in the
production of Cheyne-Stokes breathing. The arterial controller
equation has oxygen in its denominator, so with an increase in
arterial COQ, oxygen concentration normally falls thereby causing
an increase in the controller gain.

Neither of these controller equations produced satisfactory
results. for all inputs. Particularly the tissue 002 control is
based upon the physiological hypothesis that the central chemoreceptors
are sensitive to CO2 concentration changes and are situated near the
brain., Thus it is not possible to test such a controller in a
quantitative analysis unless a separate brain tissue compartment
is formulated with its own blood flow and metabolic production rate.
Another aspect of this controller is its inherent time lag, i.e. any
change in lung gas composition is not reflected in the ventilation
until this new composition of gas traverses to the chemoreceptor site.
Having tissue CO, controller in the brain tissues will reduce this
time by approximately 50 per cent as brain is that much nearer to
lungs than tissue. Thus if ventilation is made to be a function of

brain tissue CO, concentration, then even the tissue CO, controller

2
will act slightly faster than at present. Another factor affecting
the response is the circulation time delay. More realistic formul-
ation of blood flow and time delays may improve the model response

and certainly will make the model more isomorphic.
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CHAPTER 7

MODEL III. (Incorporating brain tissue compartment and variable
time delays).

From the discussion of the models so far (Model I and II)
it can be seen that the major area of uncertainty in the respiratory
physiology is the action and location of the controller. The
controller equations used have been tested for various disturbances
to the model and the model response is compared with corresponding
experimental evidence. Clearly there is need to look further into
the development of controller equations and testing of the model
against a wider set of experimental evidence. Also there is a need‘
to develop the model further to include brain tissues and muscle
tissues so that the model represents various physiological sections
more closely. As shown before (chapter 5 and 6),time delays play an
important part in determining the modelling response, thus there is a need to
include more realistic circulation delay equations into the model.

The central chemoreceptor controller equation used in Model II
(chapter 6) had as its basis mixed Venous 002 concentration. Clearly
this is not true as the central chemoreceptors are sited near the
brain. There is therefore a need to extend the model by incorporating
a brain tissue compartment. Furthermore there is physiological '
evidence to show that cardiac output and cerebral blood flow are both
functions of arterial PCO and P

0
2 2
inclusion of brain tissue compartment and local controls for cardiac

(Grodins et al,1967). With the

output and cerebral blood flow, it is difficult to use fixed time
delays (transport delays) with any accuracy. These time delays are
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functions of blood flow rates and as the blood flow rate changes
with changes in arterial P002 and Poa, the time delays will also
change.

Thus a new set of equations is derived to produce the desired
time delays which are functions of cardiac output and cerebral blood
flow which themselves vary with arterial P002 and POZ. Also oxygen
flow equations are developed for each compartment as opposed to total
oxygen consunption of body tissues (Model II). This will facilitate the
simulation of various metabolic 002 production and oxygen consumption
rates for each individual tissue compartment in which the carbon
dioxide chemoreceptors are postulated to be; and will be of prime

importance to the model response for CO. inhalation. Furthermore

2
there is physiological evidence to show that the blood flow rate to

the brain (cerebral blood flow) and the total cardiac output are both
functions of arterial partial pressures of oxygen and carbon dioxide
(Grodins et al,1967). Thus blood flow rates to each compartment and
particularly to the brain compartment will change with any changes in

the arterial blood gas coﬁlposition.

On the other hand the circulation delay to various tissue
compartments to and from the lung have so far been assumed constant.
Clearly any changes in blood flow rates are going to change these
circulation delays, further affecting the model response. Thus there is
also a need to develop a new set of equations to provide the desired time
delays which are direct functions of the blood flow rate and the volume
through which this blood has to flow to reach any compartment. Assuming
the passage volure to be constant, the time delays may be postulated

as a direct function of blood flow rate flowing through that path.
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Thus the circulation delay from lung to each tissue compartment

'will in the first instant depend upon the cardiac output and cerebral
blood flow rate, but as the latter are themselves variable functions
of arterial PCOE and P02 s the arterial gas composition will also
affect the circulation delays.

As the metabolic rate of 002 production and 02 consumption is
different for each tissue compartment, and also the ratio of total co,
production rate to total oxygen consumption rate is different for each
tissue compartment (brain, muscle and other tissues),there is a need
to develop oxygen flow equations for each compartment as opposed to
one equation of total oxygen flow through the tissues to the venous
side of iung (chapter 6). For example the ratio of 002 production '
~ to oxygen consumption of brain tissues is unity whereas for muscle
and other tissues it is less than unity.

Considering the above, the following new features and assumptions
are incorporated in the pr'esént model.

1. A separate brain tissue compartment is added whose blood flow

rate is formulated to be a function of arterial PCO and P0 after
2 2

Grodins et al (1967).
2. Total cardiac output is postulated to be a function of arterial

P and P, after Grodins et al (1967).
€05 0,

3. 'The volume of the passage through which blood flows to each
compartment is assumed to be constant and the passage volume differs
on the arterial and venous sides of the same tissue compartment
(Grodins et al 1967).

I, Oxygen as well as carbon dioxide flow equations are formulated

for each tissue compartment and the ratio of CO, production to oxygen

2
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consumption is different for each compartment and is constant
(Lloyd and Cunningham,1963, Longobardo et al,1965).

5. The central chemoreceptors, sensitive to changes in carbon-
dioxide concentration, are assumed to be situated in the brain
tissue compartment.

6. 'Te time delays on the arterial as well as the venous side
are variable and are functions of cardiac output and cerebral blood
flow rates. Also a simple first order lag is assumed in changes of
cardiac output amd cerebral flow rate following a sudden change in
arterial gas composition. The time constant of these simple lags
is assumed to be 6 seconds (Grodins et al 1967).

7. 'The arterial chemoreceptors are assumed to be situated at the
same time distance from the lungs as the blood transportation time
from the lungs to the brain.

As mentioned above further considerations are given to formulaticn
of new controller equations so that & wider set of experimental data
can be compared with the model responses. One section which has not
been dealt with so far is the response of the model to Hypoxic breathing,
i.e., Breathing less than normal oxygen concentration in the air. To
be able to incorporate that into the model, development and action of the
controller equations will have to be looked at in greater detail.
Clearly the new equation will have to be developed on the basis of
published experimental results which are based on steady state data.

7.1 Controller Actions: Development of controller equations:

(a) Arterial Controller:

Cuningham et al (1963) performed some experiments on humans
for 002 breathing. These data were used to show that the slope of graphs
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between P ACO and ventilation rate is a function of oxygen. Lloyd
2
and Cumningham (1963) suggested that there is a straight line

relationship between ventilation and alveolar PCO , but the slope
2

of this line varied with PAOin a hyperbolic fashion. The form of
2

equation suggested by Lloyd and Cunningham has been discussed in
chapter 6.
This structure was based upon the assumption that the ventilation in

the P line at any alveolar P, may be extrapolated to a zero
A002 02

ventilation which corresponds to an alveolar P value. This theoretical

CO,
2
value of PACO may be regarded as that at which 002 causes no respiratory
2
stimulation of itself. Nielson and Smith (1951) who first noted this

called the point of intersection the 'Apnoea-point'. All the V ~ PACO
2

=

lines though differing in slope according to PA 2, when extrapolated

meet at this one point and the V & PACO relationship at any given PAO
2

2
may be expressed by the equation

V = S (PACO'; B) ssoowe Ttl

where S is the slope of the line and B the 'apnoea point'.

The hyperbolic relationship between S and PAO has been described

: 2
by Lloyd and Cunningham (1963) in the following equation
S = D (1+F—pt___‘c_‘ ) EEEREE 7.2
A02
which when substituted in equation 7.1 for S gives:
V=D@+ po—) (P -B) G et
A02 A002

This equation has four parameters A, B, C, D; of these B has

already been defined as the alveolar value of PGO
2

exerts no effect on breathing. It can be seen that D is the minimum

at which 002 by itself

slope of the V PA002 line, i.e. the value of S when PA02

is infinity
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and there is no hypoxic drive. C on the other hand is the
critical alveolar PO, value at which the slope becomes infinite.
A is a parameter which describes the sensitivity to Hypoxia.
Using the data of Nielson and Smith (1951), Longobardo et al
(1966) derived the following values of the parameters of the

above equation:
D=1.681 , B=3.0, C=%44, A=130

but due to discrepancies in steady state results they included a
factor of -15.0 into the equation so that the equation now became

e o 13.0 m
V=181 (B - 3L.0) (1 +p—25p) - 15.0 > o. 7.4

2 A02

This equation was used in chapter 6 to represent the response
of arterial chemoreceptors.

On the other hand using the experimental data of Lloyd and
Cunningham (1963), Milhorn and Brown (1971) found the following values
of the parameters:

D=20, B=37.24, C=250, andA = 13.6

To produce the above values Milhorn and Brown only considered

one experiment (No.26) out of a large number of experiments. Thus

their equation became

2 3 13.6
v -Z'O(PAOOE, 37.24)(1 + W) 20 WRE T o
2
Graph (7.1) shows the plot of V versus %\002 for various PAOE

values for the equations number 7.4 and 7.5.
From these figures it can be seen that the values of slopes for

very low Py, (41.5 and 54.0) given by the Longotardo equation (4)
2
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are higher whereas for higher PA02 (64, 100, 153) the slopes of
the Milhorm et al equation (5) are higher. Thus in the case

of hypoxia i.e. less than normal oxygen breathing, the
Longobordo equation will show higher sensitivity.

Cumningham et al (1963) produced results for a large number
of experiments and the data showed considerable variance with
the swbjects. Thus it will be more accurate to average the data,
rather than to develop an equation based upon only one set of
data. Furthermore these experiments were done only for CO

2

breathing, i.e. at the higher end of PACO scale. It is known
2
in physiology that when a subject inhales less than normal

oxygen gas mixtures, the ventilation goes up. This increase in
ventilation tends to reduce the carbon dioxide in the system and

consequently PACO falls. Considering the above equations it
2
can be seen that neither of them on its own is suitable for

testing the model for hypoxic conditions as ventilation goes to

zero at a P

ACO value of approximately 37.0 mm Hg, which is not

2
true.

Weil et al (1970) performed experiments on human subjects

for hypoxia for a constant P

ACO..* They assumed that hypoxic

2
drive for ventilation is of the form
V = V - A e e s 7. 6
o P K
2

where K had the value of 32. Equation 7.16 is similar to

equation 7.3, where PAOO is constant, and the sensitivity of
2
oxygen to ventilation is studied. The hyperbolic relationship

between V and PAO is maintained as discussed above.
2 .

Thos V was caloilated for the mesn values of \}0 and A

for varying PA R
2
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Thus a new controller equation may be developed by combining
the data of Cunningham et al (1963) and Weil et al (1970). For
the sake of clarification some tables of data are reproduced here

from the two papers.

1. Data of Cunningham et al: (1963) 002 breathing:
Assume the same structure for the controller function,

i.e- - A

' -B) (1+

= D (PACO2 P—'__C) R ) 7.7

AO2

The following table (Table 7.I) shows the entire data from
Table II of the publication grouped together for various PAO and
2
the values of B and S for each. The averages are calculated by the

arithmetic mean

Fa0, B S
Rangie Mean Mean Mean
1473156 153 36.0 2.6
96-102 100 39.7 3.1
60-67 64.1 36.4 4,0
i ) 54.1 37.4 5.7
48.2-49.8 49.1 39.8 7.3
43-15,6 44,8 38.5 7.26
40.2-42.9 41.5 39.9 9.3
Mean B = 38.0
TABLE 7.1

Thus equation 7.7 becomes

v - S ( PACO2_ 38-0 ) ssesee 708
Graph 7.2 shows the plot of

V ~ (PACOZ- 38.0) for various PA02
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Now assuming the relationship of S to Ppo. to be hyperbolic

2
after Lloyd and Cunningham (1963)
S L3 (l +-P_A:_E) sseens 709
AO

2
Assuming the value of C to be 30 for which S becomes infinite,
from Graph No. 7.3 (S~ P,. ).
A02

1§

S = X +
PA02“30

where X =D and Y = A D.

Now plotting S versus 1 from table 7.1 the straight
AP 5
line obtained is shown in graph (7.4) from which the values are

X=22and Y = 85.83.

Therefore

0
S.= 22 1+ ———32;—-—-—)
PA023O

The overall equation now becames

v L - 39.0
V - 2.2 (PA.CO 38-0) (l + 'P“"""::’"%’) ER R R ) 7.10
: A02

Equation 7.10 describes the relationships for CO

2
5 breathing,.
Graph 7.2 shows the plot of V & Pyco, for equation 7.10
2. Data from Weil et al (1970): Hypoxic Drive:

Weil et al assumed the following relationship between ventilation

and arterial PO2

L 43 - A
V - Vo + 'P__-_32_—._(_J— sssoes 7.11
e
for constant values of PACO « The values of A and VO are the

2
average values for various subjects.



for P00 =. 37.5

2
Vo = 4.6 and A = 181
for PCO = 423
2
Vo = 5.2 and A = U53.}
The plots of V versus PA002 for various values of Pﬁ02

from equation 7.10 and from equation 7.11 are shown in graph
number 7.5. From this graph it can be seen that it is possible

to' construct a controller equation which will account for hypoxia
as well as CO2 breathing by changing the slope equation. Assuming

the value of minimum ventilation to be 4 litres per minute at P

ACO
2
less than or equal to 30mm Hg, the form of the equation becomes
V=25, (PACOz = VEOY B O - R SR v (22
for 30« PA0025 4o

In other words at PACO; = 4O mm Hg there is a sharp change
in slope.
But from equation 7.10
V=5 (PACOz 2 ZRIO) =L Al RS e Tadi3

for PAC?O; bo.0

where 8; = 2.2 {1 + 220
_ - = 9.0
| A0,

from equation 7.12 and 7.13

S1 (Bygq, = 38:0) = Sz (Pyyy - 30.0) + ol SR 7.14
i = (PAC(igz % 3?2; ;)H'O Wy ST
ACO, ‘
but as the cut-off poin?; is at PACOZ = .110.0;
G0 02 sllc-) 4.0
= Se = 0.2 (3, - 2.0) el B
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Thus the new controller equation becomes

V.= 3 (PAC(Jz - 38.0)

for PAOO > 40.0

= 0.2 (8- 2.0)(P ACO, - 30.0) + 4.0

for ¢ P ACO, < Lo douses Tad]

= 4,0

for PACO < 3

Graph 7.6 shows the relationship between V and

P for various P

ACO2 A0y °

Thus the three equations for arterial controllers are
as follows:

Longobardo et al (1966)

s 3 13.0 ’ e Ja18

Milhom and Brown (1971)

S 5 13.6
V - 2.0 (PA002 3702“)(1 + PAOZ 25 O ) ; 0 LRI B 7.19 I
New controller equation
V=22 (@ +p———-3—9—-°——0) (P, v = 38.0)
_ AO,
PA0023 ll0.0u :
2
= 0.04 U + 5———==)(P - 30.0)
PAOz K)OO A-Coz U ) 7-20
0.0¢ ACO <l4o.0
= 4,0
Proo, = P

However equation 7.20 has been derived assuming that the hyperbola
between S and P 20 has its asymptotes at P equal to- 30.0 and
S equal to 2.2. 'I%e most recent experinental gmdence (Reynolds and Milhorn,
1973) shows that these values are equal to 37.5 and 2.4 respectively.
Thus equation 7.20 can be modified to:
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-

Y = 8§ (PA002 - 38.0)

for PACOg > 40.0

=2 (S - 2.0)(PACOE 70.0) + 4.0
for 30 ¢ PACOf MO T 1 | o e i T L= R 21
= 4.0
for PACOz< 30
where
B = 248 1% 20 )
P‘,,LO2 = 35

(b) Brain Tissue C0, control:

The original form of equation, produced by Grodins
et al is retained, i.e.

¥ =W

N+K(C

i (CBICOz Wl seeess 7.22

where \}N is the normal ventilation rate and (CBlCoz )y is the
corresponding brain tissue CO, concentration and K represents
the gain of the controller equation. | It can clearly be seen
that equation 7.32 is not suitable for hypoxic conditions as

it does not contain any sensitivity to oxygen, except indirectly
through the fact that any decrease in oxygen concentration in
the lung compartment will increase the concentration of CO, for
a while, which in turn will increase ventilation, reducing the CO,
content of the body, reducing ventilation and finally the
ventilation level may well be even lower than normal, which is
contrary to physiological evidence. However brain tissue CO,
control is retained for CO, breathing as the discussions in

previous chapter show that the 002 content of the body can be described
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more accurately using brain tissue CO2 control. Further, this
confirms the physiological hypothesis that the main controller
action for the COQ content of the body is sited near the brain
whereas primarily arterial chemoreceptors control the oxygen

content of the body. There is further evidence which suggests
that ceatral chemoreceptors are sensitive to CO, concentration
whereas the arterial chemoreceptors are sensitive to oxygen
concentration as well as the rate of change of arterial PCO

2
from breath to breath.

7.2 - FORMULATION OF SYSTEM EQUATIONS

The four compartment model (Lung, Brain Tissues, Muscle
Tissues, Other Tissues) is as shown in figure 7.1. There are
two equations for each compartment, oxygen flow and carbon dioxide
flow. The equations are formulated on a similar basis to that
adopted for Model II.

i. CARBON DIOXIDE

a (P—;% . B 4V, C) =q (G, (1) - C) -%57% B s 7.23

a_ (Vop-Ogy) - Mop * Gy (€, (5 o) = Cger) o oaes N

a_ (O G) = Mo+q (G €r -0 o Sewes 25

& (g Op) = M. + g (0 fr i ) vesnse 226

Elh Q0 ) # O G} 20 3 ¢ chenns 7.27
a

where CV is the mixed venous CO2 concentration at the vencus side of

the lung.
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Vv P Y {2 - * -
AN o Y SR IR Il (oSl 5 R ¢ - Vv (P -P.)
a& P b £ o e

LR 7.28

%‘E ( Vor Cop ) = “Uor * 9oy ( C, (TL__O,I.) - CVOT) deniee Tell
%_E‘(vm.cm) :"'Um"'qrﬂ(ca(TL‘_m)—Cvm) RO 7-30
%E(VB'CB):_UB+QB(C&J. (TL—B)_C\.'B) ) 1
B )= e (y-1)s %1 Cor (o) + B B(Tp)  +eeees ¥e

- 3 q |
where Cv ( T,I]_L) is the mixed venous 02 concentration at the

venous side of lungs.

i1ii., CARDIAC FLOW CONTROL

If we consider that the total cardiac output at any given time
is equal to the normal cardiac output plus any changes due to changes

in arterial PCOZ and POz’ we can write

a = qN-r!_\qCO +:3q0 . T M
2 2
where qy 18 the normal cardiac output and A qoz and A qco2

represent any changes that may occur due to changes in arterial P02

and PCO respectively .
- C02

The following equations were developed by Grodins et al, (1967)

by curve fitting to experimental data.
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Bag,% 0-3 (Pygg = 10.0)
for 40.0< Pa002< 60.0 cresee 7.314.-__~
= 0.0 for all othgr P:JCOZ 4 )

)2

g
)

- h [y - _3
9.6551 - 0.2885 By, + 2,921 * 10 P,

- 1.0033 « 1070 ®y0, & s nmiem, 25
for Pa62< 104.0

| 0 far Py > 1000

LR ' St

' 1+ 18

2

where 1 represents a first order lag with a
1+

time constant 1T = 6 seconds assumed.

iv. CEREBRAL BLOCD FLOW CONTROL

Similar to equation 7.13 we can write
QB=qEN+AqBCOZ+6qm2 susnshih Lady

where ﬁchoz and ﬁqmz represent changes in cerebral blood flow

due to changes of P and P

CO,

0, in arterial blood respectively.

Again the following equations were developed by Grodins et al

(1967) by curve fitting to experimental data.

- bl > _3 2
Aqmz = 2.785 0.13%23% P ag, + 2,6033 10 ;Paoz) :
o =5 3 i
2.324 10 (Paoz) + 7.6559 10 (Paoz) R
"i.? for Pa02< 104,0
= 0.0 for PaOf 104.0

135.



2

Moo (= 2,334 1072 -3,1073 * 10” P
9 2
+ 8.0163 * 107" (PaOO )2
2
for Pa002< 38.0
= 0O for 38.0 <Pa002< 44,0 sos s Tond
= - 15.58 + 0,7607 P ~1.2947 * 107° (P i
a002 aCO2

-5 3 =7 4
+ 9.3918 * 10 (Pacoz) ~2.1748 + 10 (Pacoz)

for Pa002 < 44,0
and
a = Y g e T
B —_— B
1+ TBS-
where 1 represents a 1st order lag of time
1+ TS

constant 15 equal to 6 seconds assumed

v. CALCULATION OF CIRCULATION DEIAYS: (Figure 7.2)

The governing equation for the calculation of time

delay is:
Volume

3 Flow Rate

at any instant, assuming the volume
to be fixed.

In figure 7.2 the values for the fixed volumes of péssages
through which blood flows are taken from Grodins et al (1967) and thus

the following equations are developed:

Arterial Delays:

TL_B = 1.062 3 0.015 LR ) 7.1‘!1
1 %

T o= 0 LOR. - 0.3675 b T
a dor

Yo - Trsor suiotine Toli3

136.



Venous Delays:

= 0.06 0.188
TB""L o __."'-"_ + “""'.-"—_ sa s e 7-"”‘{
dg q
o 1.457 0.188
Yoter, v ° : ¥ ;
q
T s Tt ivanie T U5
mL g

In addition to the normal values given in table 6.1 (chapter 6)

the following values were used in simulation of the above equations:

Synbol Valwe Reference

c.lBN 0.75 %/min Grodins et al,1967
émﬁ 0.776 %/min Longobardo et al, 1966
g% 4,074 %/min Lengobardo et al, 1966
I:'IH:OZ 0.068 £/min Milhom et al,1965
';hcoz 0.038 %/min Milhorn et al,1965
Myr00, 0.14 2/min Longobardo et al,1966
':]BOZ 0068 #/min Milhorm et al, 1965
Ui, 0.049 %/min Longobardo et al,1966
Uonc 0.18 £/min Longobardo et al,1966

Using the above normal values, the model was simulated on a CDC 7600
computer using FORTRAN with each controller action, i.e. using each of

equations 7.18 to 7.21 in turm for various disturbances.
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7.2 RESULTS AND DISCUSSIONS

The above model was tested for following disturbances using
each controller in tumn.

1 002 breathing

ii. Increased circulation delays

iii. Effect of CO, breathing on oscillatory ventilation

2
iv. Hypoxic breathing :
7, 8, 9% oxygen mixture in nitrogen for isocapnic
and hypocapnic conditions.
The results are discussed for each controller in tum.

7.2.1 Brain Tissue CO2 Control :

VvV = V +K(CBCOZ-(C

N BCO, )N )

(A) 002 Breathing

Graphe number 7.1.1 to 7.1.3 show the time responses of ventilation

with 3%, 5% and 7% co, inhalation with the value of K(gain)equal to

900. It can be seen that the steady state values of V from simulation are
higher than in experimental results (Reynold and Milhorn,1971);25 %/min
compared to 17.4 in the case of 5% 002 inhalation and 49 £/min as
conmpared to 42 in the case of 7% Co, inhalation. But in the case of

3% 002 inhalation the simulation value of v at steady state is lower than
the e_axperinental result ; 10.3 compared to 11.4 &/min. Apart from

that the following features are evident in these results:

1. For 3% 002 inhalétim (graph 7.1.1) th_e on-transient response is

of 2nd order with a damping factor of 0.7 whereas for 5% and 7% co,
inhalation, the response is of st order with time constants of 2.4
minutes in the case of 7% co, inhalation and 2 minutes in the case of 5%

002 inhalation.
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2.During the off-transient again the response is of at least a 2nd
order under damped system, with a damping factor of 0.6.. Further
there is no difference in the frequency of the damped oscillations
during off-transients.
3. An important feature is the slight overshoot in the off-
transient response after the removal of the step in the case of
5% and T% CO, inhalation, the overshoot being about 4% of the
final steady state value in the case of 5% 002 inhalation and
approximately 7% in the case of 7% Co, inhalation.

Graphs number 7.1.5 to 7.1.6 show the results for time variation

of P
ACO2

appfoﬁmtely 100% overshoot and undershoot in the case of 3% 002

for 3%, 5% and T% CO2 inhalation respectively. There is

inhalation, graph 7.1l.4. The overshoot during the on transients
reduced with increased 002 inhalation but undershoot during the off
transient increases with higher percentages of 002 inhalation, but
the frequency of these damped oscillations does not differ with the
percentage 002 inhalation.

From the above it can be concluded that the controller gain of
900 is very high, producing higher steady state values for 5% and 7%
CO2 inhalation. Also high gain may well be the reason for the
oscillations during off transients in the time course of ventilation.
To compensate for that, the value of gain was reduced to 550 from 900.

Graphs number 7.2.1 to 7.2.3 show the time course of ventilation
after a step input of 3, 5 and 7% 002 respectively, as compared with
the dynamic results obtained by Milhorn et al,1972. It can be seen that
the dynamic as well as the steady state results for the ventilation are

very similar to those produced by experiments on the human body. This is
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certainly true for the case of 5% 002 inhalation where the two
results follow very closely except for the extra oscillation
produced by the simulation during the off-transient. In the case of
3% CO, inhalation slight overshoot is also observed during the on-transient
and also the dynamics of the model response are much faster. The time
constant for on-transient of the model response is of the order of
2l seconds compared with the time constant of about 2 minutes for the
experimental curve. For 7% Co, inhalation,clearly the controller
gain is too low as the steady state value of the model response after
the step input is about 30% less than that of the experimental evidence.
Again the dynamics of the model response are clearly faster than that
of the experimental evidence. -
The curious feature of the overshoot after the removal of the
step input of 002 is still observable. At this stage there is no
physiological evidence to show that this happens in real life. On
the other hand experimental results do not have the required resolution
in time to monitor these changes.Tharefore it is difficult to comment
~ upon these at this stage.
From the above discussion it can be seen that by increasing the
model complexity, the controller gain had to be reduced to 550 from 900
the latter producing more satisfactory results for CO2 breathing than
a less complicated model (Model 1). Another fact that emerges from
this discussion is that no single controller gain can simulate the
results to match the experimental evidence for all the levels of co,
inhalation. As the dynamic as well as the steady state response
depends upon the value of controller gain, this again cannot be
increased for the inhalation of 7% CO, to produce higher steady state
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results because it will make the time constant of the model response

even smaller. Thus,at this stage of complexity, the 002 controller

does not produce satisfactory results even for 002 breathing

except for the case of 5% 002 breathing.

(B )Increased Circulation delays and effect of co, input on

oscillatory ventilation :

Results for these tests are shown in graphs 7.4.1 to 7.4.3 for
circulation delay of 24 seconds, 3 seconds and 48 seconds respectively.
The 002 is inhaled as a step function for 20 minutes from time equal
to 2 minutes to time equal to 22 minutes. For a circulation delay of
2l seconds, although ventilation becomes oscillatory with the step input
of 1% 002, these oscillations die out quicker during on transients fhan
during off transients. In the case of a 36 seconds circulation delay
Cheyne Stokes breathing is produced, but again the amplitude of the
oscillations is very much smaller (nearly half) during the period in
which 002 is being inhaled, although there is no change in the frequency
of oscillations. No periods of apnoea appear , however, that is at no
time is ventilation zero. In the case of a U8 seconds circulation delay, Cheyne
Stokes breathing appearswith periods of apnoea. Here again there is
a marked effect of CO, inhalation. It can be seen that during the Co,
inhalation,periods of zero breathing are very much smaller (nearly 20
seconds) as compared to about 30 seconds after the 002 input is removed.

‘These results show that Cheyne-Stokes breathing may be produced
by the tissue 002 controller even within physiological limits of circulation
delays, but the time period of oscillations is about 75 seconds. Also
it can be concluded that 802 inhalation has the effect of damping these
oscillations and reducing the amplitude of these oscillations which

seems to confirm the general physiological belief.

141,



(C) Hypoxic Breathing :

Graph 7.5.1 shows the time course of ventilation when oxygen
in the breathing mixture is reduced to 9% from 21.3%. Clearly as
expected the results are in no way comparable to experimental
evidence produced by Milhorn et al (1973). The reason for this may
be that as oxygen does not appear in the controller equation, it is
not consistent to use such a controller for simulating breathing
pattems produced by changes in oxygen percentage in the breathing
mixture.

Considering the above discussion it can be concluded that
although brain tissue 002 control produces similar results to those
produced by experimentation, except in the case of 5% CO2
inhalation the comparison is qualitative rather than quantitative,
that is to say that although the responses are similar in
appearance they have a wide difference in magnitude and time scale,
i.e. in dynamic as well as steady state results. Although with this
model Cheyne-Stokes breathing patterns are produced, the time
period of oscillations is too large, about 70 seconds compared with
the physiological evidence which is of the order of 15 seconds
(Longobardo et al, 1967).

7.2.2. ARTERTAL CONTROL :

During the development of this model (section 7.1) along with
the arterial controller equation developed by Longobardo et al, 1966
(equation number 7.28) a new controller equation was developed
using experimental data available, (equation 7.30).

Graphs 7.6.1 to 7.6.3 show the results of 3, 5 and 7 per cent
Co,, inhalation compared with the experimental evidence. It is
apparent that the dynamic results produced by the simulation are

much faster, and there is a discrepancy in the steady state
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results as well, except for 5% 002 inhalation. When the same
equation is used to simulate the effect of hypoxia (9% 0, inhalation),
the results obtained are as shown in graph number 7.7.1. It can be
seen that the simulation results are completely irrelevant. Thus

it can be concluded that although this equation produces satisfactory
results for Cheyne-Stokes breathing produced by increased circulation

delays, the results produced for CO, breathing and hypoxia breathing

2
are in no way comparable with physiological evidence. The reason
for this may well be that, as shown in the development of arterial
controller equations, this particular equation does not cater for
the low oxygen concentration in the arterial blood produced by
hypoxia. The high controller gain on thecther hand may be responsible
for unrealistic results produced by o, breathing paxfticularly during
off-transients. It may further be added that this high controller
gain is responsible for very much faster (nearly 5 times) response
for 0‘02 on-transient as compared to experimental evidence.

Very similar results are obtained for 3, 5 and 7% Co, inhalation
using equation number 7.29, produced by Milhorn et al (1971) as shown
by graphs number 7.8.1 to 7.8.3 respectively. Comparison with the
results produced by the Longobardo controller equation (equation 7.2.8)
shows that the steady state results in this case are higher in
the case of 5% and 7% CO, inhalation. This is due to even higher
gain of this equation (that is, the overall gain is 2.0 instead of
1.81 as in the case of equation 7.28). The results of 9% oxygen breathing
are shown in graph number 7.9.1. It is apparent that although the

model response does not break down as quickly as in the case of the
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Longobardo equation (equation 7.28), the results are still

far from comparable with the experimental evidence. The reason

for the comparatively better performance with this controller

equation is that the denominator of equation 7.29 has a lower

oxygen threshold of P a02 = 2.50 as compared with equation 7.28

in which the oxygen threshold is given by P 302 = 32.44 below

which, due to-ve sign, the controller equation breaks down.
Another aspect which is not included in the above two

controller strategies is that the slope of the controller equation

due to oxygen changes is constant throughout the whole range of

P and P values which result from hypoxic breathing. This
a02 aCo

2
feature of these equations was discussed previously in section 7.1.
Considering the above a new equation was developed which,

although similar in behaviour for CO, breathing, will take into

2
account the change in slopes due to low P&O values attained due
2
to hypoxic breathing. This equation is equation number 7.3l.
As there is no marked difference in the controller characteristics

for higher PaCO and Pa{) values, the results expected for 002

breathing are vzry sirrrilagur to the two previous equations, that is
qualitatively all the features of Co, inhalation response produced
by experimental evidence are present, but quantitatively the results
are far from comparable. This is evident from graph number 7.10.1
for 7% Co, inhalation and graph number 7.11.1 for Cheyne-Stokes
breathing produced by a circulation delay of 48 seconds. Again it
can be seen that periods of zero breathing are smaller during the

CO2 inhalation but after the normal gas mixture is restored the
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period of apnoea becomes slightly larger although there is no
marked difference in frequency of this oscillation which is of
the order of 12 - 15 seconds which corresponds closely with the
results produced by Longobardo et al (1967).

Milhorn et al (1973) produced two sets of dynamic experimental
results for hypoxic breathing. The first set was hybocapnic,
that is the partial pressure of carbon dioxide in the alveoli and
hence in the arterial blood was allowed to vary. In the second,
iéocapnic set, the alveolar partial pressure of carbon dioxide was
maintained at pre-stimulus level through artificial means. This
is the first ever set of dynamic results produced by hypoxic
breathing. The human subjects were given 9% oxygen to breathe
for 12 minute periods and experimental results were obtained for
on-and-off transients.

The new controller equation developed in section 7.1 using
experimental data was used to test the model response for 9%
oxygen inhalation for both cases, that is for hypocapnic and
isocapnic conditions. The results obtained are shown in graphs
number 7.12.1 and 7.12.2 and are compared with the experimental
results obtained by Milhorn et al (1973).

In the case of the isocapnic set, the results obtained by the
model seem to be well in agreement with the experimental evidence.
The slight difference in the steady state values after 14 minutes
méy well be due to the difference in pre-stimulus level of ventilation
which is about 0.5 higher than the experimental results. Otherwise
the simulated results match very well with experimental results in

the dynamic as well as the steady state case.
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Graph number 7.12.2 shows the simulated results for the
hypocapnic case for 9% oxygen inhalation in comparison with
the experimental evidence. Although qualitatively there seems
to be good agreement between the two responses, there are two
features which are different. The steady state value of the
model response is about 15% lower than the experimental result
and there is a slight undershoot during the off transient.
Although difficult to judge from the graphs produced by experi-
mentation, in the text of the publication Milhorn et al (1973)
state that some of the subjects did exhibit some overshoot and
undershoot in the ventilatory response. Thus this undershoot
and very slight overshoot apparent in the simulated response may
well be consistent with the experimental evidence.

In general from the above discussion taken overall it can be
concluded that there are two distinet features of ventilatory
response. First is that there are two chemoreceptor sites in the
body, namely the central chemoreceptors near the brain and the
arterial chemoreceptors in the aortic and carotid bodies. From
the above results it seems that for the 002 balance of the body,
the central chemoreceptor controls are predominant. ‘Ai"terdal
chemoreceptors seem to be more dominant for the development of
Cheyne Stokes breathing which again appears to be consistent with
the above statement as Cheyne Stokes breathing is related to apnoea
aﬁd/or hyperventilation disturbing the oxygen balance of the body
primarily as generally (}02 is not present in normal breathing air
mixtures. In fact the input of 002 through the mouth is an unnatural
phenomenon and may be described as a disturbance to the system in

the terms of system and control engineering. The only way in which
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the body 002 balance is normally disturbed is due to the
changes in metabolic output of the body tissues as a result
of exercise, taking just one example. It will be interesting

to study the role of the brain tissue CO, controller equation

2

in exercise conditions when excessive CO, is being liberated

2
by the muscle tissues. One physiological aspect is that the

oscillations in arterial blood P due to breath by breath

Co,

oscillations as a result of inspiration and expiration, are
strangely affected by the means by which 002 increases in the
body. If the CO, is induced through the mouth, breathing Co,
gas mixtures, the oscillations in arterial PCO2 decrease in size
although the mean rises to a higher level, but if Co, is increased
by increased muscle tissue (})2 production rate due to exercise,
these oscillations become larger with little or no change in the
mean level. For this purpose the model must be extended to
include a variable lung volume to facilitate breath by breath

analysis.
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CHAPTER 8

LUNG GAS EXCHANGE MODEL (ACTUAL VENTIIATION)

So far only a unidirectional flow of air into the lungs has
been considered and ventilation has been defined as the quantity
of fresh air entering the lung per wnit time. The assumption made
so far that the lung volume is fixed is also not correct as can be

seen from figures 8.1 and 8.2.

In reality the lung volume varies periodically with inspiration
and expiration. The peak to peak variation is known as the tidal
volume (\(,N) and for simplicity this can be represented by a sinus-
oidal waveform. The positive half represents the change in volume
during inspiration, that is when fresh air is going into the lung.

The negative half represents expiration.

During inspiration and expiration the alveoli are connected
through the dead space to the outer atmosphere. The dead space is
assumed to be of fixed volume (fig. 8.2). With this assumption the
total change in lung volume is still equal to the tidal volume, but
during inspiration the lung receives first the gases in the dead space
which have the chemical camposition of the alveolar gas at the end
of previous expiration, then fresh air. The fresh air taken into
the alveoli is thus the tidal volume minus the dead space volume. If
instantaneous mixing of gases in the dead space is assumed, equations
can be formulated connecting the dead space to the atmosphere and the

lung to the dead space.

8.1 FORMULATION OF EQUATIONS:

1. Iung Volume and Actual Ventilation:

Consider that the process of inspiration starts from a volume of

Wy (fig. 8.3a). Then the instantaneous lung volume is given by:
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Yo 1= oo 2 WY K, A e 8.1

2
vhere f is the frequency of breathing.

V=V0+

Differentiating equation 8.1 to yield rate of change of lung
volume (V )
¥ = 0t e et it e e 8.2
as shown in figure 8.%. Ttgae positive half of this curve

represents inspiration and the negative half represents expiration.

The total gas flow to the lung, however, is due not only to
ventilation but also to the exchange of 002 and 02 across the alveolar
menbranes, oxygen being taken up by the arterial blood and carbon
dioxide being released from venous blood (fig.8.4). This gas exchange
between alveoli and blood is a continuous process, occuring during
both inspiration and expiration. The rate of exchange is assumed to
be proportional to the partial pressure (or concentration) of gases.

It also depends upon the rate of blood flow. Using Fick's equations:

s : ( - ) L R 8- 3
Do, a (Geo, = Geo,
- ” ( kits ) IR 8-“
To, 2 (Cp, - Go,
where Dy and %2 are the quantities of carbon dioxide and oxygen
2

being exchanged per wnit time.

Terefore actual ventilation is

: N L
Ve = 21rf_2ﬂ. sin 2 wft + () - Dco,). K MR

where the factor K is introduced to account for the difference
between S.T.P. and B.T.P.S. units since alveolar gas exchange occurs
within the body

Using the gas law:

Pn Vn = PBVB s sees 8.6
To . ¢
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where the suffix o represents standard atmosphere and B

represents body,

L e V. i
V‘_— o P T . K ------ 87
o) B0

Assuming B, = 760 mm Hg

Ty = 310%K (body temperature of 37°C)

< o
To = 273K
PB = 713 (body dry gas pressure)
Kk = 160,210
273,713
Faalls e SR T S e S R S 8.8
_ 713
Substituting this value of K in equation 8.5
. v :
Vi = @80 . sln 29069 863 (D = Dia ) sheees 8.9
AC 5 713 02 002

Note that DO is added to the actual ventilation, for if
2

oxygen was not lost to arterial blood, the actual ventilation
would have been higher by that quantity. Similarly DOO is
2
subtracted since it came from the body rather than from ventilation.

The body's oxygen consumption is higher than the CO, production

2
so that the net effect of these terms is to add a positive D.C.

bias to the sine waves. This conforms well to the physiological
evidence that inspiratofy flow is grveéter than that during
expiration. The ratio of expiratory to inspiratory flows or total
body CO2 production to 02 consumption is termed the respiratory

quotient (R.Q.)

The equation 8.9 describes the actual ventilation which is

positive during inspiration and negative during expiration.
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ii. Gas Exchange Equations: (th + ve)

(a) Inspiration:
Dead Space

;R = (F =P
3 > AC t:)CO2 DCOz)ND ......

_tc:_’:i_t 5 FD02 = VAC (Fooz- FD02)ND ......
where Fb equals the gas fraction in air and F,, equals the
gas fraction in the dead space.

During inspiration atmospheric gases enter the dead

space whilst those already there pass into the alveoli.

Alveoli

Defining VACO and VA02 as the quantities of 002 and O2

in the alveolar compartment respectively,

v P + 863 Doo

d_ Vieo AC* i

dat 2

d v V, F. . +83.D
& Yao, ac "po, * 223 + Do,

Gases are entering the alveoli from the dead space;
002 is entering from the venous blood whilst oxygen is
going out with arterial blood.

(b) Expiration: (éﬂﬁ ve).

Dead Space

Defining Fh as the alveolar gas fraction

8.12

8.13

> e =V (F, il )MV, shamen 8y

AC DCO ACO

2 5 D

.

d - F = V F -F )N sa s e
% DO2 AC DO2 A02 D
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‘}AC is negative, therefore to maintain the sign convention
outgoing gases are negative and those incoming are positive.
‘}ACFD is a negative quantity representing gas exiting to the
atmosphere and ‘}AC (—FA) is a positive quantity representing gas

entering from the alveoli.

Alveoli
“g“E' . VA002 = VAC . FACOz + DCOz LR IR I | 8- 16
"g—.'E" - VAOz = VAC . FAOz s DOz L O] 8. 17

During expiration both CO, and 0O, are being exhaled
to the dead space whereas CO, is entering the alveoli from the
venous blood, and O, is leaving the alveoli with arterial blood
continuously.

At any instant, during inspiration and expiration the alveolar
fraction of gas is equal to the quantity of gas in the alveoli at
that instant divided by the instantaneous volume of the alveoli.

From equation 8.1 the alveolar volume V, is given by

A
£ VI ¢ g
VA = Vo + T ( 1 cw 2 .nft) - % " e 8w 8.18
; FACO: & vACOgNA ...... 8.19
and FAOg = VAOZ NA I vans 820

The partial pressure of dry gas is given by the fraction
multiplied by 713.0. Defining Py @ the alveolar gas partial

pressure:
Ppco, = T713.0 Frco, e L 259
and By, = TAZ0 % F A e L

AQ,
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At this stage a normal resting man is being considered,
for whom it is safe to assume that body tissue CO, production
and oxygen consumption are constant

From Longobardo et al (1966)

DCOZ CTR s T O e S <1827
and D02 =  0.28 2/min senaes B2l

giving rise to an R.Q. of 0.89 which is physiologically
acceptable for resting man.
The frequency of breathing is assumed to be a linear

function of ventilation of the form

f = K] + Kz. V LRI 8025

n

where K, 8L )
) Grodins et al (1963)
)

0.267

and K,

8.2 RESULTS AND DISCUSSIONS:

As no body tissue dynamics is involved in this model, the
above equations were tested only for fixed resting ventilations,
and no feedback was involved.

Graph 8.1 shows the time variation of 13‘):\002 during
the process of inspiration and expiration. As expected PACOZ is
varying with tidal volume, not only due to the process of gas
exchange but also due to the change in lung volume. But tidal
volume is rather high at 0.672. This may well be due to a low
breathing frequency of 10.5 cycles per minute. To compensate for
that, equation 8.25 was modified using the data of Reynold et al

(1971) to

£ = 10.7 +0.267 V R rer Rl
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Using equation 8.26 for the frequency of breathing, the

time variation of alveolar PAO is as shown in graph 8.2.
2

It can be seen that tidal volume has decreased to 0.552 with
increased frequency of breathing - 12.5 breaths per minute.
Also peak to peak variation, which was rather high in the
previous case (3.8 mm Hg,graph 8.1), has been reduced to
approximately 3 mm Hg which is physiologically acceptable.

(S.J.G. Semple - private commnication).

At this stage the model is not tested further for various
blood flow rates, or some other change of parameters because
there is no feedback loop, i.e., there is no ventilatory
response from the model due to the body tissues being absent
from the model. It will be of greater advantage to put
together the lung gas exchange model and the body tissue and
circulation model (Model 3 chapter 7) where feedback of
ventilation can be provided either from arterial chemoreceptors
sensitive to changes in gas composition in the arterial blood,
or from central chemoreceptors sensitive to changes in the

brain tissue gas concentrations.
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CHAPTER 9

COMPLETE MODEL (INCORPORATING BREATHING)

The lung gas exchange model developed in chapter 8 is
now extended to a breathing model. In the lung gas exchange
model, relationships were developed to connect the alveoli
compartment to air through the dead space, whereas in chapter 7
a four compartment model was developed to connect the lung (alveoli)
to the body tissue compartments through the flow of blood, which
carries oxygen destined for tissue compartments on the arterial side
and the metabolic carbon dioxide on the venous side. This
phenome;non of gas flows, to and from the tissues was represented ‘
by DCO: and D02 in the lung gas exchange model and these quantities
were assured to be fixed. In practice these quantities are
highly variable and depend upon gas partial pressures (or concentra-
tions)in venous and arterial blood and in the alveoli. They also
are dependent upon the rate of cardiac output which again is a
variable quantity and is a function of arterial PCOz and P02
(chapter 7). Further,up to model III,the CO, dissociation curve
has been considered to be linear and fixed. This certainly is
contrary to experimental evidence as shown in figure 9.1. Not only
is the dissociation curve non-linear, but it is also a function of the
partial pressure of oxygen. (This is known as Bohr's effect in
physiology). Thus new equations for the CO, dissociation curve are
developed which take into account any changes due to varying arterial
oxygen by curve fitting to experimental data (Grodins et al,1967;
Horgan and Lange, 1965).
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In model III equatiox::s 7.1 and 7.6 were used to obtain
the arterial concentrations of carbon dioxide and oxygen
respectively, where the arterial blood compartment was directly
linked to the atmosphere through the lung model and through
linearised CO, and O, dissocation curves., As from the development
and P are

Faco, A0,
calculated from equations 8.21 and 8.22 (chapter 8) respectively .

of the lung gas exchange model, however,

Cacoz and Ca)z

using the more accurate CO,dissociation curve.

can now be calculated directly from PACOZand PAOZ

The present complex model which exhibits breathing has been
developed through step by step complexification of the simpler
model from chapter 5 onwards. It is timely that the assumptions and

features of the present model be stated explicitly.

ASSUMPTIONS:
: The partial pressures of oxygen and of carbon dioxide in the
alveoli, are equal to the corresponding partial pressures of these

gases in arterial blood at all times, (Grodins et al,1967):

Yoo, & 3teng, 0 T dieeah,
2. The volume of the dead space compartment is fixed at all times
and does not change with the cyclic changes in lung volume due to
inspiration and expiration.
3.  The respiratory frequency, i.e. the number of breaths per unit
time is a linear function of the total ventilation (Grodins and
James, 1963) giving:

f =Kk + KxY
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Figure 9.2 shows the experimental results of Milhom and
Brown (1973) and mean calculated for use in this model.

y, The tidal volume is a direct function of total ventilation

and frequency of breathing such that:

V'IV = V/f at all times
5 The CO, dissociation curve is same for arterial and venous

blood and all the tissue compartments.

6. Instant mixing of gas takes place in the dead space compartment

during inspiration as well as expiration.

y o5 The lung as well as all the tissues are perfect gas exchangers
and in the lungs the ratio of ventilation to perfusion is unity,
i.e., all the cardiac output passes through the gases in the lungs

and is perfused by them.

8. The partial pressures of gases in the tissue compartment are
equal to the partial pressures of corresponding gases in the venous
blood, that is to say

Pv‘l‘ = PT at all times.

9. The volumes of the passages through which the blood flows
are constant on the arterial as well as the venous side at all

times.

FFATURES OF THE MODEL:

h 9 Dissociation curves of carbon dioxide are developed through
curve fitting to the experimental data and the effect of changes

in partial pressure oxygen is taken into account.
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2. Ventilation is a cyclic process of altemative inspiration
and expiration and the lung volume under—goes changes accordingly.
At any instant in time, however, the partial pressure in the
alveolar compartment is given by the volumetric fraction of the

gas in the alveoli divided by the alveolar volume.

3. Due to changes in alveolar partial pressures with the cyelic
process of respiration, the arterial blood concentrations of
are oscillating

gases are no longer fixed, instead C o and C
2

aC a0,
with the respiratory cycle. These oscillations of gas concentration
in arterial blood are of prime importance because during inspiration
of carbon dioxide gas mixtures these oscillations get smaller
although the mean rises, whereas during exercise the mean arterial

values may remain unchanged but the peak to peak oscillations increase.

. 'The output of the chemoreceptors is a function of the total
ventilation. The latter is slightly larger than the actual

ventilation, due to the pressure of the dead space.

5. 'The cardiac output as well as cerebral blood flow rates are
functions of partial pressures of oxygen and carbon dioxide in the

arterial blood. (Grodins et al, 1967).

6. The circulation delays are variable, depending upon the blood
flow rates to various compartments and are different for the same

tissues on the arterial and venous sides. (Grodins et al, 1967).

7. For the sake of simplicity the process of respiration is
assumed to be sinusoidal with a slight positive constant offset

due to alveolar-blood gas exchange which is a continuous process.
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8. The functional residual capacity is not fixed but changes
with the size of the tidal volume. The residual volume is constant
and the size of the tidal volume is limited to vital capacity

(Figure 9.3).

9. Under normal resting conditions the ratio of blood flow to
muscle tissues and the blood flow to other tissues is fixed, but
during exercise the blood flow to muscle tissues greatly increases

and so does the cardiac output.

Thus this model represents the real system more closely than
any of the previous models. All the relevant compartments (dead
space, alveoli, arterial blood, venous blood, brain tissues, muscle
tissues) are represented in the model including the instantaneous
variations in model variables due to respiratory cycle. This will
enable the model to be tested for a wider range of experiments, including
the effects of hypoxia (i.e. less than normal oxygen breathing) as
well as exercise conditions (higher metabolic CO, production rate of

2

muscle tissues) in addition to CO, breathing, hyperventilation and

2
asphyxia (zero breathing).

9.1 FORMULATION OF EQUATIONS:

(i) ILung and Alveoli

= K1 + K, V R CIlE d s s

V'IV. = v/f i o At

Vo= O 4 iyl -V AL
&

where (Vr) is the functional residual capacity and (

Virer)
o o

.the tidal volume at normal resting conditions.
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Equation 9.3 describes the change in functional residual
capacity with the changes in tidal volume (Figure 9.2). Thus

the alveolar volume at any instant is given by:

Va = Ve Ny (=tgos2 wEE), . 7 70 N e 9.4

2
and rate of change of alwveolar volume:

VA 2. .2 %l VTV BN HREITT S ag . B L e 9.5

2
Thus using feature no.2

FACOZ = vACOg / VA ...... 9.6

FAOZ = vAOg / VA cevenn 9‘.7
and

PACO; £ 50 FA002 (Dry-Gas). ' o e 9.8

PAO; = 713 FAO: (Dr dag) - . & *" A Glver 9.9

(ii) Gas Dissociation Curves:

Grodins et al (1967) developed a CO2 dissociation curve

using experimental data as follows

= " =3
Cagp, = O+375 (020, ) + O.5HT +0.6732 + 107 P
~0.62 log;; Cagp, - 0.672 * 102 Py, =seees 9.10
G.OT P - O.18

2

Since CaCO appears on both sides of the equality sign
2

in equation 9.10, this has to be solved as an implicit function

af @ aCOz . Figure 9.1 shows the dissociation curve for C aCo,

for varying PO2 .
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A three piece linearised approximation for the oxygen
dissociation curve has been retained (Produced by Longobardo
et al,1966). That is

where K3 and K., take on 3 different values for various groups

of values of C 20, as follows (Longobardo et al,1966).

2 o Ks = 0.00388
2 < Iy
&2 K« = 0.0
K. = .. 0.00107
0.155¢ C.p < 0.187
K = 0.3123
Ks = 0.0001625
Cah > 0.187
C, K = 0.1756

In equations 9.10 and 9.11 it is assumed that alveolar gas
and arterial blood partial pfessures of oxygen and carbon dioxide
are equal at all times, i.e.:

Faco, = Fape, B Fyg, = Bep,

Thus C and C 0 e directly calculated from the alveolar

aCo
2 2
partial pressures of corresponding gas and using equations 9.10

and 9.11 respectively.

(iii) Circulation System

Cardiac Flow Control

q‘ = qq+8ag, + Mg, AR S e 9.12
where gy is 5.6 litre/min.

A 9o, < 60.0

n

0.3 (PaCOZ - 40.0) for 40.0< P‘,:1002

n

0.0 for all other Paco2
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)2

5 ' -3
. 9.6551 - 0.2885 Pa02 + 2.9241 * 10 (Pa02

-6 4
=1.055 * 10 (Paoz) for Pa02< 0N w0 o Sdineies 9.14

i

> 104.0
3.02

Cerebral Blood Flow Control

0.0 for P

TR T T S SRR PR 9.15

where Qpy - o 748 %/min.

A éBO2 2.78 - 01323 Py + 2.6033 , 1072 (Pa02)2
-2.324 1072 (e )2 + 7.6553 , 108
2

< 104.0
2
0.0 for Pa02 > 104.0
2

_2 -
-2 30~ =5:1075* 10 PaOO

for P a0

n

3 2
3 + 8.0163 * 10 (Pacoe)

for Pa002 IO T el

9500

0.0 for 38.0< PaOO < 44,0

2

i 5 -2 >

= 15.58 + 0.7607 Pyey, 12947 * 107 (Pyg )

~2,1748 * 10 1 (P, )
2

+9.3981 * 10> (P

)3
3002
for Pa002 > 44,0

The above equations 9.11 to 9.17 were developed after

Grodins et al, (1967).

Calculation of Time delays: (Fig. 9.4)

The variable time delays are calculated assuming the volume
through which the blood flows to be constant and the time delays

are inversely proportional to flow rate through the fixed volume.
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The volumes of various flow passages are taken from Grodins
et al, (1967).
Tus the governing equation for the calculation of time

delay is:

Volume

T Flow Rate

at any instant, assuming the volume to be fixed

T
1B

gje
(@]
§

2o
:

;80

g 0, g Ty e e S S P 9.18
q dg

S e S L e WIS A S 9.19
a Y

= 1.062 . 0.3675 albasn D20
q ,

= 0. , 0.188 e 9.21
a q

T weat o o, NS Lo i U AN 9.22‘
Y a

2 olehBE S ORIBE PRERT A T T L S e 9.23
q, q

Tissue Compartmental Equations:

<l g OUENa A ey 9.24

qm B

%:&—(éa'l'qn]) DRI R 9025

. (15113002 + qg (o, (1) 5 O, I/ sowwaesiBilh

L (ﬁmcoz + ém (Con0, B = Gacn, V8 eeves 9.27

s (1510,100; c.lOT(Camz o)™ B, Wit « evie 9.28

& (_UBOZ + qg (CaOz (TLB) - CBoz))/gB S e

e
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i

The model is shown in Fig. 9.5.
The equations 9.1 to 9.43 are simlated on a CDC computer using FORTRAN.

201.

& G, ? I Q ©,5 () - G Wy S 9
4 Co, (g, * a4y (O et} = s W oy an et 9.31
s I % Cao0, (TmL) * @, Caco, (T * 9o, Tor-1) 9.3
a
e R 9.33
Dz a5 a g c0is IR o 9.3l
'AC = anzg_v_ sin 2 7ft +002-D002 R U 5
{TAC is positive i.e. during inspiration
I.FDCOz S R B ™ MV e 00 R Y b 9.36
2 2
‘:"Doz =! Y (P %, = oo, M 9,37
{’Acoz ‘}AC FDcoz B Dooz* %—% ...... 9.38
{’Aoz = ViR, - D, .g_% ...... 9.39
{IAC is negative i.e. during expiration
B, = T (oo, = Faco, Vo s onien: 9480
femz e (B, = By M, ks QolL
‘}Acoz Y B wDt cenasa 0,82
1}*&02 24 Ve Bhy SBp 4 - e e . 9.43



9.2 RESULTS AND DISCUSSIONS

Most of the test results on this model are very similar to
those of model III (chapter 7) except for the oscillations of
arterial 002 and 02 concentrations with the breathing cycle i.e.
the instantaneous values of the respiratory system variables
were achieved rather than their mean. However, there were some
unique features of this complex model which are discussed here.

The three disturbances applied to this model are as follows:

o 1% 0‘02 input with various controller equations.

ii. Hypoxic input with the arterial controller equation.

iii. Exercise conditions developed by increased muscle
tissue 002 production rate with various conditions of cardiac
output.
x 1 002 INPUT AND EXERCISE

Graph numbers 9.1A and 9.1B show the variation of actual
breathing pattern (VDAC) with time for the step input of 5% CO2
in the breathing air with brain tissue 002 controller equation.
The step is applied at time equals 5 min. and removed at time
equals 15 minutes. One very interesting feature apparent from
these results is the sudden depression in the ventilation at the onset
of the step input before the ventilation starts to rise again.
Similarly at the removal of step there is an increase in the ventilation
rate before the ventilation starts decreasing. This means that as
soon as CO, is inhaled through the mouth, the concentration of CO, in the

brain tissue is reduced. Similarly as soon as the CO, step is removed,

concentration of brain tissue (0, is increased. Although

the CO;2 5
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there is a lack of dynamic experimental data for such small
intervals of time, the physiolog;ical. view is that this is highly
improbable in real life situation (Dr. K.B. Saunders-personal communication

Considering that it is unlikely to happen in real systems,
the equations describing the system were re-examined. It is
apparent that the 002 concentration in the brain tissue is highly
dependent upon the blood flow rate into the brain tissue compart-
ment (equation 9.26). But cardiac output and the blood flow rate
to the brain is function of CaO2 and Cacoz' Thus as soon as the
002 is inhaled both the quantities; cardiac output and blood flow
rate to brain alter instantaneously as there is practically no
time lag involved in the flow of CO2 from mouth to the alwveoli |
and from there to arterial blood. This immediately changes the
002 concentration in the blood flowing through the brain thus
changing the concentration of co, in the brain tissue compartment,
which in turn instantaneously has a marked effect upon ventilation
as exhibited in the graphsnumber 9.]1A and 9.1B. Also as there is
a time lag involved from the alveoli to the brain tissue the actual
effect of increased CO2 administration is delayed by a few seconds,
(depending upon the variable time delays) which is about 30 seconds.
To test this hypothesis an equivalent time delay, i.e. from alveoli
to brain, was introduced in the change of blood flow rates to the
brain tissue compartment after any change is sensed in the concent-
rations of 002 and 02 in the arterial blood. |

The model was again tested for the same input as before and the

results are shown in graphs number 9.1C, 9.1D and 9.1E. It can

be seen that the sudden depression and elevation of ventilation due to
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the on-set and off-set of the step of 5% co, is no longer
present. Thus one can conclude that although there is
physiological evidence to show that cardiac output and
blood flow rates are affected by the change in arterial
blood gas composition, there is a need for further experi-
n"entation to test the time lags involved in these changes.

The model was further tested for the effect of CO2 input
at the mouth on the arterial partial pressure of carbon dioxide
(Pacog). Graphs nunber 9.2A, 9.2B, 9.2C and 9.2D show the

2
concentration in the breathing mixture was introduced at 5 min.

effect of 7% CO, input on P . 'The step change in CO
2 aCO2

and was removed at 25 min. It can be seen from graph 9.2A thatJ
the oscillations of PaCO2 with breathing cycle are not present during
the rise time of Pa002 but after the transient is over,

the mean level of PaCO2 has risen to a higher new level but the peak
to peak oscillation is reduced from about 3mm Hgz to under lmm Hg.
This confinﬁs in part the hypothesis introduced by Yamamoto et al
(1963) which states that if CO, is administered through the mouth
with the breathing mixture, the arterial partial pressure of Co,
increases to a new higher mean level but the peak to peak oscillations
are reduced, whereas if the Co, is increased fram the tissue side,
i.e. increased tissue CO2 production (as in exercise) then little
or no change occurs in the mean level of Paco2 (after the transients)
but the size of oscillations with the breathing cycle. (i.e. the peak

to peak oscillations)increase.
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To test the second pért of the above hypothesis under
various conditions, the model was subjected to a sudden change
in muscle tissue 002 production rates. For the sake of
simplicity and also due to lack of experimental data available
linear relationships were a.ssmmed for the first test. As in
exercise the muscle tissue Co, production increases, so does
the muscle tissue oxygen consumption and also the cardiac output
increases. In the first instant the muscle tissue 002 production
was doubled, along with doubled oxygen consumption and cardiac
output. Graphs number 9.3A, 9.3B and 9.3C show the time variation

of arterial carbon dioxide concentration. The CO, production of

2

muscle tissue was doubled at time equals 5 min. and restored to

normal at time equals 25 min., with corresponding changes in

oxygen consumption rate of muscle tissue and cardiac output. It

is apparent that the above h-ypothesis of Yamamoto is well substant-

iated. After the onset transients have died, which lasted for

about 1.5 minutes, thg mean C 3002 level is restored although the

size of the oscillations is slightly increased. When the initial

conditions are suddenly restored at time equals 25 min. the transients
last for about 1.3 minutes. The graphs number 9.3E, 9.3F and 9.3G

show the corresponding changes in the variation of ventilation with

time. The interesting feature of the ventilatory response to exercise

as apparent from these graphs, is that the durations of transients for

on and off conditions are similar, as opposed to the ventilatory

response to CO, inhalation where the on-transients are longer in

time than off-transients.
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To test the model further for exercise conditions, another
test run was made where the metabolic output of muscle tissue
and the oxygen consumption was increased to 4 times the normal
but the cardiac output was changed only to the amount so as to
meet the increased demand of the muscle tissue compartment,
which was assumed to increase four times. 'The results of this
test are shown in graphs number 9.4A through to 9.4G for the time
reéponse of arterial CO2 concentration, and graph numbers 9.5A
through to 9.5D for ventilatory time response.

Again it can be seen that the hypothesis of Yamamoto et al
(1963) is well substantiated. Again for Ca002 the time duration of
the on-transient is about 4.3 minutes whereas for the off-transient it

, is about 2 minutes. Similarly the on-transient for the ventilatory
response is about 5 minutes whereas the off-transient lasts about 1.5
minutes. This pattern is similar to Co, inhalation ventilatory
response which showed that the ventilatory on-transient time responses
lasted longer for increased Co, inputs, with little change in the
time duration of the off-transients.

Although at this stage the model fits well qualitatively
with the medical evidence and physiological hypotheses (Yamamoto

et al, 1963) some further dynamic data from real system tests

are needed to compare the results of the model.

ii. HYPOXIC AND 002 INPUT ARTERTAL CONTROL

As discussed earlier (chapter 7) the brain tissue 002
controller was of no use to test hypoxic conditions because the

oxygen levels are not represented in the controller equation.
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Thus to test for oxygen variation in breathing mixtures arterial
controllers had to be used. The problem in the use of the arterial
controller was the breath to breath variation of arterial gas
composition . As these quantities are now varying sinusoidally
with the inhalation and expiration, the output of the controller
equation will also be varying in similar fashion. To overcome

this difficulty a second order filter was designed to remove

any fluctuations in the P

990 %

were fed into the controlling system.

and P&1 before these quantities

The model was tested for 9% oxygen in the breathing mixture and
results are shown in the graph number 9.6A through to 9.6D.
Although the off-transients are qualitatively similar to experi-
mental evidence (Milhorn and Brown,1973), the on-transients

seem to be different. . The response seems to be similar to a second
order system response as cpposed to first order as indicated by
experimental evidence. This may well be due to the second order
filter used in the controlling system to smooth out the breath to
breath oscillations of P a002 and PaO‘?' On the other hand this may
be due to the oxygen being in the denominator of the controller
equation thus producing second order effects.

To test the above discrepancy between the model response shape and the
experimental results,this model was tested for 002 input (5%) with
the same controlling system incorporating a second order filter.
The results are shown in graph numbers 9.7A through to 9.7D. It
can be seen that both on and off transients are similar in shape to

the experimental evidence. Thus the inclusion of a second order

filter does not seem to have any effect upon the shape of the response.
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However as there is physiological evidence that the
respiratory control includes some dynamic terms as well as
tissue CO

and arterial Pao control, it is not possible

2

at this stage to go any fUrEher into the development of the
model equations on the basis of currently available
physiological data. Further as has been shown in the previous
chapters, neither the tissue 002 controller nor the arterial
controller is capable of simulating all the test results on

the real system. The final controlling system must be a
mixture of the two types of controls. As there is no
physiological evidence and data available for developing a
hypothesis and its testing on the model as regards to type

and mode of controlling system, one can hypothesise by
considering the results developed and discussed in this and
previous chapters. A controller equation may be developed which
includes both controlling actions, i.e. brain tissue CO, control

2

as well as arterial C and C control. Not only will the
aCOE aO2
parameters of such an equation be difficult to estimate, but the

structure of the controlling system will also have to be estimated.

The problems of identification and parameter estimation are
briefly discussed in the next chapter and a composite controller

equation is developed.
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CHAPTER 10

MODEL VALIDATION

Model validation is concerned with the capability of the
model to reproduce the real system responses for a given set of
inputs or disturbances. The two features essential for any
model validation process are structural identification and
parameter estimation. This is true whether the model is to define
some input-output causal relationships through curve fitting or
the model is to mirror the real system as far as possible i.e. an
isomorphic model. When one of the main objectives of the modelling
exercise is to study the behaviour of the system (as in this casé)
and if a priori knowledge is not available for some parts of the
system,then one tries to incorporate structures to which parameters
are assigned which are more likely to describe the behaviour of
the system.

The problems of validity of the model of the respiratory’
system are predominantly structural, particularly the structure of
the respiratory controller. Another problem encountered in the
validation is the non-uniqueness of the model. If a mathematical
model can successfully simulate a single experiment, then the model
may be considered to be one of large numbers of models which may
be able to do the same thing. But if the model can simulate two
essentially different experiments, the number in the set of models
which can do the same thing decreases considersbly. The larger
the nurber of experiments which can be simulated, the srﬁaller the

nunber of altemative model structures.
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There is no satisfactory technique of structural identi-
fication of models apart from testing each compartment of the
system separately which is not feasible in the case of the
respiratory system. Thus one can only postulate a structure, to
which parameters may be assigned with the view of satisfying all
the available data. On the other hand the development of the
model itself uses a considerable amount of available experimental
data, thus limiting the extent of validity of the model to that
data. One important feature that can be used for the purpose of
validation is that the model has to simulate the real system
response in dynamic as well as steady state, i.e. the model has to
reproduce similar time constants during transients.

The mathematical model of the respiratory system developed
in the previous chapters was developed in stages due to non-
uniqueness of the models leading to a complex model. At each stage
the conplexity of the moael was increased along with the nunber of
experiments simulated. The data used for the validation at each

stage were 002 breathing, hyperventilation, asphyxia and hypoxia,

and the parameter sensitivity was tested for circulation delay times
and controller gains. This stage by stage validation of the model
in chapters 5 to 9 highlighted the uncertainty of the structure of
the controlling system. It was found that no single structure

could reproduce all the responses of the real system for the same
inputs or disturbances. This leads to formulation of new structures.
Also as seen in chapter 5 the tissue 002 controller reproduced
comparable responses for Co, inhalation of 3%, 5% and 7% but still

there was some variance in the m1‘mspome with the percentage

249.



002 inhaled. Thus a further test of the structure of the data

may be that for different values of 002 inhaled the parameters
fitted to that structure should not have to be changed, but if
parameters change with the change in this level of disturbance
then that particular structure is not correct and a new structure
has to be hypothesised.Thus a large part of validation is the
validation and testing of the alternative structures. There are
many mathematical techniques available for identification and
parameter estimation but few of them, if any, are applicable

to non-linear, multivariable, complex systems. Rstrém and
Eykhoff (1971) have published an excellent survey of the various
techniques available for System-Identification but in their own |
words for non-linear systems, "The techniques currently used simply
convert the identification problem to an approximation problem by
postulating a structure. The few non-parametric techniques available
are computationally extremely time consuming”. Thus more of the
conventional techniques of identification and parameter estimation
may be conveniently used for the validation purposes of such a
complex process as the respiratory system whose mathematical model
is developed in chapter 9.

Considering the above problems,two separate techniques are
used to study and evaluate the structure and parameters of the
controlling system. One of them is functional minimisation through
the use of an error function which is similar to, but far more
adaptable than least squares method and the other is the use of
pattern recognition techniques in résponse 'features' of model
simulation compared to similar 'features' pmﬁuced by the real

system.
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As discussed above there are two sites for the chemo-
receptors in the body which sense the chemical composition
of gases around them and produce signals to alter the ventilation
rate. The first are the central chemoreceptors considered to
be in the brain tissue compartment and the second are the arterial
chemoreceptors responsive to arterial PCOé and Poz. From the
discussions in previous chapters it is clear that the central
chemoreceptors are primarily responsive to carbon dioxide changes
whereas the arterial chemoreceptors are responsive to oxygen
changes. But as there is interdependence of the two gases involved
it is possible that a controlling system incorporating both the

chemoreceptors may result in removing the discrepancies between the

model and the real system responses to 002 inhalation.

10.1 Functional minimisation technique:

The method for identifying parameters of the controlling
system of the mathematical model is shown in the figure 10.1.

The computer program used was developed by J. Letia (1974).
The system output response was taken from Reynolds and Milhom
(1972) and was digitised at intervals of 1 minute (1 second computer
time) over a total response time of 32 minutes. Spline inter-
polation is employed to determine the system output response between
the one minute intervals.

The model output response is cbtained by digital simulation

using various controller equation formulations.
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Error Index:

An integral squared error criterion is used defined

32
- » 2
J = /;(V-VE) dt T L e
O

where V is the output of the biological controller such

that :
Vo= 28 sou i A

V = f(C d o ) 2, 10.3

TC0,* at CTC0, oo+ 10

¥ e e B SR I 10.4

and VE is the corresponding output from the real biological
system. The equations 10.2 and 10.4 describe the controlling

system consisting of brain tissue CO, control and arterial

2
002 and 02 plus brain tissue 002 control and equation 10.3

includes the rate of change of C .
'I'CO2

Optimisation Algorithm

The optimisation algorithm used to determine the parameters
Kis K5 ooiy K to minimise the error index J is based on direct

linear searches using the iterative scheme

Ko =K +4. 8, S h e 10.4

where K; is the vector of parameter at iteration i andd;

is chosen to minimise J along a search direction §. i+ A quaderatic
interpolation formula is employed to estimate the optimum of Ai
and successive search directions a.r*e’computed using the Powell-
Zurgwill direct search procedure. An adaptive scheme is used for
determining the initial step along a search direction and also

for the accuracy parameter employed for convergence of the quadratic

interpolation.
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10.1.1 Results and Discussions:

A TISSUE CO, control:

Figures 10.1.1, 10.1.2 and 10.1.3 show the results of model
simulation compared with experimental evidence of ventilation
(Reynolds and Milhorn 1973) for 3%, 5% and 7% CO, inhalation with
proportional and proportional plus derivative control. As expected
from earlier discussions of tissue CO, control (chapter 5) the value

2

of the controller gain differed for each percentage of 002 inhaled.

The various values of K in the equation:

found by using optimisation techniques are as follows:

K = 1292 for 3% Co, inhalation

K = 971 for 5% Co, inhalation

K = 1002 for 7% CO2 inhalation

Not only the values of gain differ in each case but the
dynamic response is faéter in the cast of 3% CO, and slower in;
the case of 7% 002 as compared to the experimental evidence.
To improve upon the dynamic response of the model a dynamic
controller of the form in equation 10.3 was postulated. That is

to say

V=60 + K Coo, " O, (@) + K5 %Ecma Wil 1055
The simulation results for this controller strategy are

shown in dotted lines in figures 10.1.1, 10.1.2 and 10.1.3 for

3%, 5% and 7% co, inhalation respectively. In the case of 3%

CO2 there was no difference in the model response but for 5%
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and 7% CO2 there is a marked improvement in the model responses
which correspond very closely to the experimental curves.
The following table shows the values of Kl and K2 for equation

10.6 for various percentages of CO, irhalations .

2
% 002 inhalation K K,
5 1249 96.2
5 968 5.5
7 995 906.9

Thus it can be seen that although the inclusion of derivative
control in the model improves the performance of the model there
is no unique set of values of either Kl or K2 which can be used for
all percentages of 002 inhalation. This confirms the belief that
although the central chemoreceptors are responsive mainly to 002
concentration, they alone are not responsible for the changes in
time course of ventilation induced through the inhalation
of Co, in breathing gas mixtures. As previously discussed in
chapter 6 the arterial chemoreceptors are not capable of simulating
the real system response on their own, hence it is reasonable to hypothesise
a controlling system which includes both the controller actions,
i.e., central chemoreceptors control responsive to brain tissue
002 concentration changes and arterial chemoreceptor control responsive
to changes in arterial concentrations of oxygen as well as carbon
dioxide.

B Complex Controller:

In view of the above discussion a complex controller equation

was hypothesised of the form:
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YV = 6.0 + Kl (CBTCO2 = CBTcoz(o;)
+ K, (Cacoz - K)QA + %;ETK-S-) ..... v 30,7

It can be seen that equation 10.7 represents a mixture of the
two controller strategies independently tested in the previous
chapters. The form of the equation is S0 chosen as to be able
to represent the two control actions together but each controller
in part still retaining the same form as used in chapters 6 and 7.
At this stage it must be noted that equation 10.7 cannot be used
for simulating any changes in ventilation rate due to changes in
oxygen concentration in the gas mixture inhaled because the value
of Kjwill be set as near to the normal value of Ca002 as possible
because of the presence of 6.0 (normal ventilation rate in litre
per minute) on the right hand side of equation. Still this
equation (10.7) can be used to study the model response to 002
mixtures in breathing air.

The following values of the constants K.L to K‘S were found

K =0 .280.3
K2 = 18.05
K3 =  0.524
Ku = 0.%52
K5 = 0.179

It can be seen that the value of K} = 0.524 is very nearly
equal to the normal value of Ca002 of 0.533. The simulation
results are shown in graph 10.1.4 in comparison to the experimental
evidence for 5% and 7% co, inhalation.

Although the results produced by the controller equation
10.7 are very similar to the experimental results, there-is °

still some disparity in the dynamic regions. The simulated results
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are slower than the experimental results for both cases, i.e.

5% and 7% 002 inhalation. This is particularly evident for

the off transient of 5% 002. This may be due to the fact that
the role of the arterial controller is considerably dimished due
to the inclusion of 6.0 in the right hand side of equation 10.7.
(As discussed in earlier chapters the arterial controller has a
faster time response for CO, inhalation). To study the above

2
hypothesis equation 10.7 was remodelled in the form "

V.= (c =i (0)) +
K BICO, ~ “BICO, 9 K,
e Lngan %)) AT . . 10.8
K aco, ~ 3 b ca02

I'J:he omission of 6.0 from the equation 10.7 put a constraint
on the values of K2, K3, Ku and KS such that these constants have
to satisfy normal conditions of ventilation as well as the time course
of ventilation due to inhalation of 002 gas mixtures. The
following values of the constants were found using the optimisation

routine:
R SRR f el lamg' K, = 0.4
By = 28 3 K = am

The results of the model simulation with this controller
are shown in graph 10.1.5. It can be seen that the model response
of time course of ventilation follows very closely to the experi-
results and the values of constants do not change with percentage of
co, inhaled.

Although using the above optimisation technique a complex

controller of the form in equation 10.7 is formulated, it is
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yet to be seen if any dynamic terms are to be included in the
controller equation and if so what are the variables which
should be included in the controller. A dynamic controller as
in equation 10.5 hypothesised and tested,showed that

the dynamic results are improved but still the parameter values
changed with change in per cent CO, inhaled. Further experimental
work is needed to provide further stimulus to hypothesising new

controller strategies.

10.2 Parameter Estimation Through Feature Selection:

In this technique only certain features of the whole time
response of ventilation are used which characterise a particular
response, instead of using the whole time response. This technique
may be particularly useful in identification of highly complex,
non linear and multivariable systems.

The occurence of certain features in a system response to
a test stimulus provide useful indicators as to system structure.
For example at the trivial level, the presence of oscillations
in a step response of a linear system indicates that the system
is of at least second order. The oscillatory feature yields this
information, there being no need to perform a detailed analysis of
the complete time course of the response. Particularly in the case
of complex models, it is such features rather than overall time
courses of response which are of prime importance in parameter
estimation.

If a model is such that the parameters do have a direct
physiological meaning, then changes in the parameters must lead

to the appropriate changes in the features of the model response.
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It is the reproduction of such features, for example overshoot

and frequency of oscillation, which are important in this model
validation rather than necessarily minimising a loss function.

This indicates that pattern recognition technigues can be

applied with benefit to system identification and parameter
estimation of biological processes so that response features are
obtained corresponding to the specific physiological classification.

The technique requires a model which yields appropriate
responses under an adequate variety of test conditions. Each
distinct test condition corresponds to a pattem class, where the
class numbers are those responses which are appropriate for that
condition. In practice the criterion of appropriateness is the
liklihood that a human subject would yield such a response in
the same circumstances.

Clearly each class is likely to contain an infinite number
of different responseé, but certain features are common to all,
allowing their class membership to be determined. Within the
pattern recognition frame work a feature is simply any measurable
characteristic of a response. In one sense, a feature is defined
by a set of instructions, which may be simple or complex, which
associate a real number with each response, The recognition problem
is that of determining the class membership of the response from
the set of feature values.

With this representation, each response corresponds to a single
point in an N - dimensional space in which each co-ordinate is

associated with a single feature. The entire space includes all
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possible combination of feature values and therefore of all
possible responses and can be regarded as the wniverse in which
the pattern recognition system operates. The entire feature

space must be pre-classified, being divided into disjoint

regions, each being assigned to an appropriate class. 'This
partition amounts to a decision rule specifying those combinations
of feature values which are appropriate to the responses from each
class and voting their location in the space. This requires a
'training set' comprising a representative collection of responses,
of known classification, for each class. Effectively a system is
designed to reproduce these classifications and to yield appropriate
classifications of new 'unseen' responses. Many techniques are .
available for partitioning an N-dimensional feature space on the
basis of a training set (Duda & Hart,1973). The concept is
illustrated in figure 10.2 for a two dimensional feature space.

Concerning the feature selection process, in many cases it is
possible to define a large number of features, all of which may be
expected to contribute to class separation. Computer programmes
can then be used to search through this candidate set in an attempt
to find a few good features. Clearly the training set can be used
to judge the worth of any feature combination, based on resulting
mis-classification.

For this study a simple recognition strategy is employed. For
each class (test condition) a set of weights is desired, one for
each feature used - Wiss N 0501y 2 ey Nk 3 = X, Bi sl
classes and N features. These weight values are determined from

the training set. A response to be classified yields N
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feature values X5 J =1,2, ... N. A weighted sum is

formed for each class:

N

Wy =j§1wﬁx ¥ Sl A A T S 10.9

and the response is assigned to that class yielding the
smallest value of wi. Details of the feature space programme
are given in a research memorandum by W.J. Hill (1972).

For the training set_16 waveforms were used from the
data of Reynolds & Milhorn (1973), for each of the test conditions
which correspond to step inputs of 3%, 5%, 6% and 7% carbon
dioxide in breathing gas mixtures. Each waveform was sampled at
1 minute interval providing % sample values from each dynamic
response. The training set was correctly classified by the
feature space computer programme using leave-one-out evaluation.
Three features were sufficient for this operation, namely sample
values U4, 29 and 35 from each waveform.

Thus in this example L = 4 and N = 3 and the weighted sums
generated by the program are:

Wl = =0.07 Xu + 0.04 ng = O.lT X35 + 3.53 eeeees 10.10A
Wz = 0.09 Xll ~10.7%9 X29 + OT1 XBS Ol kel Lo 10.10B
W3=-0.19 Xu+0.5 X29 + 0.48 X35 - b4.23 eesess 10.10C
Wu = 0.18 Xll =~ 015 ng = 0.72 X35 e 7 S S 5 ¥ 10.10D

where Wl, WZ’ W3 3 wu correspond to the four test conditions
(classes of 7, 6, 5 and 3% carbon dioxide input respectively).

© 10.2.1. Results and Discussions

The recognition strategy, developed from the training set
of experimental test responses to 7, 6, 5 and 3% carbon dioxide
step inputs, is now used to test the model responses corresponding
to carbon dioxide step inputs of 7, 5, and 3%.
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A Tissue Control: As discussed in chapter 5 the two important

parameters of the model are the gain K in the controller
equation and the circulation delay time 1. The equation is of
the form .
M= X, (C'I'002 - C'I’C02 o)) F bl B8 RS S 10.11
Estimates are now sought for the parameters K and t. If
physiologically plausible values of these parameters are adopted,
the model responses should be correctly classified assuming the
controller equation 10.11 to be applicable for the control of
ventilation. As the parameter estimates are varied in a systematic

manner so the response pattern classification changes. Results

corresponding to K = 500 with variation of t are shown in table 1.

T(s) Test Input wl(T%) w2(6%) w3(5%) wq(B%)
3% 0.79 - 0.15 - 0.84 0.26
0 5% 0.19 0.40 1.27 0.81
7% 0.67 - 0.03% - 1.8% 0.60
3% 0.61 0.23 - 0.13 | -0.42
12 5% 0.16 0.70 - 0.98 0.20
7% -0.03 0.78 - 1.56 0.94
3% 0.42 0.02 0.28 | -0.70
24 5% 0.34 0.06 0.30 | -0.59
7% 0.3%0 -0.75 1.10 -0.67

Table 1 Tissue Control:

With T = 12 seconds, a parameter value within the physiologically
plausible range, the responses corresponding to 3 and 5% carbon-
dioxide inputs are correctly classified. Reducing Tt to O seconds,

results in a misclassification of the 3% response whilst with T set to
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24 seconds, the 5% response is incorrectly classified. Thus

for 3 and 5% test inputs t = 12 is an acceptable parameter
estimate whilst O and 24 are not. In this way the physiologically
acceptable range of the parameter t can be defined, the estimates
resulting from the patterm recognition technique lying within the
~ physiological range. A similar procedure can be adopted for the
controller gain K.

Whilst the tissue controller structure leads to successful
parameter estimation for 3 and 5% 002 inputs, extension to 7%
input reveals incorrect classification over the parameter values
examined. Hence whilst the tissue control model structure provides
an acceptable description of 3 and 5% data, the inadequacy of this
structural hypothesis -is revealed by applying the pattem recognition
technique to the 7% data.

B Arterial Control: In a similar manner the arterial controller

strategy is tested, leading to the results shown in table 2, where

the controller equation is of the form

e W 3 K
V=K (PaCO2 Ka) 1+ . 3- y ¥ et 10.12
ao2 y

where Kl may be considered to be the gain of the controller equation.
The development of such an equation and the values of parameters
K, to K, are discussed in chapter 6.
With a controller gain K, = 2.2 (Milhom and Brown,1971),
T = 16 and 20 seconds, give a correct classification of 3 and 5%

data whereas 12 and 24 seconds give incorrect classifications.
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Hence the acceptable range of estimates for this parameter can
be defined as it can for controller gain }(l As with the tissue
control, inadequacy of the arterial controller structure hypo-
thesis is revealed from the pattern recognition results for the

7% response.

1(8) Test Input WI(T%) w2(6%) W3(5%) wu(s%)
3 0.5 0.05 - 0.45 -0.03%
12 5 - 0.04 0. 93 -1.75 1.22
7 -1.22 1.99 - 4,30 3,83
3 0.23 0.31 - 0.10 -0. 42
20 5 - 0.21 0.92 -1.18 0.62
' 7 - 1.29 1.78 - 3.02 2.82
3 0.08 0.50 - 0.29 -0.2
2k 5 =055 1.97 1 ~2.99 1 1.74
7 - 1.17 3,10 - 4,51 2.82

Table 2 Arterial Control

C Combined Controller Structure: Since both of the controller

structure hypotheses have been shown to be inadequate, a new
controller equation is developed incorporating both tissue and
arterial control. Using the feature space identification techniques,
controller gain and circulatory delay parameters can be estimated
for this new structure. The results for variation of t for a chosen
-controller gain are shown in table 3. The controller equaﬁion is:
acCop SR

ao

V = 6.0 + 250.3 (CBICOZ-CB,ICOE(O) ) + 18.05 l-'(c o, -0.524) + 0.625 9:]
2

-
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1(s) Test Input W, (72) | W,(6%) WB(S%) Wy, (3%)

3 0.42 0.03 0.28 =0.73

0 5 0.34 -0.06 0.30 -0.59
T 0.%0 -0.75 lrde -0.67

3 0.30 0.26 -0.07 -0. 43

12 o) 0.02 0.43 -0.27 -0.08
7 -1.10 0.45 0.99 -0.15

5 0,23 0.3 0.07 -0.59

16 ) -0.92 0.92 -0.57 0.25
7 -0.% | 1o1‘]| -0.% 0.98

5] 0.23 0.3 -0.08 -0.42

24 5 -0.06 0.91 =T 0.62
7 -0.3%0 0.49 -0.58 0.64

Table 3. Combined Controller

From table 3 it is clear that a range of values can be estimated
for T satisfying not only the 3 and 5% 002 input responses but also
the corresponding to a 7% input of carbon dioxide. 'The limit of the
range of 1 values which are physiologically acceptable are clearly
revealed since estimates of O or 2l seconds result in misclassification
of the model responses. Both, model structure and parameter estimates
for that structure have been developed, therefore, capable of reprod-
ucing the features found in the dynamic physiological responses to
all three inputs.

The application of pattem recognition techniques to the system
and model responses can also be used to study the sensitivity of

the parameters of system or model, as changes in parameter values

bring about changes in the response pattems.
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These two techniques, discussed in sections 10.1 and
10.2 can be used for the identification and parameter
estimation of complex systems. The technique of pattem
recognition is particularly useful in the study of complex
systems e.g. biological, social, economic etc., where there
is considerable variation in parameter values of subjects or
sybsystems and also the features of the responses are of

greater importance rather than the actual values.
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CHAPTER 11
CONCLUSIONS

In the present study the respiratory model has been made
much more realistic approximating more closely towards iso-
morphism by a systematic process of model extension and model
testing. At each stage of development the model was tested for
variety of conditions i.e. CO, breathing, circulation delay
time variations, controller gain sensitivity and the phencmenon
of Cheyne-Stokes breathing. This process of development led to
a complete model .(ohapter 9) which exhibits breathing and

incorporates local blood flow controls.

Unlike many of the models published to date (chapter 4) this
comprehenéive model has variable lung volume which undergoes
changes with the respiratory cycle and also includes variable time
delays in blood transport to and from various tissue compartments.
Thus the model simulates the breath to breath oscillations of
arterial blood gas compositions. This makes the model far more
adaptable to various test conditions. Unlike previously published
models, this comprehensive model is developed through the use of
some real tests which iﬁcluded 002 breathirg, oxygen breathing,
hyperventilation ete. The following show the clinical and experi-
mental tests which have been simulated on the model:

1. Increased 002 in inspired air.
2. Decreased 0, in inspired air.

3. Cheyne-Stokes breathing induced due to
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i) Hyperventilation

ii) Apnoea.

iii) Increased circulation delay times (congestive heart failure).
iv) Increased controller gain (neurological disorders).

v) Minimisation of Cheyne-Stokes breathing due to CO
: inhalation.

vi) Exercise conditions (increased metabolic CO, output of
muscle tissueg).

5 and O2

vii) Capability of breath to breath analysis of arterial gas
concentrations.

Apart from the above the inadequacy of each controller used in
previously published models is shown, i.e. that tissue 002 control
may successfully simulate €O, breathing but cannot simulate the
phenomenon of Cheyne-Stokes breathing and vice versa. In addition
none of the controller equation devised so far were able to simulate
the breathing of air mixtures with less than normal oxygen concent-
rations. This lead to the development of new controller strategies
which were a mixture of two types of controller equations.

In chapter 10, in the study of identification and parameter
estinatipn of the model two new techniques were developed and
employed which showed the tissue CO2 control above cannot simulate
even the 002 breathing for various percentages of 002 gas mixtures
inspired. The same was true for arterial controller. Thus using
these techniques, namely functional minimisation and pattemn
recognition techniques through the measurement of features of
responses, a new controller equation is developed which not only
simulates the various percentages of CO2 gas mixtures in breathing

air in steady state but also in transients as well.
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The pattern recognition technique developed for the
parameter estimation of the model can be used for any system
but is particularly useful in the study of biological systems.
Due to variation in the parameter values of individual subjects,
the ".atures of the response are of greater importance for the

purposes of identification rather than the actual values.

The comprehensive model developed with its new controller
equation is adaptable to any set of experimental situations in
physiology. The future work may include some further experi-
mental work to define the controller structure whose parameters
may be fitted through the use of the two techniques discussed
in chapter 10. If required, further physiological tests, e.g.
acid base balance, the effect of lung volume dead space variations,
changes in heart blood flow rates etc. may successfully be simu-
lated by the model with minor modifications and compared with the

experimental results from the patients.
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Appendix IT

Nomenclature

(& - concentration
D - diffusion coefficient
T - function
f _ - respiratory frequency
F - gas fraction
g,V - volumne
By - functional residual capacity
k,K - constants
M - - metabolic production rate
Subscripts

- alveolar
a - arterial
AC - actual
B - brain
002 - carbon dioxide
D - dead space
I - 1inspired gas
L - lung
m - muscle
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partial pressure

barometric pressure
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ventilation
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air

oxygen
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tidal volume
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Appendix IIT

Glossary of Physiological Terms

Alveolus - Minute air-filled sac in vertibrate lung, thin walled
and surrounded by blood vessels. There are large numbers of alveoli
in each lung and it is tﬁmugh their surfaces that the respiratory

~ exchange of CO, and oxygen occur.

Apnoea - Strictly maintained expiration, but used to describe any
breath holding.

Cerebral Blood Flow - Blood flow through the brain.

Chemoreceptor - Receptor which detects and differentiates substances

according to their chemical structure, by contact with their molecules.

Dead Space = Only the first 250 ml. of the tidal volume reaches the
alveoli. The last 150 ml. is still in the air passage and is exhaled

as unchanged room air. This is known as dead space.

Hyperventilation - Increase in rate or depth of breathing.

Hypoxia - Situation in which there is insufficient oxygen (in limiting

case zero oxygen).

Proprioceptors - Receptor which detects position and moverent, usually

not exhibiting sensory adaptation.

Pulmonary Ventilation - equals respiratory rate x tidal volume.

Alveolar ventilation equals respiratory rate x (tidal volume - dead space).

Tidal Volume - the lungs after a normal quiet expiration still contain

3 litres of air in erect position. At the next inspiration the volume
of the thorax is increased by 400 ml. The lungs increase in volure to
3.4 litres and 400 ml. enter the air passage. This is termed as the
tidal volume.
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Appendix IV

Fortran Program Structure:

4 MAIN PROGRAM

DATA INPUT o " DATA OUTPUT

1?

CALL INTEGR
(Integration subroutine)

.

CALL MODEL
(Within Integr)

4

CALL DELAY = CALL SIMP
(Delay Subroutine) (Implicit 002 Disociation Curve)

Delay and disociation curve swbroutines called within the
Model subroutines.

The computer programmes for the complete model when
simulated on the CDC 7600 computer, required:

Store: 17500 units
simulation time: 500 seconds for 30 minutes of real time on

the model.
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N.001

0ol

FSW(CAD=0.155,X1,X1,21)
FSH(C&O*(}-lS?,X2|X3 ,XS}

FSH(CAQO=C 4155404404 401)
FSH(CAO-C+2187,3041123,0.17506,0.1756)
(0.395*CMC+4,.705*C0OTC) /5.6
T s U & S

CAC=C.44455

CAO-0-32.44% 7

(25,953% (CVCC-CAC) -VD* (CAC~-0.244))/13.623
(7.038+0.895*(CACD-CHC) ) /29,14
(0a1G+4,.,705* (CACD-COTIC) ) /12,
(5.6%(CVOD-CAQ) *713 . *Z+Z*VD*150.-VD¥(CAO~D) ) /K2
(5.6% (CAOD-CVO0)-0,28)/3.6
INT(YI3,La543)

INT(YI2,U543)

TNT (YI1,0.503)

INT(YIL,0.192)

INT(YIS 0edk)

(1. 81*K3+(23.53%K3*¥Z)/K4)/0.,0065-15.
CSP(CAC4CAO,CVC4CVC,4VDA)

RSP (CACD,CACD,CVCD,CVCD,VD1)
8SP(CAC,CAO4CVC,4LVO,VDA)
TOL(CAC,0.2,150.70)
TOL(CAG,Ce2915040) E
TOL(CVC,(.245150.0)
TDL(CVO,6.24150.0)
£tSP(CACD,CAQ0,CVCO,CVOD,V01)
FSN[VDi'U.;t‘c,U.gVEi]

FSth—Xh|30. '3:|||VB3,

FIN(T,30.0)
QuUT(T,CvC,CVY0,CAOQ,CALC,VD)
QuTt(,CvCD,CVYOD,CAOC,CACD,VDA)

ouT

END
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¥LUNG EXCHANSE MODEL SINUSOIDAL

DTMIN
DT
RAD
VTV
VD
VDI
VDE
IFD3O0
IFDO
IFDN
EFOCO
EFDD
EFDN
IQTCO
IQT0
IQTN
EQT30
EQTD
EQTN
VA
EFAZO
EFAO
EFAN
P AN
PAO
PACO
nco
-DO

DN
CACO
CAD
CAN
CVCO
Cvo
CVN
CCN
¥DISSOCIATION
BHCO
S

Z

27

ZX

PH

Y

RHS
HCO
CCCO
R

RR
RRR
RRRR
CCo

CON(K1)

PAR(CCCO)

0.0001

2e/7140.

85. - - = o Ay
400.0

RAD¥VTV*SIN(RAD¥*T)/2.,0+310.% (DCO+DO+DN)/273.0
FSW(VDy0.040.0,VD)

FSH(UD'VD'G.O'a.u,

INT(VDI* (0.,0-IFDCO) /175.0,0.0525)

INT(VDI* (0.4217-1IFDD)/175404041514)

INT(VOI* (0.783-IFDN)/175414047959)

INT(VDE* (EFDCO-EFACO0)/17540,43.1)

INT(VDE* (EFDO-EFAQ) /175.0,0.217)

INT(VDE* (EFDN=EFAN) 7175.042.783)

INT(VDI* (IFDCO)+310.0%DC0/273.090.0526%2600,0)
INT(VDI* IFDO-310.0%D0/273.040.1514%2600,0)
INT(VDI*IFDN~310.0*DN/273.04047953%2600,0)
INT(VDE*EFACO+310,0*DC0/273+C5-0.3526*3000,)
INT(VDE¥EFAQO=-310.0%D0/273404-0.1514%3300.0)
INTI(VDE¥*EFAN=340.0¥0ON/273.0,=0,7959*3300.0N)
INT(RAD¥ VTV¥*SIN(RAD*T)/2.04260%.0)

EQTCO/VA

EQTO/VA

EQTN/VA

IQTN*713.0/VA

-EQTO*713.0/VA

-EQTCO*7132.0/VA

5600.0*%(CVCO=CCCO)

5600.0*(CCO-CV0)

5600+ 3% (CCN=CVN) :
INT(5630.0*(CCCO~CACO)/50.0,0.501)
INT(5600.0% (CCO-CAD)/5040,04192)
INT(5600.C*(CCN=CAN) /50.0,0,0)
INT((5600,0% (CACO-CVCO) +20040)/2100040,40.551)
INT((560C.0% (CAO~CVO)=250.0)/5000,0,0,142)
INT(5600 0¥ (CAN=CVN) 742900.(40.0)

K1i*PAN

CURVE DOR GCO2

2h4e b

12.0

(44, 3*CCCO~-0.03*PACO)/(0.N3*PACO)
LOG(2Z)

22/72.3026

BeitZX
D03%¥(0.2-CCO)*44,54+),03%PACO
0.0222%(BHCO+S*(7.4=PH) ¢Y)
0.0222%(44,3%¥CCCO~C.03*PACO)
IMP(CCCO4RHS)

-0.04*PAO

EXP(R)

1.0-RR

SR1(RRR)

0.2%RRRR
OUT(T,CAO0,CACO,PAOQ,PACO,VD)
our(oco, 00,CC0O0,CCCO,4CVO,CVCO)
OUT(,EQT0O,EQTCO, IQTCO,IQTO)
OUT(,IFDO,IFDCO,EFDO,EFDCO,VA)

~ OUT(..PH.HEO)
_ PLO(T,PAO,CAQ)

PLO(T,PACO,CACO)

PLO(T, VD) &
FIN{T,5.0) - -
END
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“9g2

1+ PROGRAM RESP(INPUT,QUTPUT,TAPEL=INPUT,TAPEZ=0UTPUT)

- s FEREXFRAEFFIRERFLIEFREELRIEREEX XL R LS
C FIRST COMPLETE RESP. SYSTZEM
2* COMMON/DE/ZX(5C) 3DX(50) yNyTo0OT4DTMIN
3* COMMON/PM/VDAC,CAC4,CVC,PAQ4PAC,CAQ
Lx COMMON/QM/QDH,QDBT,CDMT,Q00T»0124303,D4,05
G#* COMMON/VM/CACSD,CACND ,CADBD,CAOND,CBCD,COTCD,CMCD
6* COMMON/ZCN/Z VD, PH
7% COMMON/0OX/Cv0,CBOD,CMCD,COTOD
8% COMMON/OF/F
g% READ(14501)N
C N IS THE NOes OF Ds.Es  IN THE MODEL TOTAL IS 1i°f
10* 500 FORMAT(I2)
> s M OT = 1.07240.0
12+ TMAX = 30.0
13* TMIN = D40
14* DTMIN = 0.00001
165* T = TMIN
i6* READ(1,501)(X(I)sI=1,N)
C X1 IS FDCOsyX2 IS FDO o X3 IS QTCOy X4 IS QT0Os X5 IS CBC, X6 IS CMC, X7
(1 X8 IS CB0OyX9 IS CMD, AND X410 IS COTO
17* 6501 FORMAT(10F7.4)
18% WRITE(2,:550)T oX(21) 39X (Z2) X (3)9gX(4) 4X(5)9X(6)gX(7),3X(B8)3X(3)sX(10)

19% 550 FORMAT(1HIy4HT = ,1PE13.694X95HFOCO 91PE11.5,4X,5H000 ,1PC11.5,
14X95HQTCO »1PE11.5,4Xy5HATO H1PEL11.594X,5HCBC 51PE11.5/21X45HCMC
1 H1PE11.5,4X45HCOTC 51PE11.594X,5HCVO 41PE11.5/721X95HCMO L1PE11
1.594Xy5HCOTO 41PE11.57)

20% NO=0

21%* DO 552 I = 14 N

22% 552 EREL = 0.0001*xX¢1)

23> ERAB = DTMIN

24% 600 CALL INTEGR(EREL yERAB,NO)

25% WRITE(2,551) T,VDAC,VD,PAQ0,PAC,F,PH

16* 551 FORMAT(1H4)92HT 31PE11.442X95HVDAC 91PE104392X93HYD s1PET.352Xy4HPA
10 91PEQ.3 32Xy 4HPAC 91PE3 332X 92HF 51PETG.392X93IHPH 31PE11,.5)

12x IF(T.LT.TMAX) GO TO 60¢

P4 STOP

19% END



SUBROUTINE INTEGR(EREL yERAByN()
REAL K1
DIMENSION Kl(EUl,XS‘SK),X2(5E!,0LD(SUI
CUHHON/DE/X(Sﬁ],DXISQ!,N,T,ET,DTMIN
COHHDN/PH/VDAC,C&C,CVC,PAO,PQC,CAO
CDHMON/QM/QDH,QDBT,QDHT,QCOT,Uii,D3,D&,BB
COMHON/VH/CQCJD,CACND,CAOBD,CAONO,CBCD,COTCD,CHCD
COMMON/CN/VD,s PH
COMHON/OX/CVD,C3OD,CHCD,COTOD
COMMON/OF/F
D0 60 I=1,N
60 XS{I)=X(I)
10=
Ni=1
NI =MAXQO(1,N"/4)
H=DT/FLOAT (N3])
5 DO 2 J=1,4NO
CALL MODEL
D0 1C I=1,4N
10 XZ{I)=X(I)
T=T+".5+%H
DO 20 I=1,4N
K1(I)=0DX(I)
20 XUI)=XZ(1)40.5%KL1(T)*H
CALL MODEL
DO 32 I=1,4N
K1(I)=DX(I)*2,0¢K1(])
30 XCI)=XZ(I)+7,5*%0DX(I)*H
CALL MODEL
DO 40 I=1,4N
Ki(I)=DX(1)%2.0+K1(I)
4t X{I)=XZ(I) 40X (I)*H
T=T¢0.5%H
CALL MODEL
Do 2 I=1,N
OX(I)=(DX(I)4K1(I))/E.0
e XCI)=XYZ(1)+0X(I)*H
IF(N1.EQ.1)GO TO 3
Do 58 I=414N
50 IF(ABS(OLDIII-X(I)I.GT.(ﬁBS(EREL‘X(Ill+ERﬂE!}GO Tk 3
= VARIABLE OR ARRAY = OLD NCT DEFINED AT THIS POINT
GO T0 4 y
3 H=H¥f.‘05
IF(H.LT.DTMIN)GO TO 6
DO 72 I=1,N
OLD(I)=X(1I)
70 X(I)=XS(I)
Ni=1
T=T3
N2=ND*2
G0 T0 5
% WRITE(2,7)7
; FORMAT (27H CONVERGENCE FAILURE AT T = sF10. 4)
RETURN
END
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289.

b4* SUBROUTINE MOCEL
85% DIMENSION DV1(100,2),0V2010C,2),DV3(10042),0V4(100,2)
; 86¥* DIMENSION DV5(10342) yOV6(10042) 40V7(10342) 4DVB(10i,42)
B7* DIMENSION DVS(100492)90VLi0(10042)490V1i1(10042)50V12(40042)
88¥ COMMON/DE/ZX(57) 3DX(50) 4Ny TyDT4DTMIN
89*% COMMON/PM/ VDACCACyCVCyPAD,PAC,CAOD
qn* COHMONfQH/GUH|GOET’GDFT,QDOT’011)03,0&,05
gix COMMON/VM/CACBD, CACND, CAOBD,CAOND,CBCD,COTCD,CMCD
g2* COMMON/CNZ/ VD, PH
g3* COMMON/OX/CVvO,CB0D,CM0OD,COTOD
gu* COMMON/ZQOF/F
95 % DATA Ii1r¢/
9g6* FO0O=0,209
g7+ FOCO = 40
98%* IF(T.GE«540) FOCO =0,05
go¥ IF(T«GT+.15.0) FOCO = 042
100% GO = 74175
101* VDO = 470.6%X(E)=305,1
o 81 1 IF(TeLTel1.0) VD=040
103% F = 177+0267%VD
104* THETA = 0.0
105% IF(11.EQeD) GC TO 100
i1066* THETA = (F1-F)*T+THZTA1
107%* THETA = AMOD(THETA,1.0)

s = RESULT - THETA TO LEFT OF = APPEARED TO LEFT OF PREVICUS =
108 108 THETAL = THETA

109% FL = F
110% I1 = 1
111% VTV=VD/F
112% V0=2,75
11 3% BHCO = 244
114% S = 12,1
115% Pl = 3,1416
116* VA = VO+VTV*(1.7-COS(2.0*PI*(F*T+THETA) ) )/ 248
117% VOV = 2.0%PI¥F*VTV*SIN(Z24C*PI*(F¥T+THETA)) /240
118% FACO = X(3)/va
113+ FAO = X(4)/VA
C X(3) IS QTCO AND X(4) IS QTO, QUANTITY IN LUNG IN L
120% PAC = FACO*713.,0
121% PAO = FAO*713.0
C 02 ASSOCIATION CURVE
122% R = =1.04%PAO
123% RR = EXP(R)
124% RRR = ABS(1.J-RR)
125% RRRR = RRR**0,8
126% CAO = 0,2*RRRR
C CALL SIMP SUBROUTINE TO 00 CAC = F(CAC,CAQ,PAC)
127+ CALL SIMP(PACsCACyBHCO5,CAC)

C WORK OUT CARDIAC OUTFUT,QD3T,QD0MT,Q00T,AND TIME DELAYS
128* 0Q0 = 0.3
S IF (PAOWLT174.0) DQO = 946551=7.2885*PAC+. « L029241%PAO*PAD-. .01
1033* (PAO**3,0)
= IS ** FLOATING POINT INTEGER CORRECT - ** INTEGER ASSUMED
| 130% DQC = 0.2

1 131% IF(PACsGE«4347) DQC = 7.3*(PAC-43,.D)
| 4 .32% IF(pAC.GTOG?DC} DQC = L.0
J L3 3F 0GDC pDQCc+DAcC

L 134% DQDH (1.0-EXP(-T/2.1))*DQOC



QDH = 5.6+DQ0DH
DQ80 = ded
IF(PAO.LT1744.0) DQBO = 2.785-041323*PA0+5,(026033% (PAD**2,0)~
10423240E-C4* (PAOD¥*3.0) +1,76553E-07* (PAD**4,1)
= IS ** FLOATING POINT INTEGER CORRECT - ** INTEGER ASSUMED
IF(PAC.LT.3840) DABC = 0.23230E-01-0e(31073%¥PAC+I.BLL63E~U3*PACH
1PAC
IF(PAC.GE.38.7) DQBC
IF(PAC.GT.4L,T) DQBC
1=-04% (PAC**3,9)=0.2174
- IS *%¥ FLOATING POINT INTE
DQRB = DQBO+DABC

2.0
=15.584( 760 7*PAC~0.C12947¥PAC*PAC+3.93981C
~J6¥(PAC¥"4,1)

BE
GER CORRECT - ** INTZGER ASSUMED

DQDB = (1.0-EXP(=T/7.1))%¥DQ8
QDBT = (,750+D008

QDNE = QOH-QDET

QDMT = U.16*%QDNB/1.°0

- MULTIPLY CR DIVIDE BY 1
QDOT = QDNB=-QDHMT
D19 = 0.06/Q008T+1.188/0Q0H
03 1.47/QDNB+7.188/Q0H
D4 1.962/QDH+2.735/Q0N8B
D5 = 1,062/00H+17,015/CD3T
PH=6,1+ALOGLI ((44,S*CAC-0,03*PAC) /(L 3*PAC))
C DELAY CAC BY D5 70 GIVE CACBD
3014 CALL DELAY (T4D5,DVisCACyCACBDyIsTyY1)
DX(5) = (0.068+0DBT*¥(CACBD=X(Z))) /1.4
C DELAY CAC BY D4 T0 GIVE CACND
CALL DELAY(TyD4s0V2,CACyCACNDyTsi4yY2)
DX(B) = (1.,038+NDMT* (CACND=X(B)))/72%.14
C DELAY CAC BY D4 TO GIVE CACND
CALL DELAY(TyD4yDV34CACyCACNDyT4,4Y3)
DX(7) = (L 14+QDOT* (CACND=X(7)))/G.5
C DELAyYy CAO BY D5 TO GIVE CAO0BD
CALL DELAY(Ty05,DV44,CAC,CAODBD 0«7 5Y4)
DX(8) = (=-2.068+QDBT*(CAOBD=-X(8)))/2.4
C ODELAY CAO BY D4 TO GIVE CAOND
CALL DELAY(TyD4tsDV54CAC,CAOND L4 24YE)
DX(9) = (=0.049+00DMT* (CAOCND=X(9)))/29.14
C DELAY CAO 8Y D4 TO GIVE CAOND
CALL DELAY(TyD4yDVSsCA0yCAONDy ati g Y 3)
DX(10) = (=0.,18+000T* (CAOND=X(12)))/9.06
C DELAY CBO BY Di? TO GIVE CB00
: CALL DELAY(Ty0174DV1%,X(8)4CB0D,2,7,Y10)
C DELAY CMO By D3 TO GIVE CMOD
CALL DELAY(T,03,0V119X(3),CM0D9%40iyY11)
C DELAY COTO 3Y 03 TO GIVE COTOO
CALL DELAY(T,03,DV129X(11),C0T00y" 0.yY12)
CVO = (QDBT*CEOD+CDMT*CH40D+QDOT*COTOD) /7QDH
C DELAyY CBC BY D19 TO GIve C3CD (Xx(5))
CALL DELAY(T,012,0V64X(5),CBCDy aTyY6)
C DELAY COTC BY D3 YO GIVE COTCD(X(7))
j CALL DELA((T,DstU?’x‘7]'COTCD,G-Z,Y?)
C DELAY CMC BY D3 TO GIVE CMCD (X(6))
N ChLL DELAY(T,D3,DV8,X‘6',CHCD,;.Q,YB,
] CvC =(QDBT*CBCO+QLOT*COTCO+QOMT*CHCO) /QUH
C HWORK OUT DO AND DOCO AND PUT = (.7 IF =VE
DO = QDH¥*(CAO-CVO)*B863../713.0
IFtDOlLEoic?’ DO = 3,2
PCO = QDH* (CVC-CAC)*8E3.0/713.7
LF €DCOJLE.8.0) DEO = 0.8

([}
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— o

200

201

DvD = DO-DCO
IF(DVD.LT.0.7)0VD = 0.0
VOAC = VDv+0VOD
IF(VDAC.LT.Z49) GO TO 220

DX (1) = VDAC*¥ (FOCO-X(1))/GD
DX(2) = VODAC*(FOO=-X(2))/GD
DX (3) = VDAC*¥ (X(1))+DCO

DX (4)= VDAC*X (2)=-0D0

GO TO 201

DX(1) = VDAC*(X(1)=-FACO)/GD
DX(2) = VDAC* (X(2)-FAC)/GD
DX(3) = VDAC*¥FACO+DCO

DX (4) = VDAC*FAO-CO

RETURN

FND
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