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SUMMARY

A mathematical model is presented to represent gas
exchange in the lung during steady and unsteady state con-
ditions in order to simulate gas uptake in a lung. From the
literature survey it is apparent that the majority of work
carried out on multigas exchange considers the exchange of
Oxygen, Carbon Dioxide, Carbon Monoxide and Nitrogen, during
elimination rather than uptake or steady state.

The model sets out to examine in a systematic way the
overall gas exchange in a heterogeneous lung for both uptake
and elimination under steady and unsteady state conditions.
Arterial pressure (P G) against inspired alveolar ventilation
perfusion ratio (VIA/Q) curves for a number of gases are

£

examined in a seriés simulations and comparison between
uptake and elimination is made for various degrees of
solubility. The resulting gas equations are solved by using

various numerical techniques and curves representing these
relationships are plotted.

Finally'a set of inequalities are proposed to give the
conditions under which enhancement of uptake takes place.

Solubility
Enhancement
Arterial Pressure

Uptake.
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CHAPTER 1

INTRODUCTION

1.1 Background of Research

Theoretical developments in the quantitative description of the
physiology of gas exchange within the lung have helped to clarify and
systematize much existing information as well as suggesting new concepts
and experimental investigation. The increasing use of computers in
analysing data and the development of new instrumentation have helped
the analysis of respired gas. So far the respiratory physiologists

have considered the organ as a 'black box' Nunn (1) and produced mathe-
matical models in order to gain insight in this organ. These models

were simulated using numerical techniques and conclusions were drawn
which failed to give an accurate and complete picture. As these models
have been in use for a few decades, most students have grown up to regard
the model as the real lung. When actual pulmonary structure is discussed,
senior workers regard Miller (2) as the final authority. The first
quantitative analysis was that of BBhr (3) who assumed the lungs have
only two compartments; a dead space and an alveolar space. The simple
Bdohr equation describes respiratory gases moving in and out of the lung
model, which is now defined as alveolar ventilation. This analysis was
improved in the field of aviation medicine by Brink (4), Helmholz et al
(5) and Riley and Cournand (6) to produce the well known alveolar gas

equation.

There are two reasons for the fact that the regional (V

A/Q

per unit time/volume flow of blood) inequality always reduces the

) (gas volume

efficiency of pulmonary gas exchange.




1. Multicompartment models based on the (classical) analysis of
Riley and Cournand (6) and Rahn (7) invariably give rise to
Hypoxia (deficiency of Oxygen) and Hypercarbia (deficiency of
Carbon Dioxide) when subjected to unequal ventilation (&A) or
perfusion (é) irrespective of the form assumed e.g. Farhi and Rahn
(8), West (9), Kelman (10), Scrimshire (11). The consideration

of Oxygen (02) and Carbon Dioxide (COZ) exchange was viewed as a

special case.

2. By considering the exchange of a single physiological inert *
gas, it has been demonstrated by Farhi (12), Shah et al (13),
Farhi and Olszwka (14), Dantzker et al (15), West(16, 17) and

Wagner (18) that both elimination and uptake will be impaired

when V
A/Q

ratios within the lung become unequal.

The majority of work carried out on multigas so far considers the gas
exchange in a theoretical lung model; the gases exchanged being limited
to OZ’ CO2 and CO (and much later) NZ' Other gases were studied in
isolation but mainly by anaestheslologists or toxicologists and it was
only a decade ago that other respiratory gases were used as indicators,
such as Krypton by Gurtner et al (19), Briscoe and Cournand (20) and
Rochester et al (21). All the work points to the fact that only one gas

at a time was considered (taken up or eliminated) in the human lung.

The majority of the workers, such as Scrimshire and Tomlin (22),
Scrimshire (23), and Wagner (18) considered the exchange of 02 and CO2

due to its physiological implications in the real situation.

A gas which does not react chemically with blood, Farhi (12)

N




Wagner (18) agreed with the findings of West (16) and Scrimshire (11)
that the maldistribution of blood flow but not of ventilation tends to

affect CO2 more, whereas maldistribution of ventilation has a more pro-

nounced effect on 02.

The reason for studying inert gas exchange during elimination Farhi (12)
rather than uptake or steady staté was that it was possible to deal

with each gas as 1f its transport were independent of that of the other
gases in question, even though exchange of any one gas is always affected
by the other inert gases, as well as by the exchange of Oxygen (02) and
Carbon Dioxide (coz). The term "“second gas effect" Stoelting (24)

is used to describe and explain what happens when two inert gases are
inhaled. As the transfer of the gases not normally present in respired
alr has such a profound effect on arterial oxygen levels and because these

changes are functionally linked to V ratios, 1t 1s interesting to

A/Q

inequalities will have the same influence in

speculate whether V

A/Q

situations in which one or more inert gases are present in the inspirate.

1.2 An Overview of The Thesis

A new mathematical model will be presented in this thesis which will set
out to examine in a systematic way the overall gas exchange in a hetro-
genous lung model. The model is based upon the original gas exchange
equations of Riley and Cournand (6), Rahn (7) and Farhi (12). The
mathematical model developed in Chapter 4 was simulated using techniques
described elsewhere by Scrimshire and Naqvi (71) for inspired alveolar

ventilation to perfusion ratio (V

TA/Q

(PaG). The gas equations are solved using the Newton Raphson method.

) and arterial pressure of the gas

Arterial pressure (PaG) against inspired alveolar ventilation to per-




fusion ratio (V

IA/Q

and a comparison is made between the wvariation of (PaG) for various

) curves are examined for a series of simulations

degrees of solubilities (A). A series of uptake against various
degrees of inequality (B) curves are plotted, and the comparison between
uptake and elimination curves for various degrees of solubilities (A)
made, Finally a set of inequalities are derived to give the conditions

under which enhancement of uptake will take place.

1.3 Conclusions
A number of important conclusions result from analysis of the simulated
gas exchange equations. They may be stated as follows:

(a) That the presefce of regional (V

©

IA/Q

always reduce the efficiency of pulmonary gas exchange confirming

) inequality does not

the classical analysis of Riley and Cournand (6) and Rahn (7).

(b)  That both elimination and uptake are not always impaired when the

v
A/Q
Farhi (12), Scrimshire (11) and West (16, 17).

ratios within the lung became unequal.. Demonstrated by

(c) Under certain conditions, the uptake is enhanced for a given

parameter set,

In conclusion,this study of a ten compartment lung model, Figure (10)
for gas exchange, questions all the previous findings, and in future a

practical study under clinical conditions should be considered,




CHAPTER 2

LUNG STRUCTURE AND FUNCTION

2.1. Architecture of the Human Lung

The lungs communicate via the trachea, or windpipe which has a flexible
tubular structure that extends from the larynx downward through the
midline of the neck and into the thorax. It has a mean diameter of

1.8 cm and length of 11 cm Nunn (25),and lies in front of the esophagus.
Despite the flexibility of the trachea, it's walls are very strong

because of the presence of 16 to 20 U shaped tracheal cartilages. These
cartilages are placed horizontally, one above the other, at very close
intervals (Figure 1). The open end of the U is at the back, facing the
esophagus, and the gap is bridged by connective tissue and smooth muscle,
The cartilage ringé keep the trachea open at all times for the passage of

alr to and from the lungs.

The trachea ends by dividing into right and left primary bronchi which
extend to the lungs. Each bronchus enters the lung of its own side
through a slit, called the Lilus. The right, primary bronchus is more
nearly vertical, shorter,‘and wider than the left. As soon as each
primary bronchus enters its respective lung it branches to form smaller
or secondary bronchi. Each lobar bronchus continues to branch dichoto-
mously for approximately twelve generations down to the terminal
bronchioles (25). The branching network of respiratory tubes resemble
the branches of a tree; thus it is referred to as the bronchial tree,
(Figure 2). The lungs are cone-shaped organs, Weibel and Gomez (26) which
fill their own halves of the thorax. The total number of alveoli present

6

in a healthy adult is of the order of 300 x 10 (27, 28) which collectively

provide for a total internal surface area of 1OOm2 West (17). The right




lung is shorter and broader than the left. The concave base of each

lung rests as the diaphragm and the apex extend into the root of the

neck for a distance of about 2.5 cm above the first rib. The medial
surface of each lung is also concave and shows the imprint of the heart.
Above and behind the cardiac imprint is the helius, or slit, through which
pass those structures that make the root of the lung. The root structure
includes the primary bronchus, the pulmonary and the bronchial blood
vessels, the lymphatilics, and the nerves. The lungs are freely moveable
except at the hilus where they are anchored by the root and the pulmonary

ligaments.,

Each lung is invested by a transparent, serous membrane called the pleura.
This membrane is arranged in the form of a closed sac and consists of

two layers - a visceral layer and a parietal pleura lines the inner sur-
face of the chest wall, covers the upper surface of the diaphragm, and

is reflected over the structures of the midiastinum. The two layers of
the pleura are continuous with one another around the root of each lung.
The pleural layers are held in close contact with one another by the
cohesive effect of a thin film of serous fluid; this fluid also serves

to lubricate the surfaces so that they can glide smoothly, one over the

other.

The lungs are light, porous, and spongy in texture. Within the spongy
tissue are the secondary bronchi and the bronchioles which pipe air to
and from the respiratory units of the lung. An important feature of
lung tissue is its great elasticity; this property is of fundamental

importance during the act of breathing.




Deep tissues divide each lung into lobes, the right lung has three
lobes (superior, middle and inferior) while the left lung has only two

lobes (superior and inferior). The individual lobes are further sub-

divided into small lobules.,

The lobules are irregular in shape and size, but each is supplied with a
bronchial. As a bronchial enters a lobule it branches repeatedly to form
terminal bronchioles. Each terminal bronchiole, in turn, branches into
two or more respiratory bronchioles, to which alveolar ducts and sacs

are attached. Alveolar 'sacs are clusters of cup-shaped, thin walled
alveoli which share a common opening. Each alveolar is surrounded by a
network of capilliaries and supported by elastic and relicular fibres.
Gas is exchanged between the lungs and the blood by diffusion through the

thin walls of the alveoli and the capilliaries.

2.2 Ventilation (Breathing)

The process of ventilation is sub divided into inspiration (breathing in)

and expiration (breathing out).

During inspiration,the upward-curving diaphragm contracts, pulling down-
ward, and increasing the vertical length of the thoracic cage. The
intercostal muscles pull the ribs upward and outward. Thus the thoracic
cage is increased in size laterally and vertically. It is this active
increase in size of the cage that causes lung expansion and the "pulling"

in of air.

Expiration is passive; all the contracted muscles relax. The surface ten-
sion of fluid lining the alveoli causes a continual tendency of the alveoli

to_collapse,vas,does the elasticity of the lung tissue. Therefore with

relaxation of respiratory muscles, the lung recoils and air is pushed




out of the lungs.

2.3 Transport of Gases by the Blood

2.8.1 Carbon Dioxide Exchange

Carbon Dioxide is carried in three ways by the blood, dissolved carbon
dioxide (COZ), bicarbonate ion, and haemoglobin carbonate compounds ,
Klocke (29). The latter two compounds are not exchanged across the
alveolar capilliary membrane and must be converted into free carbon di-

oxide prior to excretion in the lungs.

About 64 percent is carried in the form of bicarbonate ion according to

the equation

+ -_—
+ 3 +
C02 HZO———? H2C0§——~? H HCO3

part of the bicarbonate ion is formed within the plasma by the above
reaction; part is formed within the erythrocyte; .Hda3 concentration,

. increases within the red cell until it begins to diffuse out of the cell
into the plasma, and to maintain electrical neutrality, plasma chloride
lon moves into the cell (the chloride shift). Up to about 27 percent of
the carbon dioxide is carried, attached to the glbbin portion of the

haemoglobin molecule, in the form of carbaminohaemoglobin,

About 9 percent is carried in physical solution in the plasma and the

chemical reaction can be explained by the following equation:

- +
+ +
CO2 HZO-~+ Hzcoj-———cho3 H

+
+ +
co2 ngoz Hgbco2 + o2
+
H Hgb o2 -+ o2




Hydrogen ion produced from the dissociation of carbonic acid is buffered

by haemoglobin and by the plasma buffering system to resist changes in PH.

At the tissues, carbon dioxide (COZD dissolves in plasma water or enters
the erythrocytes to react with cellular water. In each case, carbonic
acid is formed, which dissociates into hydrogen lon and bicarbonate ion.
The hydrogen ion produced in the plasma is buffered by reacting with
plasma proteins, but the hydrogen ion produced within the erthrocytes
does not pass through the cell membrane and is buffered by haemoglobin.
Bicarbonate ion accumulates within the erythrocytes and soon begins to
diffuse out of the cell into plasma. A loss of negative charge occurs,
and to return electrical neutrality, chloride ion moves from the plasma
into the erythrocytes (chloride shift). Some carbon dioxide (Coz) dis-
places oxygen (02) from the haemoglobin and the excess H+ in the
erythrocyte drops the PH and also drives oxygen (02) from the haemoglobin,.

This accounts for two thirds of the total CO_, uptake. Holland and

2
Forester (30),.

At the lung, the action of carbonic anhydrose liberates carbon dioxide
(C02) from erythrocyte carbonic acid. To reform carbonic acid requires
that the hydrogen ion from within the cell chemically reacts with bicar-
bonate i1on from the piasma. As bicarbonate lon moves into the erythrocyte,
an excess of negative charge accumulates and chloride ion moves back into
the plasma. The high oxygen levels in this region caﬁse displacement of
carbon dioxide (COZ) from the haemoglobin and the formation of oxy-
haemoglobin occurs. Hydrogen ion is released from its combination with
protein as bicarbonate enters the erythrocyte, and protein is made
available to buffer more H+. The above processes show an inter-

relationshlp between gas transport and the buffering system of the body.




2.3.2 Oxygen Exchange

Oxygen (02) is carried in the blood in two forms, the greater part is in
the form of a reversible chemical combination with haemoglobin, while a
smaller part is in physical solution in plasma and intracellular fluid.
The ability to carry large quantities of oxygen (02) in the blood is of
great importance to the body, since without haemoglobin, the amount

carried would be so small that the cardiac output would need to be
increased by a factor of 20 to give an adequate oxygen flux. This would
require a considerable increase in blood volume. Each gram of haemoglobin

carries 1.34 ml of oxygen (31).

Thus 98.5 percent of the oxygen transported in the blood stream is carried
in haemoglobin as a compound called oxyhaemcglobin. Oxygen combines with
the iron atoms of the four heme molecules found in a molecule of haemo-
globin. Since oxygen (02) combines as a molecule with the haemoglobin,
each haemoglobin molecule can carry eight atoms of oxygen. The four

atoms of iron in a haemoglobin molecule do not become oxygenated or
deoxygenated simultaneously., Oxygen is taken up in steps, with each

step having its own constant (K). Tﬁus oxygen (02) uptake can be represen-

ted as: (haemoglobin Hb) using Adair's hypothesis (32).

Ky K]
Hb + 0 —= = o
4 5 — Hb402 Kl Kl
Kl
K! '
K
Hb 0O + -0 _33 - 2
405 2 = Hbao4 KZ o
2
K2
K' Kl
Hb, 0 + 0 — Hb,0 K = 3
474 2, 476 3 =
K3 3
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! 4

+ - pr——

Hb406 02 HbAOS K4 . -
K4

The velocity constant of each dissociation is indicated by a small k.

The addition of a prime ('), defining the velocity constant of the for-
ward reactionK'3 is thus the velocity constant of the reaction Hb404
with 02 to yield Hb406' The ratio of the forward velocity constant to

the reverse velocity constant equals the equilibrium constant of each

reaction in the series (K) as mentioned above,

The separate velocity constants have been measured Nunn (25) and it is

now known that the last reaction has a forward velocity constant (Ka)
which is much higher than that of the other reactions. During the
saturation of the last 75 percent of reduced haemoglobin, the last re-
action will predominate and the high velocity counteracts the effects of
the ever diminishing number of oxygen-receptors which would otherwise
slow the reaction rate by the law of mass action, Staub (33). In fact
the reaction proceeds at much the same rate until saturation is completed,

The significance of this in relation to oxygen transfer in the lung has

been presented by Staub (34),

The gas exchange (uptake and elimination))in the model presented in this

thesis follows exactly the same principles as described above.
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FIGURE 1

Schemetic Representation of Trachea
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FIGURE 2

Model of The Bronchial Tree of Horsfield, Relea and Cunning

Showing Symmetrical Branching
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CHAPTER 3

GENERAL LITERATURE SURVEY

3.1 Inert Gas Exchange

Respiratory physiologists have been interested in transport of oxygen
(02) and carbon dioxide (C02) only and have excluded other gases for
more than a hundred years. Nitrogen (Nz) and other inert gases were
considered simply as “filler gases" until it became clear that inert
gases could further the understanding of oxygen (02) and carbon di-
oxide (COz) exchange. Another disadvantage is that inert gases have a
wide range of solubilities, i.e. a factor of approximately 105~is
presented between the solubilities of acetane and sulphur hexafluoride

(SF6) in blood.

3.2 Inert Gases and Ventilation Perfusion In-homogeneity

It is recognised that the unequal distribution of ventilation perfusion
(&A/é) ratio throughout the lung,must effect the efficiency of gas ex-
change,Colburn et al (35), Evans et al (36), Scrimshire (11) and Farhi
and Yokoyama (37). It is also obvious that all gases that exchange

across the alveolar epithelium must similarly be effected,

Inert gas reaching the lung in solution in the pulmonary arterial blood
must leave this organ either in the expired alveolar gas, or in the
pulmonary venous blood, Partition of the tracer gas bétween the two exit
rates will depend on the relative size of the two sinks. It is easy to
assume that if ventilation increases, the amount of inert gas eliminated
in the gas phase will rise, whereas an increase in either blood flow (é)

or solubility of the inert 8as will 'boost the fraction of the tracer

retained in the blood. Thus the gas will be partitioned between expirate

14
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and blood flow according to their relative flows and to the relative

affinity of the two media for the gas. This qualitative statement is

expressed mathematically by Farhi (12). Considering the condition where

the inert gas is not present in the inspirate, the total amount of gas

presented to the lung must be equal to the sum of the two outputs giving
. C . C ° P

Q¢ v = o Fa o+ Ya (% se3) (1)

n n

Where Q is the pulmonary blood flow, C stands for the concentration, Pa

and PV indicate pulmonary artery and pulmonary vein respectively, n

represents the inert gas, Pa is the alveolar pressure. The correction

factor 863 is used to express VA at S.T.P.D.

The above equation can also be expressed slightly differently reflecting
the fact that the blood that reaches the lung is systemic mixed venous
blood and that the blood leaving the lung is usually sampled in a
peripheral artery, and by introducing the blood gas partition co-

efficient, this leads to

a + A a (2)

e

a = v Q A/ (@ A + TA) (3)
: P- .
where v 1s the mixed venous pressure of the gas.

It 1s convenient to look at the retention of the tracer (second gas) ,
which is defined as the fraction of amount presented to the lung that
remains in blood after it has equilibrated with alveolar gas. Since the
value of the inert gas reaching the lung 1is é A P; while the volume

retained is Q A Pa the retention R must equal P_/P-. Combining with
a v

the above equation (3) ‘this gives
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Where the term Q A gives effective blood flow, i.e. the blood flow con-
sidered as a sink for the tracer, which takes into account both the

actual perfusion and the ability of blood to start the inert gas exchange.
Dividing both sides by Q gives
Ro= A (X + 7,/Q (5)

Which separates the relative affinity and the relative flows, and brings
into focus the ratio of ventilation to perfusion (Figure 3) as described

by Farhi (12).

A complementary equation deals with "clearance", i.e. the virtual blood
flow from which a complete washout of the tracer would have resulted in

the same tracer elemination. This is calculated as

Clearance = é (&A/é) / (A + éA/é) (6)
The above equation is of great importance in predicting elimination of
anaesthetib or toxic gases from the organism. When such a gas is poorly
soluble, its elimination by the lung is practically complete, and a
sizeable increase in the éutput of the gas can be produced only by
raising pulmonary perfusion, i.e. transport of inert gases of low solubil-
ity is perfusion dependant. Fractional elimination of very soluble,
inert,gases is relatively low and can only be boosted by an increase in
ventilation. Elimination of these gaseé is therefore said to be

ventilation dependant (Figure 4).

Extending this analysis to study the simultanecdus elimination of two

gases by the'Same lung or part of the lung, as described by Farhi (12),
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(Figure 5). 1If VA/Q is extremely low, the elimination of both gases

will be small. As the values of VA/Q are gradually increased, elimin-
ation rises. Farhi found that the retention of more soluble gas is

always greater. The difference again seems to disappear when VA/Q is

so high that the retention of either gases is practically zero.

Farhi and Yokoyama (37) found that the VA/Q line will be straight if the

two gases have the same value of A and will show an increased deviation

from linearity as the ratio of VA/Q deviates from unity. The standard

VA/Q line, i.e. the one drawn for 02 and C02 is found similarly to that
calculated for two theoretical gases, the A of which would be equal to

the slope of the 0, and CO2 dissociation curve.

Yokoyama and Farhil (38) used the Simultaneous elimination of twp inert

gases to divide the lung into two equivalent compartments. The basic prin-~
ciple was that both expired gas and the arterial blood are influanced by the
composition of blood returning from each of the two compartments, but to

a different degree, reflecting the fact that the alveoli, with a high

&A/é must effect mixed alveolar gas compositions more than mixed pulmonary

venous blood, with the converse being true for alveoli with low VA/Q'

Yokoyama and Farhi (33) used the -$imultaneous elimination of two inert
gases in animal lungsg and their resultg described three equivalent sets of
two compartments each. This concept leads to the conclusion that under
identical conditions in the same lung, different pairs of tracers will
vield a different set of compartments. In a hypothetical lung there
would be three types of alveoli: X with §A/6 = 0.01, Y with &A/é

= 1, and Z with VA/Q = 100. If the two inert gases in question

have a very low solubility, of the order of 0.1, then they will both

17




be eliminated by type Y and Z alveoll, and the resulting model will
divide the lung into X and (Y + Z). If the value of VA/Q is chasen about
10 then both X and Y will retain the tracers, and the mathematical

analysis will yield a lung model made up of (X + Y) and Z.

Wagner et al (39) developed a better technique for blood analysis
allowing one to measure accurately the level of several inert gases

and also the improved mathematical treatment of data so as to allow
progress in two directions. This helped in expanding the above con-
cept to a more realistic representation of the lung. Wagner et al (40)
showed that one can use a set of six different inert gases to expand

the basic concept into multidimensional analysis. It was also possible
to break down the arterial compartments which was criticized by Olszowka
(41) and Jaliwala et al (42). This was later answered by Evans and
Wagner (43) but they came to a conclusion that complicating factors such
as common respiratory dead space, series ventilation inequality and
diffusion disequilibrium impaired inert gas exchange. The reason for
studying inert gases during elimination rather than uptake or steady state
is that it is possible to deal with each gas as if its transport were
independent of that of the other gases in question, even though exchange
of any one gas is always effected by the other inert gases, as well as

by the exchange of Oxygen (02) and Carbon Dioxide (COZ).

Considering the effect of Oxygen (02) and Carbon Dioxide (CO ) on an in-
2
ert gas exchange in a subject breathing air, the volume of inspired gas

normally exceeds that of expired gas, because the amount of Carbon-~
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dioxide (COZ) added by the pulmonary circulation is less than the

volume of oxygen (02) uptake. Hence nitrogen (NZ) represents a higher
fraction of the alveolar gas, where fractional concentration of nitrogen
FNZ is commonly 1 percent higher than in inspired gas. This was pointed
out by Canfield and Rahn (44) because the gas exchange ratio of elements
has a low GA/é and is lower than that of the whole lung, the FNZ in

these units must be higher than in the lung as a whole. There are a

number of logical extensions to this statement:

1. Since the alveoll contribute proportionately more to the blood
leaving the lungs than to mixed alveolar gas, they will raise the
arterial pressure of nitrogen (PNz) more ‘than the alveolar, i.e.
if there is a QA/é inhomogeneity, there must be an arterial -

alveolar nitrogen (NZ) difference and this has been used to

quantitate maldistribution.

2. There must be a continuous nitrogen (Nz) exchange in the lungs
even though there i1s no net nitrogen (NZ) transport. With low
VA/Q the alveoli force some nitrogen (Nz) into the blood, while

with high VA/Q the alveolil are responsible for an equal and opposite

nitrogen,(Nz) elimination,

Considering an example in which mixed venous pressure of Nitrogen 1s

570 mmHg and alveolar pressure of Nitrogen is 630 mmHg, then each unit of
blood passing through the capillaries will only take up a thousandth of
its volume of Nitrogen(Nﬁ. It has beeﬁ shown by Farhi and 0lszowka (14)

that it is only at extremely low VA/Q that oxygen (02) pressure or up-

take is effected. Since inert gas Nitrogen (N2) movement is impaired
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by the combination of low solubility and a small alveolar mixed venous

pressure difference, it 1s useful to investigate the effects of changes

in either one or both parameters.

Fink (45) reported on the effects of exchange of a 'soluble' inert gas

on Oxygen, he also defined a phrase of "diffusion hypoxia" to describe the
dilution of Oxygen (02) when Nitrous Oxide (NZO) is eliminated from the
blood. Farhi and Olszowka (14) presented a more comprehensive analysis

of the situation using Nitrous Oxide (NZO) as an example,and indicated
that during Nitrous Oxide (NZO) uptake when the effects of inert gas are
magnified by the high solubility and by a large alveolar mixed venous
Nitrous Oxide (NZO) difference, the alveolar Oxygen (02) tension may

actually exceed that of the inspired gas, Figure (6).

Epstein et al (46) showed that when one,poorly soluble gas is concen-
trated as a result of uptake of a more soluble one, the second gas

effect is observed, i.e. during induction of anaesthesia, Stoelting (24).

3.3 Earlier Models

This section describes earlier modelslupon which the model proposed in
this thesis is based. Initially,all the gas exchange equations originated
from the BYhr equations. Later a controversy between Haldane (47) and
Krogh (48) increased the awareness of these equations and acted as.
catalyst for further work, and led to the models of Farhi (12), Farhi

and Yokoyama (37) and eventually that of Evans (49).

3.3.1 The B®hr Equations

BYhr (3) introduced mixing equations from which the dead space (V )
can be calculated 1f the expired tidal volume (V ) and functional concen-

tration of any component in inspired, expired and alveolar gases

20




FE FA ) are known. They were derived as follows:
X

ps

The total amount of any gas expired is equal to the amount in the dead

space, plus the amount expired from the alveoli, i.e.

¥ F F
= - A
VT EX VD Ix " (VT VD) x (7
F F
- E
VD - AX X
vV F F
T AX - IX (8)

3.3.2 The Haldane and Krogh Controversy

Both investigators believed that the lung behaved essentially as a large
volume of alveoli in which gas 'exchange took place and that it connected
to the atmosphere by a system of airways in which no gas exchange

occurred. This is now defined as respiratory dead space,

There was substantial agreement between Krogh and Haldane on the mag-
nitude of dead space volume during quiet breathing. The average value was
found to be about 150 ml which agreed with the earlier results of Z%ntz

(50) and also those of RBhrer (51), who had experimented on a cadaver lung.

The controversy, which continued for many years, was that the dead space
volume was a static property of the lungs that varied little with large
tidal volumes (hyperventilation) or exercise. Krogh (48) and Haldane

(47) saw it as much more functional and entirely capable of physiological

adaptation.

The controversy emphasized the difference in the measurement of dead
space between the use of an exchanging gas such as Carbon Dioxide (COZ)

and a gas such as Hydrogen (Hz), which is in diluted form in the alveolar
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A later distinction was drawn between the physiological dead space,

gas.

which is the volume of the lung that does not eliminate Carbon Dioxide
(COZ) and the anatomic dead space which is the volume of the conducting
airways down to the level where the rapid dilution of an inspired,in-
soluble gas occurs with gas already in the lung. This reflects the
geometry of the airways system., Fowler (52) describes the now accepted
method for measuring the anatomic dead space by his use of the single
breath Nitrogen (NZ) washout test. The term "physiological' was intro-
duced for the dead space. Engh®ff (53) used arterial PCO2 rather than
the alveolar PCO value in the B®%hr equation. This modification was

2
further developed by Riley et al (54).

3.3.3 Inhomogeneity

Much of the research on pulmonary gas exchange since the second world
war has been directed at a better understanding and expression of the
inhomogeneity of alveolar gas and capillary blood. The Haldane - Krogh
controversy acted as a catalyst to prompt research in the last thirty

years on gas exchange.

3.3.4 Riley's Method

In-the Riley and Cournand (6) method the PO2 and PCO2 of arterial blood
and mixed expired gas are used to construct a three compartment model of
the lung, as shown in Figure 8. One compartment (physiological shunt)
1s considered to be perfused but unventilated; (V>on Figure 7) another
(physiologic dead space) ventilated but unperfused (I on Figure 7) and
the third compartment (ideal) contains the remaining portion of the

ventilation and blood flow (point i on Figure 7).

The elegance of Riley's model lay in its simplicity. In 1946 Lillienthal

and Riley (55) made an assumption that the percentage of various ad-
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mixtures remained unchanged during low Oxygen (02) breathing. Using this
assumption they devised a method for determining the diffusion capacity
of Oxygen (02). This was accepted for two decades until it was shown to

be simplistic by West (17) and Riley and Permutt (56).

This was the model which formed the basis for Farhi (12), Farhi and

Yokoyama (37), Evans (49).

3.3.5 Farhis Model

Farhi (12) considers a theoretical lung in which the ventilation per-
fusion ratio is equal in all elements, or to any single respiratory unit,
and it is acknowledged due to Ball et al (57) and West and Dollery (58)
that the normal lung does not fulfil these conditionsa It is used,
however, to establish the following relationship in which assumptions

are made:

1. Blood leaving the lungs is in equilibrium with the alveolar gas

Fe T Pag (9)

as described by Forster (59), Bates and Christie (60).

2. The amount of inert gas remaining in the alveolar gas volume is
constant Ntehren (61),using Fick's equation 12.. The amount of

gas eliminated from the blood as it traverses the lungs is given by:

v = V. - ¢
bG Q (Cvy Cag) (10)
0 1s the Bunsen solubility coefficient
\Y = ; __g_ ' -
bG C 355 (g Pac? (11)
since
P = P

aG AG
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° A
= — - P (12)
e Qe (B AG?
Vae T Va Fac (13)
: . Pag
Vag 7 A 863 (14)
. P
. AG
a = —
C 750 @\7@, - PAG) VA 63 (15)
1.136 &
P - P— 0O
AG VG .
1.136 ¢ + VA/Q (16)
A 17)
. . ' 17)
AG VG N
A/Q

Similar gas equations were developed by Kety (62) Néehren (61) and

Severinghaus (63),

The conclusion drawn is that a greater increase in elimination is ob-

tained when Q is increased than when VA 1s increased by the same amount.

In this case it is seen that whatever the gases chosen (0. and C02) in

2
this case, the uptake is impaired. Our findings clearly contradict

their conclusions.

3.3.6 Farhi and Yokoyama (37)

The model presented is very similar to the one of Farhi (12) with cer-

tain modifications, i.e.

A

A+ VA/é (18)

PA is defined in relation to Bv by
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P A

v A+ VA/é (19)

The elimination of two gases is considered and a two compartmental

equivalent model is used.

According to equation (18) the conclusion drawn is that whenever the

VA/é of alveolar is higher than that of the lungs, the partial

pressure of the gas eliminated by this element must be lower than that

prevailing in the rest of the lung.

He concludes that the shape of the V curve 1s dictated by the ratio

A/Q
Al,/Az regardless of the absolute value of kl (partition coefficient

of the inert gas 1) and AZ (partition coefficient of the inert gas 2).

3.3.7 The Evans Model (49)

This model is an extension of Farhi's model (12) and Farhi and

that of Yokoyama (37), i.e. compartmental model. It is assumed that the
lung is composed of a large number of compartments receiving continuous
ventilation and perfusion at fixed rates and that there is complete

equilibrium of the inert gas (no diffusion lmpairment) within each com-

partment,

The problem posed is of parallel equivalence to that of Wagner and Evans

(64).

In the case ofvsteady state exchange of an inert gas in parallel ven-
tilation and perfusion models, the assumption is made that the carrier
is not exchanged - a statement which we have found to be untrue. In our
model the exchange of test gas 1is considered similar to the exchange of

the gas in a homogeneous (one compartment) model with the same total

i
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ventilation and perfusion and the same inspiratory and venous partial

pressures of the ilnert gas.

3.4 Other Models

Briscoe (65, 66) developed a model with two compartments, one of which was
poorly ventilated and this slow compartment was identified by inert gas
studies. Briscoe's model accounts for the hypoxemia (Oxygen deficiency
in blood) in patients with chronic,obstructive pulmonary disease better
than the venous admixture of the three compartment model,and it predicts

the effects of oxygen therapy better,

West and D®6llery (58) introduced a radioactive gas technique that added

spatial localization of V/Q, thus enhancing the information available

from analysis of expired gas and arterial blood.

Wagner et al (67) devised a multiple inert gas technique that gives the
complete distribution of ventilation and perfusion throughout the lungs.,
This technique answered all the questions of uneven distribution in the

lungs.

3.5 Regional Inequalities

All the previous work concerned with the study of regional inequalities

upon overall gas exchange has assumed that the variation in ventilation

and blood flow in the lungs is such, that the pattern of ventilatioﬁ—
perfusion ratios so produced is compatible with the log normal distribution.
This concept was first introduced by Rahn (7) who showed that an

A - a)DO of 8 mmHg would be developed in a lung if the standard

2
deviation of the distribution was log 1.3. At a later stage Farhi and

Rahn (68) demonstrated that progressively larger (A - a)DO values would
' 2
result if the range of ventilation-perfusion ratios was widened by in-

'
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creasing the standard deviation. Kelman (69) and West (16) carried out
similar studies. They assumed a fixed body metabolism to simulate the
changes in mixed venous blood gases in the steady state and to show that

the output of carbon dioxide was affected nearly as much as the uptake

of Oxygen (02) by 1nequalities in regional VIA/' ratios, while the
Q

former study confirmed the earlier findings of higher (4 - a)DO
. 2
values when the range of VIA/' ratios is increased; and also defined
Q

the changes in P and P (arterial nitrogen and carbon dioxide
aCO2 aN2

pressures).

West (16) used a log-normal distribution of ventilation per unit volume
with constant blood flow per unit volume to generate data. He observed
that the impairment of gas exchange resulting from inequalities was
identified with that found with perfusion inequalities and he attributed
this to the feature of a log-normal distribution. The data generated
from the log-normal distribution of ventilation and blood flow for a

six compartment lung model is shown in Figure 9. There is very little

difference seen in the V ratios generated for the majority of the

IA/
Q
compartments regardless of the fact that uneven distribution of ventil-
ation or blood flow is assumed. The only major difference in VIA/'
Q

ratios are in the two compartments at the extreme ends of the range; since

these compartments are poorly perfused their influence on mixed arterial
blood gas content is negligible.

The difference between the V ratios generated from the distributions

IA/Q

will increase as the number of compartments increase.

The lung model is considered here which consists of ten equal volume
alveolar compartments Figure (10) with an uneven distribution of ventil-

ation and an even distribution of blood flow as described by Scrimshire
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(11). The assumption made by Scrimshire (11) was that the parameters
under consideration; be it ventilation or perfusion, follow a geometric
progression. The same assumptions are made here,

The most commonly used distribution is log-normal due to its simplicity,
West (16). Recently Scrimshire (11) generated ventilation and blood flow
data by using a particular 'geometric progression distribution' and showed

that models having unequal ventilation produce more hypoxia and less

hypercarbia than unequal blood flow models.

West's (16) model using log-normal distribution failed to show any dif-

ferences in gas exchange irrespective of whether ventilation or blood flow
was assumed to be uneven. The reason was that the distribution generated
by West, assuming uneven ventilation per unit volume, is identical to the
one generated assuming uneven blood flow per unit volume. The result was

proved by Scrimshire (11),

As Scrimshire (11) argued that there 1s no experimental evidence to support
the contention that a log-normal distribution with large standard deviation
represents the conditions existing in a diseased lung. The work of Briscoe
and Cournand (20) has shown that Nitrogen washout data obtained from sub-
jects with emphysema are not comparable with such distribution patterns, in
that too great a proportion of the lung volume is too poorly ventilated,
Scrimshire (11) suggested that the true frequency distribution would have
Lo be very much skewed with its peak well to one side. Scrimshire (1)
agreed that no physiological meaning is attached to the forms he used,

but he found that uneven distributions of ventilation conformed to this

geéneral specification,

Finally as many naturally occurring phenomena take the form of a geometric

progre331on it would not, therefore, be unreasonable to postulate a

geometric series model,
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In general the relative magnitude of ventilation or blood flow to any
alveolar compartment (I) is expressed as A(R * I-Db) by Scrimshire (11).
Ffom this equation, it is obvious that the range of magnitude of blood
flow or ventilation is dependant upon the parameters A and b, and upon

the equal number of compartments. The number of compartments (I) is taken
as equal to ten due to the analysis of Wesf (16) which states that very

little change occurs in accuracy of models of this type on increasing the

number of compartments beyond ten.

The value of b (degree of inequality) determines the range of distribution

where the value of b has been taken from O to 2.0 in steps of 0.25.

To generate data for a lung model having an uneven distribution of
ventilation and an even distribution of blood flow, a particular value
must be assigned to parameter b so that the values for compartmental
ventilation may be calculated. For the blood flow data b is set equal
to zero to produce ldentical blood flows for each compartment. Sim=-
ilarly, an uneven distribution of blood flow and an even distribution of
ventilation may be generated by interchanging the assigned values of b,
The two separate distributions thus formed will be said to possess the
same degree of inequality and so the range of compartmental ventilation
in the first distribution is equal to the range of compartmental blood

flow in the second. Appendix A shows the ranges of VIA ratios generated

Q

for a ten compartment model are increased as the degree of inequality
(i.e. parameter b) of uneven distribution of ventilation and even dis-
tribution of blood flow is increased, and uneven distribution of blood
flow and an ?ven distribution of ventilation is increased. The relative
increase in_;Lé ratios over the range was found to be identical for

distributions having uneven ventilation and distributions having uneven
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blood flow with the same value of param2ter b. For example, with b

equal to 1.0 there was found to be a five hundred-fold increase in the

' . .V
VIA ratios for both distributions. Altaough the relative changes in IA

Q Q

ratio are equal for uneven distribution of ventilation and even dis-
tribution of blood flow, and uneven dis:ribution of blood flow and even
distribution of ventilation, generated vith the same value b it can be seen
that the distributions embodying uneven ventilation consistently have lower

VIA ratios than the corresponding distributlons having uneven blood flow.

Q

It is also noted that the difference between the two types of distribution
becomes more marked as the degree of inequality increases. This further

endorses the findings of Scrimshire (11).
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FIGURE 4
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FIGURE 5

Ventilation Perfusion Lines for Two Tracers
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FIGURE 6

Effect of Inert Gas Exchange On O2 and C02 Tensions
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FIGURE 9

Example Of A Log Normal Distribution For A Fairly Large Degree Of

Ventilation — Perfusion Ratjo Inequality
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FIGURE 10

10 Compartment Lung Model
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CHAPTER 4

THE MATHEMATICAL MODEL

This chapter describes a mathematical model developed during the course
of this research to represent pulmonary gas exchange under "“steady-
state" conditions, using tracers of various solubilities under constant
perfusion or constant ventilatilon; it determines the overall gas ex-

change and ventilation/blood flow ratio (VA/é).

4.1 Inert Gas Elimination

Table (1) gives the 1list of inert gases suitable for elimination studies.
The inert gas elimination method rests on the mass balance principle
which relates alveolar pressures of inert gases in the lung to the

solubility of the gas and the ventilation - perfusion ratio (VA/é) of

the area of lung under consideration. The general equation has been

derived and described previously,Kety (62) and Farhi (12).

The inert gas exchange can be studied during uptake, elimination or
steady state conditions and involveslthe transport of Oxygen (02)

and Carbon Dioxide (COZ). Most previous researchers have only considered
the elimination of an inert gas aﬁd ignored uptake and steady state

conditions.

The assumption in arriving at the basic equations for such a case were

those stated in Chapter 3, Sections 3.3.5 and 3.3.6.

If the inert gas is present in the inspirate, then PIG is different from

zaro. Then equation 19 becomes:

Pae 7 Prg ~ A

P— - P B :

v IG A+
s (20)
- 20
Q
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4.2 Derivation of Equations

The model used in this research is the ten compartment model shown in

Figure (10). A geometric progression is used Scrimshire (11),

to generate alveoli and all the equations are based upon Fick's equation,

Farhi (12).

A1l symbols used in deriving relationships will follow the Pappenheimer

nomenclature (70).

4.,2,1 Gas Exchange In A Homogenous Lung

Consider an alveolus, or homogenous lung containing one gas and having

a finite solubility. The pressure of this gas must always be atmospheric,

hence it follows that:

B, = P, = Py = 760 miHg

from classical gas equations.

Fpp oo Va7 P10 Vi 70

1v3
solving for PA1

- Q A P P .
PAl 1 .Vl + ,Il TA
+
VA Qs Xl
dividing by Q:
P = A 1 ° P\_fl + P o V ¢
Al ; Tl IA/Q
V. 2 o+ A
A/Q 1

A

1

(R71

P

Al

(21D

(225

(23)

(24)

In order to express the alveolar tensions of the gas as a function of the

. \Y
variable 'TA substitute equations (24) into (21).

Q

Vo - + -
PT = IA/Q - PI]_ . A 1 . Pv1
V_A_ + A 1

40
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@

solving VIA and simplifying we obtain:

Q

Py : Frq (26)

4.2.2 Exchange of Two Gases

Extending the model to two gases:

PT = PAl + PAZ = ¥ paR (27)
Via
, o9 S Al .
Al G \
AlQ * 1 ~ (28)
Via
Py = _Q Pro o+ Ay - By
\
A A
q (29)

Substituting equations (28) and (29) into (27):

1A
: P + A _
Prox Q 11 1
\Y
g o
Q
Via
L) ] P + A . -
L+ Q 12 2 7
v
LG *2
Q | (30)

solving for VIA for two gases:
st

Q
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4.2,3 Multigas Exchange In A Lung Model

Deriving a general equatlon for n gases:

Moo By

4.3 Elimination and Uptake In A Lung Model

In Figure (11) one of the gases is being eliminated while in Figure (12)

two gases are being taken up.

4.3.1 Elimination Phase Figure (11)

Inspired gas tension (PIG) = 0.00 mmHg

Venous gas tension (EFG)

i

760 mmHg

4.3.2  Uptake Phase Figure (12)

1l

)

Inspired gas tension (PI 380 mmHg(since there are two gases

G
being taken up).

1l

Venous gas tension (PVC) 0.00 mmHg from equation (32).

For three gases:



1 vi oo ] 2 vz i 3 V3
Vag N Ay Yoo
Q Q
n o, T, e
: \}A/C.Z+ g i@ "R Varg 2 (33
Q
first gas is being eliminated.
Therefore:
11 _ -0 (34)
VA/& + 1
second and third gases are being taken up
Therefore:
2 Py, .kz Pi?, _ | (359
Yaq t M Yarg T
Hence equation (33) becomes:
M 1
- iy - Ya/q i
12 I3
: —5— " = 3
Y4/ 2 Vaq t3 (36)

4.4 Model for Overall Gas Exchange

In this model the following factors are considered:
(a) Ten compartment model
(b)  Three gases considered initially

(c) Various degrees of elther ventilation or perfusion

G4.4,1 Generation of Ventilation and Perfusion Data

. . . + -
Using a geometric progression of the form A(R a 1) B) described

elsewhere Scrimshire (11)and Scrimshire and Nagvi (71): -

Value of T = 1 to 10 (ten compartment model)
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0 to 2.0 (degree of inequality)

11

R 1

G.P parameters

i
N

A

4,4.2 Data Options

There are three options open to us which were described by Scrimshire

(11):
(a) Unequal ventilation (constant perfusion)
(b)  Unequal blood flow (constant ventilation)
(c) Homogeneous lung

4.5 V_,* Model
—A/Q

In this model, the value of the V ratio is calculated using a quadratic

A/Ez

equation for two gases and later by a cubic equation for three gases.

o

4,5.1 YA/Q Model for A Homogeneous Lung
VIA
s - 0 1+ N A
T :
VA
-— t Al
Q - (37)
1v3 . o
solving for VA/Q ratio
e VIA
: . P AL P= A '
A= Q 11+ 1 S 1 (38)
Q Fp

45,2 °
XA/Q Model For Two Gases

(39
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solving for VA/Q

ratio using the quadratic form:-

x 2a
when x = VA/Q
a = PT
\Y
1A _
b= U M) R 7 Py« Mo Ty
\Y -
( 18 P, * kz . Pg, )
Q
\Y
- _ 1A + AL -
c~PT.}\1,>\2 .(AZ.PIl 912,13
+ .
Moy Oy '
VA = -b TV b2 - 4ac
: 2a
Q
taking the positive root only.
4.,5.3 VA/& Model for Multigas Exchange
If we consider three gases, thens:
1 '1a
: >\ ° jugey i e ° 57
= Q I1 + 1 PVl + Q PIZ + 32 PV2
Taow Ay ot M
Q Q
VIA
] . A
+ Q Fr13 + %3 - Py
A
+
2 A3
Q (40)

solving for the A ratio we use a cubic equation of the form

Q
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4.5.4 VA/é Model (Elimination Phase)

Inspired gas tension (PIG) 0.00 mmHg

Venous gas tension <PVG) 760 mmHg

If we again use three gases for the elimination phase, and since we have

chosen P = 0.00 mmHg, we can eliminate all the products containing
1G

PIG from equation (40).

i.e. a

4.5.5 VA/Q Model (Uptake Phase)

Inspired gas tension <PIG> 380 mmHg

Venous gas tension (PVC> = 0,00 mmHg

Using three gases for the uptake phase and by choosing the value of

PVC = 0.00 mmHg, then we can eliminate all of the products containing

PVC from equation (40),

i.e, = P
2 T
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4,6 Gas Exchange In A Two Compartment Model

from equation (24)

equation of the gas exchange in the first compartment :

IA
. + A
o= g P11 1
N
- Tﬁ + kl
Q

48
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Extending to the gas exchange in the second compartment:

< e

TA
“T‘ P + A . P=
© T12 1 V2
Proo = Q :
A
Q A1 (42)

since the gas being exchanged has the solubility Al’ but different
values for alveolar pressure (PA), inspired pressure (PI) and venous

pressure (PV)'

4.6.1 Gas Exchange In A Multicompartment Lung Model

from equation (41):

TA
° s >\ o
_Q Py 1 P71
P17 0C T
Ao
® + L4 +
Q 1 Q 1 (43)
Hence equation (42) becomes:
VIA
_ -( » P )\ o P_
PAZ Q 12 + 1 V2
/A /
: + A o+
Q 1 Q M (44
VIA
. ¢ P A - P—
PAH — ‘Q In + _ 1 Vn
Ya Va
. + A : + A
Q 1 Q 1 (45)
slnce
P = P + P + e @50 e 8600
T Al A2 Prn (46)
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+ +e¢+ P = IA
Par T a2 An = L,
Q I1
L
o 0
VIA
Q ° PIn
A
Q Al
N _
1 B
‘s
: LA
Q
Hence
VIA
n n
5: PAi = Q i. PIi +
i=1 VA i=1
T—‘+>\
Q 1
extending the model to second gas:
from equation (48)
VIA
n e n
2 PAj = = Q 2. PIJ +
j=1 VA j=1
o+
Q "
hence the third gas
v
n LA n
P
3; Aj = s 2 ?i Pre +
k: =
1 Yé k=1
o+ A
Q 3

50

Vv

TA
s+ q " Froe
v, .
Q N
+ A1 ¢ va +
Ao,
Q M
T R £
ENN
: +
Q 1
)\ n
VA i=1
-—  +
. N
n
A
2 Y B
VA i=1
= L A
Q 2
n
A
— 3 Y P
VA k=1
. + A
Q 3

(47)

(48)

(49)

(50)




4.6,2 Elimination In A Multicbmp&%tmEnt Lung Model

Inspired gas tension,(PIG) = 0,00 mmHg
Venous gas tension (R§G> = 760 mmHg
for the first gas solubility A= Al » ¥rom equation (48)
since PIG = 0.00 mmHg
VIA
—— n
: 2 Z. PIl = 0
VA i=1
T+ A
Q 1

Hence the equation (48) becomes:

n M n
'}—,1 Pay = \;A' ' il &7 (51)
= l:

0

1

+ A
1

Solving for VA from equation (51)

O-I

1 _i=
\'i n
A = B
— + _
Q M i i
i=1 (52)
- n
v —
A .
1 Q - i=1
A1

- (53)
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(54)
10
L i
i=1 /
- = P,
10 1
E Pai
i=1
Hence equation (54) becomes:
V .
A 7
— = 9\1 (p. - 1 (55)
i
Q
4.6.3 Uptake In A Multicompartment Lung Model
Venous gas tension (PVG> = 0.00 mmHg
for the first gas solubility A = )\]
from equation (48)
since PVG = 0.00 mmHg
A
1 o _
— Z P = 0
Vi
A+ .
- >\1 1=1
Q
Hence the equation (48) becomes
v
n A n
"aio= v [ Frs
i=1 _j}‘ i=1
* + A
Q 1 (56)
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Solving for IA -

v

Q

< .

Q

hence for any gas:

s
Q

Assuming

Let 10

L P

p~/1ﬁ‘%§r~4 )

e
I
=

BT s

ot
1l
j}

[
I
=

r~/}st

(w3
i
—

,o.! <l .
=

Ak

Tk

P
At

It

53
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O.l < e
b

-

Q

1l

(57)

(58)

(59)

(60)




Then equation (59) becomes:

Y R
Q o5 (61)
4.7 Analysis of Uptake and Elimination

Considering the introduction of three inert gases simultaneously. Keeping
one gas ( A= Al) as a filler gas Stoetling (24), while the other two
gases (A= AZ) and (A= A3) are being taken up and eliminated res-

pectively.

From equation (61) and (55):

Vv P.
A S B A
3 - ¥ (62)
. ) ,
i - N @ -
Q (63)
Combining these two equations:
P’ .
j A A -
1 = P/‘ 2 = 3 (Pk 1)
] : (64)
let A3 ) .
2
equation (64) becomes
P/
re 1 . j
P = i
K Ll )
J (65)

from equation (65) it is apparent that the shape of the VA curve is

Q

N . Ay . .
dictated only be the ratio of 3 in this case regardless of the absolute

%

value of A3 and AZ' ‘This analysis is very much similar to the Farhi and

Yokoyama (37) and Farhis,

e

* Personal communication Farhi, March 1984,
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The value of this ratio is always less than 1, Farhi and Yokoyama (37),

which is in accordance with the findings in this thesis.

4.8 The Newton-Raphson Method APPENDIX B

The Newton-Raphson method is a second order iterative method.
Let x be an approximation to the root (A) of the equation f (x) =

and let e be the error in this approximation so that:
O

A = x t e
o o
then 0 = £ (4) = f(xo + eo)
2
= + ' + " + .. T
f (xo) e, f (XO) 1 ey £ (XO)

2

on expanding in a Taylor seriles.
Hence, provided eo is "small"

£ (xo) + e f (xo) ~ 0

and so e, = - f (XO)

f (XO)
provided f'(xo) F 0

Thus an improved approximation to the root (A) 1is:

_ - )

f‘(xo)

and then a further improved approximation is

R b
£ ()
provided e, = - f (Xl) 1s "small"
1 ———
£ 00

Hence the iterative formulae given by

f (Xn)

X X

nt]1 = bo! ——

' (x)
n
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(68)

(69)

(70)

(71)
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F(x) = X" T (75)
Using the Newton-Raphson technique to determine an approximation to the

. 3 2
real root of the equation x - x - x = 3.

from equation (75)

3 2
_ Xn - Xn - Xn -3
o1 = *n >
3 T - 2x_ -1 (76)
n n
Starting with X = 2,5 and rounding to three decimal places, the fol-

lowing results are obtained:

£

x f (x) £ (%) £r(x)
2.5 3.875 12.75 0.304
2.196 0.571 9.075 0.063
2.133 0.022 8.383 0.003
2.130 -0.003 8.351 0.000

Hence the root is 2.13 correct to two decimal places.
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TABLE 1

GASES SUITABLE FOR USE IN SIMULATION

Blood: gas par-

Gas Formula Mol wt. tition Soefficient
] - (37°¢C)

Sulphur SF

hexafluoride 6 146 0.0076 (1)
CH

Methane 4 16 0.038 (2)
C.H

Ethane 276 30 0.092 (2)

Freon 12 ¢ CLF, 121 0.26  (2)
C.H

Cyclopropane 376 42 0.414  (3)
C.H

Acetylene 22 26 0.842 (&)

Fluroxene C4F 350 126 1.37  (5)
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FIGURE 11

PAG

f Alveolar

w {/A

PVG

\\ i‘) Arterial

Elimination - gas is being e‘liminatedQ via the alveolars

inspired gas concentration (PIG)=0

FIGURE 12

PIG

6 PAG
Via ¥
» Alveolar
VA

l » PVG Arterial

0

Uptake - gas is being taken up by the arteries.
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CHAPTER 5

RESULTS OF SIMULATION

The model was simulated using a P.E.T Commodore 32K microcomputer

using the basic language. West (16) pointed out that 1000 compartments
were probably near to the number of true gas exchange compartments in
the human lung, but he considered that ten compartments was a reasonable
compromise for the purpose of calculation. A ten compartment model was
used for this simulation.

5.1 Independent V, and Q Distributions

A

In order to assess the effects of independent regional inequalities, a
mathematical formula was used to generate values for both ventilation
and blood flow,to each of the alveolar compartments of the model. This
function enabled particular degrees of either,ventilation or blood flow

inequality to be defined by means of a single parameter.

The assumptions made were those described by Scrimshire (11), Scrimshire

and Naqvi (71),i.e. that the respiratory parameter under consideration, be

it ventilation or blood flow, varied in the form of a geometric progression

from compartment to compartment.

i.e VA (n) or é' (n) = 2(n - 1B (77>

where &, and Q' are the magnitude of ventilation 6r blood flow to any
A

compartment, n.

The generated values are scaled so that they sum to the given minute,

volume and cardiac output, respectively, thus:

V(= v () Uy, Y v, (n) (78)
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Qm = Q (M . Q/ L2 (79)

A set of results were generated using the values of parameter B from

0.0 to 2.0. The small values of the parameter B naturally gave rise to a
mild degree of inequality and higher values produced correspondingly more
marked inequalities. With parameter B set to zero a perfectly even dis-
tribution was produced. A further set of results were generated for the
solubilities Having the values ( Xl’ AZ’ X3), APPENDIX A.
Simultaneously, two gases were taken up while the third was being elimin-

°

ated Figure 13. A set of curves for PaG against the V

ratio were

IA/Q
plotted.

5.2 Effect of Increasing The Solubility of Uptake

The gas which was being eliminated was kept at a solubility of 0,001,

while the solubility of one of the gases being taken up was increased
gradually from 0.001 (almost insoluble) to 10.0 (highly soluble). Even
though the gas which was being eliminated was kept at a constant solubility,

its partial pressure PaG varied between 100 mmHg to 150 mmHg,

5.2.1 Solubility of Uptake Al = 0,001

It was noted that the gas with constant solubility ( Al = 0.001) star-

ted with a high value of P (760 mmHg), but gradually decreased to almost

half of its value P (370 mnHg) as the VIA ratio decreased. Figure 14,

Q

The second gas, however, started with low pressure P

G of almost (0.00

mmig) and increased to P o (370 mmHg). It was also found that both uptake

curves f 111 = i i ’
urves for the constant solubility Al = 0.001, with AZ varying from

0.001 to 10.0 were almost mirror images of each other. There was a slight

Tri i
se in the value of P ac for the gas with low solubility ( X = 0.001)




varied from(10.0 to 1.0) respectively, curves 1 aﬂd'z in Figure (14).

Vv .
A rise of P G of 45 muHg was observed between the IA ratios of 0.02
a @&

Q
to 0.2.

5.2.2 Solubility of Uptake %1 = 0,01

Increasing the value for the solubility of the gas by a factor of 10
produced a similar set of results., The curves were shifted slightly to
the right. This time a rise of 45 mmHg for alveolar pressure PaG was

observed between the values of the VIA ratio of 0.03 and 0.3. Figure (15).

Q
P
for AZ < Al P ’ aG (80)
2 1
A= Ay P = PG (81)
2 1
A‘ > A P < P
5.2.3 Solubility of Uptake Al = 0,1

It was observed that as the value of solubility of the gas being taken
up ( Al) was increased, the shape of the curve started to show a definite

A . .
peak for the "TA ratio of approximately 0,125 mmHg. Uptake gas pressure
Q

(PaG) reached a definite peak at the V ratio minimum at 500 mmHg, The

14/Q

uptake of the second gas started from a minimum of almost zero pressure

(PaG = 0) to a maximum of 250 or 350 mmHg. Figure (16).

5.2.4  Solubility of Uptake Al = 1.0

As the solubility of the first gas of uptake was increased by a factor of

tern to Al = 1.0,

together.

the curves for various solubilities were clustered

The gas with a constant solubility started with P ¢ = 675 mmHg
a

at the VIA/Q rgtio of 0.02 rising to a maximum value of 710 mmHg, and

afterwards gradual i =
g ually decreasing to a value of PaG = 400 mmHg., When a

value was set = = i
s so that Al AZ = 1.0, then it was observed that for

th . i '
e VIA/Q Tatio of 1.0 to 40,0 the value of Pa

¢ Stayed constant at 375 mmHg ,
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which is consistent with the fact that the gases of equal solubilities were

taken up by equal amounts. Figure (17).

5.2.5 Solubilities of Uptake Al = 10.0

In this case the curves for uptake were clustered more closely together,

The value of the PaG started from 675 mmHg and rose to a maximum of 750 mmHg

e
®

at the Vv ratio of 0.2 and then gently fell to 525 mmHg at the VIA/Q

IA/Q
ratio of 10.0, when the value of uptake became Al = Xz = 10.0

stayed constant at 375 mmHg for VIA/Q

(highly soluble) the wvalue of PaG

ratio of 10.0 to 70.0. Figure (18).

5.3 Effect of Increasing The Solubility of Elimination By A Factor of Ten

Another set of results were obtained by increasing the solubility of the

gas being eliminated by a factor of 10 each time. Figures (19 - 21).

5.3.1 Solubility of Uptake Al = 0,001

It was noted that the partial pressure of the gas being eliminated star-

WY .
ted from 475 mmHg for the IA ratio of 0.01 and that it decreased to

Q
almost 0.00 mmHg for the vIA ratio of 2.0 to 10.0. The curves were spread
Q ) o
out ;showing definite peaks at partial pressure of 710 mmHg at the VIA
. v :
ratio of 0.6, and then gently dropping to 500 mmHg at the 'IA Tatio of
Q
15.0. TFigure (19).
5.3.2  Solubility of Uptake Al = 0.01

The Partial pres§ure of the gas being taken up, rose to a maximum value of

.V ‘ .
?20 mmHg at the "IA/Q ratio of 0.15 then fell steeply to 500 mmHg at the

v .
LA ratio of 13. When the values of the solubilities were set to A =

g ‘_
Al = 0.01, the curves were superimposed upon each other, i.e. both

gases were taken up by the
p by same amount. The PaG value of the uptake started
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from a minimum value of 250 mmHg at the VIA ratio of 0.01 and rose to a

: Q
steady value of 375 mmHg at the VIA ratio of 0.,4. This value of PaG
; Q
stayed constant up to the IA ratio of 14.0. Figure (20).
Q
5.3.3 Solubility of Uptake Kl = 0.1

The elimination curves were spread out, starting from 475 mmHg, falling

steeply to almost 0.00 mmHg for the VIA ratio of 3 onwards, There
) v
were definite peaks in the uptake curves at the IA ratio of 1.0, and
Q

the maximum value of Pa was observed to be 675 mmHg. Figure (21).

G

5.3.4 Solubility of Uptake kl = 1.0 and Al =" 10.0

The value of P ¢ for uptake curves was decreased for higher values of sol-

ubilities. PaG was decreased by 500 mmHg to 650 mmHg with peaks observed at

VIA ratios of 0.15, 0.4 and 2.5 . The elimination pressure PaG fell
Q @
sharply at the VIA ratios between 0.01 to 2.0. Figures (22) and (23).

Q

5.4 Effect of Increasing The Solubility of Elimination from 0.001 to 10,0

Looking at the Figures (14 - 38) it is observed that as the solubility
of the gas being eliminated is increased from 0.001 to 10.0, then the

partial pressure PaG starts with a high value of 700 mmHg for the low

value of the VIA ratio of 0.01, then falls to almost zero for the VIA
Q o Q

ratio of 10.0, with a value for X3 (gas of elimination) equal to 1.0 and
10.0. There are no peaks observed as the solubility of eliminatihg gas

is increased. In Figure (34) the PaG value of uptake starts from 750 mmHg

and gently drops to 400 mmHg at the VIA ratio of 10.0. The uptake of

Q
the second gas starts from almost 0.00 mmHg, rising to 400 mmHg for the

\Y .
%A ratio of 10.0. As the value of elimination i1s increased, the curve

Q
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becomes less steep and the plateau moves to the right, i.e. for a

. \ .
higher value of the IA ratio, the curve for uptake gases moves as the

Q

solubility of elimination is increased. PaG starts with a high value

and stays at that value until the curve gradually moves down to a pres-

sure PaG of 380 mmHg. There is a definite maximum for the VIA ratio of

Q

10.0. As the elimination is increased ,uptake of the gases is increased

by PaG = 0,6 mmHg at high ratios of the VIA .
Q
5.5 Effect of Changing The Degree of Inequality B
The model was simulated for various degrees of inequality (B = 0.0 to

B = 2,0). A series of curves were plotted for uptake against degrees

of inequality for various degrees of solubility.

5.6 Overall Gas Exchange

Overall gas exchange was observed and sets of curves for various degrees
of inequality and solubilities were compared to give a complete picture

of the situation.

5.6,1 Effect of Changing The Solubility of Uptake From 0.001 to 10.0
For this set of curves it was observed that the uptake was enhan¢ed for '
AZ = 0.01, 0.1, 1.0 and 10.0. There was no enhancement in uptake at
the value of XZ = 0,00l. Figure (39).

5.6.2 Effect of Increasing The Solubility of Elimination ( A )

by a Factor of 10

Another set of uptake curves were plotted for various degrees of in-
equality by increasing the value of elimination by a factor of 10, i.e.
from 0.001 to 0.01. It was found that the enhancement of uptake occurred
at the values of AZ = 0.1 and 1.0. There was no enhancement in uptake

for the uptake values of XZ = 0.001, 0.01 and 10.0. A general equation
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was derived and is described in the next chapter giving the conditions

for enhancement in the values of solubility of uptake. There was no en-—

hancement in uptake for the rest of the results. Figure (40)

5.7 Individual Uptake

A set of curves were plotted for individual uptake using a different
scale so that the enhancement could be observed. The curves for constant

ventilation and constant perfusion were drawn.

5.7.1 Constant Ventilation AZ = 0,01,0.1

In eurve 1 the value of uptake was 2.5 mmHg for a degree of 1nequality

B = 0.0, This pressure was maintained until the value of B reached 0.5.

The value of uptake pressure gently rose to a maximum value for a degree

of inequality B = 1.1. Uptake pressure dropped to 2.0 mmHg as the value

for degree of inequality reached the maximum value of 2.0.. Looking at

curve 2, the value of uptake rose sharply to 3.05 mmHg at the value of B

1.2, falling steeply to 2.4 mmHg for the degree of inequality of 2.0. These
curves showed definite enhancement in the value of uptake pressure.

Figure (41).

5.7.2 Constant Perfusion AZ' = 0.0L,0.1
The first graph shows a gentle rise in the uptake from 2.5 mmHg, to 2.54
mmHg at degrees of inequality of 1.5. For the second graph the rise in
upﬁake pressure was rapid, rising to a maximum of 3.02 mmHg at the degree
of inequality of 2.0. However, there was no drop in uptake pressure for

constant perfusion curves., Figure (42).

5.7.3 Constant Ventilation A 1, 10

2

For this pair of curves, a definite enhancement in uptake was observed,

the uptake pressure at degree of inequality B = 0 was 3.33 mmHg rising to
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a maximum value of 3.9 mmHg at the value of B = 1.0, then falling

sharply ‘to 2.83 mmHg for B = 2.0. The second graph had an initial-

uptake value of 4.58 mmHg rising gently to 4.63 at degree of inequality

of 0.6, then falling very sharply at the value of B = 1.0, dropping to
3.2 mmHg at B = 2.0. Figure (43).
S.7.4 Constant Perfusion AZ = 1, 10

Looking at the first curve,the value of uptake started at 3.32 mmHg rising
to 4.20 mmHg at the degree of inequality of 2.0. In the second curve,the
uptake value started from 4.58 mmHg rising to a maximum value of 4.9 mmHg

at the degree of inequality B = 2.0,

It was noted that uptake enhancement and the uptake pressure did not fall

below the original value at B = 0.0. Figure (44).

5.7.5 Constant Ventilation % _= 1.00, 0.1 for A; = 0.01

0.0

The value of Pa was 2.5 mmHg for the degree of inequality B

G

rising to a maximum of 2.71 mmHg for the degree of inequality of B =
0.838, then sharply falling to 1.6 mmHg for B = 2.0. For the two curve

A = 1,0 and AZ = (0,1, the valﬁe of Pa started from 3,3 mmHg

2
rising to 3.52 mmHg, then falling sharply to a minimum value of 2.0 mmHg

G

for the VIA,“Q ratio of 2.0. The maximum value was shifted to the left
and it was noted that the rise in uptake was 0.21 mmHg in both cases.

Figure (45).

5.7.6 Constant Perfusion 12 = 1.0, 0.1 for K3 = 0.01

In these curves,the value of uptake carried on increasing and showed a

definite enhancement. Looking at the first curve, the uptake started from
gnnanceme il ,

V L
the P_ value of 2.59 mmHg, Trising to a maximum of 2.87 mmHg for the TA/Q

G

ratio of 2.0. In the second instance the minimum value at PaG was 3.3 mmHg;,
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rising to a maximum of 4.0 mmHg, i.e. an increase of 0.3 mmHg in the
pressure of uptake,compared with the previous gas and 0.7 mmHg in the

latter. Figure (46).

5.8 Comparison of All The Uptake Curves

A set of curves for all the uptakes against degrees of inequality B = O
(mild) to B = 2.0 (severe) were drawn for constant ventilation and con-
stant perfusion, and compared.

5.8.1 Constant Ventilation
For this set of curves, it was noticed, that as the value of AZ was in-
creased, starting from AZ = 0,01 and raised by a multiple of 10
until Xz was = 10.0 (highly soluble), the value of uptake was increased

from 2.5 mmHg to 2.55 mmHg. The maximum rise in uptake pressure was small,

i.e. 0.05 mmHg. Figure (47).

5.8.2 Constant Perfusion

It was noticed that the uptake was enhanced for XZ = 1.0. It was found

that the uptake was enhanced by an amount of 0.9 mmHg, 1.e. exactly the
same factor as 1t was for the constant ventilation. There were similarities

in these curves and in Figure (46) such enhancement was maximum for the

same degrees of inequalities and values of A uptake., Figure (48).

5,9 Uptake Curves for VA/Q Model

Solving a cubic equation for these gases produced a set of results,and
graphs of uptake against degrees of inequality were plotted. It was found

that there was an enhancement in uptake, a maximum being by a factor of

0.6 mmHg for curve 6. The uptake for curve 5 was 1.31 mmHg for B = O,
gently rising to 1.32 mmHg. For B = 0.2, in curve 10, the uptake Tose
from 1.33 to 1.8 mmHg. For B = 1.5 in curve 5, there was a slight fall
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in uptake and the enhancement by 0.2 mmHg,, similar patterns were ob-

served for all the curves. Figure (49).
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FIGURE 13

Uptake - Elimination
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FIGURE 14

Uptake Elimination Curves
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FIGURE 15

Uptake Elimination Curves
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FIGURE 16

Uptake Elimination Curves
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Uptake Elimination Curves

FIGURE 17
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FIGURE 18

Elimination/Uptake Curves
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FIGURE 19
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FIGURE 20

Elimination/Uptake Curves
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FIGURE 21

Elimination/Uptake Curves

100°0

uoT3euTWITd o
7z o¥eadn v
1 ovealdn #

001

00¢

00¢

00"

006

009

00L

008

77

(3 o)
2aInssaid
1e1TI211y



FIGURE 22

Elimination/Uptake Curves
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FIGURE 23

Elimination/Uptake Curves
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FIGURE 24

Elimination/Uptake Curves
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FIGURE 25

Elimination/Uptake Curves
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FIGURE 26

Elimination/Uptake Curves
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FIGURE 27

Elimination/Uptake Curves
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FIGURE 28

Elimination/Uptake Curves
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Elimination/Uptake Curves
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FIGURE 30

Elimination/Uptake Curves
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FIGURE 31

Elimination/Uptake Curves
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FIGURE 33

Elimination/Uptake Curves
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FIGURE 34

Elimination/Uptake Curves
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FIGURE 35

Elimination/Uptake Curves
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FIGURE 36

Elimination/Uptake Curves
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FIGURE 37

Elimination/Uptake Curves
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FIGURE
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Uptake/Elimination Gurve For Various Degrees of T

FIGURE 40
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FIGURE 41
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FIGURE 43
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Enhancement in Uptake
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Enhancement in Uptake
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CHAPTER 6

DISCUSSION

The statement that the presence of regional VA/é inequalities always reduges
the efficiency of pulmonary gas exchange, has perpetuated for two main
reasons; first, multicompartment models based on the classical analysis

of Riley and Cournand (6) and Rahn (7) invariably give rise to hypoxia

and hypercarbia when subjected to unequal distribution of the respiratory
parameters, irrespective of the particular form assumed, i.e. Farhi and

Rahn (8), West (9), West (72), Kelman (10) and Scrimshire (11).

Secondly, by considering the exchange of a single physiologically inert gas,
Farhi (12) has demonstrated that both elimination and uptake will be

impaired when V ratios within the lung become unequal. Moreover,

‘A/an

the recent work of Wagner et al (67) has substantiated this a priori

observation by means of an elegant,mathematical model.

The models of Farhi (12) and Evans (49) were developed by calculating
alveolar tension of one inert, tracer gas and the assumption that
\Y \Y

= I and the model postulated and developed in Chapter 4 was

A
Q Q

based largely on this work.

In extending this work to the exchange of two inert gases and then to
three inert gases, the VA/& ratio was equated to alveolar pressure for

uptake and elimination in each case.

6.1 Calculation of Alveolar Tension of One Inert Tracer Gas

6.1.1 Farhis Equations

Assuming no venous Teturn, then the alveolar pressure 1s:
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further, assuming that V

VIa/q

+ XG

Va/q

IA/é

°

either calculate or assume a value for V. ,°

A/Q

Using Farhi's equations and assuming

V14a/q

VA/é

we have, by substituting into (83):

Using the approach of Evans et al, with V

variable

then

thus

now

Fac M

il

T
e ! e
1a/0
6.1.2 Evans' Equations

- = — P
Va Ppar Prg’ Via Ppar
Yé = Via Fmar - Trg
Q Q BAR - ~AG
_ \ :
Pre T Fre - 14/Q

VA/Q + AG
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1A/Q

(83)

is supplied as data, we must

(84

as the independant

and by further assuming that no other gas is being exchanged,

(85)

(86)

(87)




/Q

in (87)from (86)yields the quadratic equation

Substituting for VA

as follows:-

Ao v
IA
- P + —_ . + A .
AG . PBAR G PBAR PAG
Q
\Y
- P =
Q
OTr on rearrangement,
. . 4 2
\ 2 v A
= - + +
PAG PBAR —£é~ AG PBAR —Lé " G
Q Q
\Y .
A
4% Fpar 1o LA (89)
Q
-2 AG

o

6.2 Gas Exchange of Two Inert Gases, Expressed in Term of V ° Ratio

A/Q

Consider an alveolous or homogenous lung region containing two gases,

each having a finite solubility and assume that one gas has a high

solubility (suffix H) while the other has a low solubility (suffix L).

The total pressure of the two gases must always be atmospheric, hence it
follows that

P = P + P = P ’ (90)

from 'classical' gas exchange analysis (Farhi and others) then:

) A
v . P : H . P—
= 5
P, TA/Q M TH
VA/Q + KH (91)
and P = Vrajq ¢ P+ M- B
AL i
Va/q T M (92)
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In order to express the alveolar tension of the gases as a function of
the wvariable VA/é only, it is first necessary to derive an expression

for the related variable V -

IA/Q
Substituting equation (91) and (92) for PAL and PAH into equation (90)
then: V & . @ 71
PT = "IA/Q PIH + AH PVH
V ®
A/Q + AH
V ) gl
IA/Q Frp o+ AL i
v,,: A
A/Q + L (93)
by solving for VIA/é and simplifying, we obtaln:
2 g . g
B WH N e B,
P - v \Y A
T A, H A, L
1A = Q Q
— P
Q VL . P
+ A
VA/Q L Vé + AH
Q (94)
Assuming PVL = PVH = 0 1in equation (94) then
. PT
VIA/Q = PIL + PIH
o+ A Coot
VA/Q L VA/Q Ay (95

Looking at the literature,it is apparent that the previous researchers
considered only one gas at a time during uptake or elimination. Evans
et al (36) showed that mismatching of ventilation must reduce the pul-
monary elimination or uptake of any gas which had a linear dissociation
curve, irrespective of the pattern of ventilation perfusion ratios, and

that uptake by a homogenous lung exceeds that of a non-homogenous lung.
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This was demonstrated using the convexity and concavity properties of a

mathematical function., It might have been simpler to provide an

experimental proof. Colburn et al (35) used an (n) compartment lung

model very similar to the ten compartment model used in this thesis

and would have found it equally efficient to use such a ten compartment
model for the reasons already explained. He used two gases; one was
classified as the vehicle gas, the other as the main gas, but his

mathematical analysis was tedious and unnecessary.

West (16) showed progressive falls in Oxygen uptake and Carbon Dioxide
output which occurred with increasing ventilation perfusion ratio
inequality. The inequality was either produced by unevenly distributing
ventilation per unit volume and keeping blood flow constant, or the
reverse. It was shown,that while Oxygen uptake was not severely affected,
Carbon Dioxide (COZ) output was impaired nearly as much. He concluded
that Oxygen (02) uptake was reduced by 45% of its original value, while
the corresponding figure for Carbon Dioxide output was about 55%. He
obtained similar results with a mixed inequality of ventilation and

blood flow.

Another approach used by West et al (73) was partlal pressure solubility
diagrams ., Using such a technique, he assumed that gas 1s supplied in a
diluent state which in itself undergoes no net,gas exchange in any lung
unit. It is difficult to agree with this statement because blood always
contains some tracers. Dantzker et al (15) used a third gas as a tracer
with solubility ( A = 0) and thus obtained a cubic equation for the

3

uptake, which in turn provides at least one positive solution, although

the other two could be negative thus giving a positive value of VA (i.e.
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no collapse of the alveoli). However, all three solutions could be

positive giving three valid answers.

In the model proposed here where the critical V,, ratio is high, then

A/Q

an increasing number of lung units will become vulnerable to collapse,
due to Oxygen (02) enrichment. If Nitrogen.(Nz) is replaced by other

gases (relatively insoluble XB = (0) it will help to retard the

collapse of the alveoli, The gases used in the model were SF,_ and NZO

6

Table (I) .. The conclusion drawn,was: that if the third gas is entirely

insoluble ( XB = 0) then there is no flow of this gas from the

alveolous into the blood. Therefore,no matter how low VA/é is, or how

high the Oxygen (02) concentration is, there will not be a collapse of

the unit. Thus,there is no critical value of V

AlQ°

thesis are in agreement with this statement. It is also shown that there

The results 1n this

is a definite reduction in uptake of gas.

Farhi and Yokoyama (37) considered the simultaneous elimination of two inert

gases in isolation and produced V curves similar to the ones in this

A1Q

work . They proved that as the V ratio increases,the partial pres-

AlQ

sure of gas being eliminated is reduced, thus ventilatory efficiency of

the alveolous is reduced., Similarly, during gas uptake, alveoli with a
high ventilation,perfusion ratio are very effective in transferring gases
of high solubility. Farhi and Olszowka (14) also showed that as &A/é
increases from zero to infinity, the concentrating effect passes through a

definite maximum, thus as V rises, the Nitrous Oxide (NZO) uptake

A/Q
(which is closely related to perfusion),begins to drop while the Carbon

Dioxide (COZ) elimination, which is mainly ventilation dependant, 1is

enhanced. (Suskind and Rahn (74), Farhi (12)). At a later stage,four
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gases are used, Nitrogen (NZ), Oxygen (Oz), Carbon Dioxide (COZ) and

Nitrous Oxide (NZO), as a filler gas due to its low solubility (Table II).
Rahn (75), Farhi (76), and Wagner (18) confirm the work of Scrimshire (11),
that a maldistribution of ventilation has a more pronounced effect on
Oxygen (02), who also concluded that there is very little difference
between the reduction in Oxygen (02) as opposed to Carbon Dioxide (COZ)

transfer, as noted by West (16).

Scrimshire (11) showed that an impairment in breathing efficiency 1is sub-
stantially influenced by the manner in which ventilation ofAblood flow

is altered in disease. He demonstrated,that disruptions in ventilations
always give rise to a greater degree of hypoxema than cases in which
blood flow is affected, and that these differences became more marked
when breathing is increased. He also showed that any imbalance in the
normal relationship between blood flow and ventilation must impair
overall gas exchange.

6.3 Acute Effects of Ventilation - Perfusion Inequality on Gas Exchange

If a derangement of the ventilation perfusion ratlo (VA/é) occurs due to the

exposure of some physiological insult to the lung having uniform ven-
tilation and bloow flow, .such as a sudden acceleration; then assuming that
the composition of mixed venous blood is to remaln constant, one must

"look at the effects of ventilation - perfusion ratio inequality.

Figure (14) shows the graphs of Arterial Pressure (PaG) against inspired
ventilation to perfusion ratio inequality for the gases with solubil~-
ities of Xl = 0.001 (uptake 1), XB = 0,001 (elimination) and

Al = 0.001 to 10.0 (uptake 1). The inequality was produced,either

by an unevenly distributed ventilation per unit volume (perfusion_limited),

or an unevenly distributed perfusion per unit volume (ventilation limited).
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It was seen that for the degree of inequality B = 1.0 the (P G)
, a

of the first gas with a low solubility was affected guite severely com-
pared with the second gas. The arterial pressure of (PaG) of the first
gas was reduced from 625 mmHg to 400 mmHg thus showing a drop in (PaG)
of 225 mmHg, i.e. almost 35% of its original value. This explains the
findings of West (16) who showed that the fall in arterial pressure of
Oxygen (02) by a factor of 50% of its original value, was due to the

difference in solubility of Oxygen (02). This 1s comparable with the

gases used in this research.

Looking at the uptake curves Figure (41),it was found that for the
values of )2 = (0,01 there was an increase in uptake by o.l mmHg,
j.e. from 2.5 to 2.61 mmHg which is only a small rise in uptake, namely
a factor of 5%,thus contradicting West (16), while enhancement in uptake
of the gas with AZ = 0.1 was by a 0.45 mmHg, i.e. by 20% which is a
relatively large enhancement in uptake. The solubilities used in the
model could be compared with real. gases such as Argon ( A = 0,92) :and

Nitrous Oxide (Nzo)witha solubility ( A = ,013). According to West

(16) the impairment of Oxygen (02) was as much as 45% of its original

value. Looking at Figure (42) with constant perfusions, the enhancement
in uptake was found to be very similar to the graph with constant ven-
tilation, i.e. by 0.04 mmHg for AZ = 0.01 and 0.43 mmHg for Az =
0.1. The enhancement in uptake was from 2% to 20%4. If the value of
solubility is increased by a factor of 10 (from 0.01 to 0.1) in agreement
with West's (16) findings, the impairment is the same whether the dis-
tribution is ventilation limited or perfusion limited. It was found

that enhancement in uptake was by an identical factor, irrespective of

distribution being ventilation limited or perfusion limited.

113




6.4 Effect of Increasing Ventilation

@

If the ventilation is increased,then it is apparent that the VIA/&

ratio is progressively increased in a similar manner. According to

West (16), the rise in arterial pressure of Carbon Dioxide (COZ)

which always accompanies ventilation perfusion inequality can be re-
duced rapidly by an increase in ventilation. Looking at Figure (47) it
is apparent that, as the ventilation is increased, the ventilation per-
fusion 1nequality i1s increased and the PaG of the second gas is increased
to a value of PaG = 700 mmHg. If the ventilation of 5.21 used by

: . 5.2

West (16) is assumed here, then the VIA/Q inequality 1is 905 = 1.04

and the value of Pa is approximately 25 mmHg, Figure (43) with a value

G
of A = 10.0 (highly soluble), then the value of VIA/& inequality 1is
doubled to 2.08 and the value of PaG rises to 500 mmHg which 1s in agree-

ment with West (16).

6.5 Effect of Increasing Blood Flow

If the blood flow is increased then the ratio VIA/é is Teduced. If the
blood flow is doubled whilse keeping the ventilation constant, then the

either increases or decreases according to the solubility of

P
value of e

uptake, Figure (47). If the VIA/é ratio is reduced from 1.0 to 0.5,

then the wvalue of Pa drops from 700 mmHg to 680 mmHg for A uptake =

G
0.10. For A uptake = 10.0 the value of P_. rises from 25 mmHg to

50 mmHg and is observed to be 1n agreement with West (16). This reaffirms
the findings of West-that increases in total blood flow cause relatively

small changes in blood gas tensions compared with increases in

ventilation.

Farhi and Yokoyama (37) showed that alveoli with a high ventilation

perfusion'ratio are very effective in eliminating gases of high solubllity,
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while alveoli with a low ventilation perfusion ratio are particularly

efficient at clearing the blood of gases. This is because,in lungs

with a normal ventilation - perfusion ratio, alveoli eliminating gases
of high solubility waste much of their blood flow, while for gases of
low solubility ( A = 0.001), much of their ventilation is useless. 1In
the same way, during gas uptake, alveoll with a high ventilation -
perfusion ratio are very effective in transferring gases of high solub-
ility, and vice versa. According to Farhi and Yokoyama (37) in a lung
with a wide spectrum of ventilation - perfusion ratioes, e.g. 0.001 to
10, as is the case for this study, the gases with very high and very low
solubilities are still effectively catered for, but the gases of medium
solubility are transferred inefficiently. West (77) used a similar
argument.. A parallel with West's argument can be

drawn referring to the curves in Figure (16). For the value of Al =
1.0, alveoli with low ventilation - perfusion inequality in the order

of 0.01 to 0.1 are efficient in clearing the gas with low solubility from
the blood. The gas which is eliminated and having a value of A, =

3
0.001, shows that the drop in pressure is from 100 mmHg to 5 mmHg.

Similarly, looking at Figure (22) the gas of elimination hasa. solubility of
0.01 while the eliminating pressure drops from 375 mmHg to 100 mmHg«

Using Figure (37), for the gas with value of solubility K3 = '10.0,

it is seen that the elimination is more efficient at a higher VIA/& ratio,

j.efor avy * ratio greater than 1.0 but less efficient at a VIA/& value

IA/Q
of 0.01. The fall in pressure at alow'VIA/é ratio is only 5 mmHg, while
at higher values of the VIA/é ratio it is almost 250 mmHg which is in
agreement with Farhi and Yokoyama (37) and West (77). Looking at the

uptake curves, alveoli. with a high ventilation - perfusion ratio are

very effective at transferring gases of high solubility, e.g. Xl = 10.0.
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Figure (38), and conversely, gases with a low ventilation-perfusion ratio

are very effective at transferring gases of low solubility in the order

of Rl = 0,001, Figure (14). Surprisingly, it was found that the gas

uptake in the blood is enhanced by up to 20% of its value for this latter

conditions.

Looking at moderately soluble gas ( A= 1.0),it is apparent that the
fractional elimination is very sensitive to a change in the ventilation-
perfusion ratio Figure (17) when this is near 1.0 (normal value), which 1is

again in agreement with West (77).

West et al (73) confirm the earlier findings of Colburn et al (35)

and West (77), namely that there is one solubility for which the fractional
fall is maximum and that all gases which have a fractional fall higher

or lower than this, have smaller fractional falls. There is only one
minimum when the partition coefficient of the gas is equal to the overall
ventilation - perfusion ratio. Looking at the gas of elimination Figures

(24) to (28) and XB = 0.1, it is seen that for the VIA/é ratio of

0.1, maximum proportional fall is observed. The PaG fell from 760 mmHg

to 350 mmHg, almost 50% of its value,for the range of VIA/é values of
0.1 and 10.0 it only fell by 200 mmHg, which is only 30% of the total

value, and this is in agreement with the above findings.

6.6 Critical Inspired Ventilation-Perfusion Ratio

Looking at Figure (14) it is found that as the QIA/é was increased,:

the value of elimination reached a figure approaching zero. This occurred,
whan the rate of delivery of gas into the unit by inspired ventilation
equalled the net rate of transfer of gas from the unit into the blood.

This particular value of the VIA/é ratio was termed the critical value by

Dantzker et al (15). He found that at the critical value the magnitude
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of the V "~ ratio was 0.044. 1In this curve ,the value of elimination

IA/Q
pressure started from 75 mmHg for the V

IA/é ratio of 0.01, and gradually

ratio of 0.048, which wag'in agreement with

reduced to zero at the V

IA/Q
Dantzker et al (15). Figure (15) shows a critical value at 0.05 for these

particular conditions. As the value of the second gas of uptake was in-

creased, the critical value was also seen to increase, reaching the

V1a/0
et al (15).

ratio of 0.13. These results confirmed the findings of Dantzker

6.7 Enhancement In Uptake

The special findings of this research were that the uptake was enhanced
and this contradicts the previous research which suggested that the gas

exchange 1s impalred.

The enhancement of uptake was observed for the values of solubility of
uptake ( KZ) = 0,01, 0.1, 1.0 and 10.0 Figure (39). It was found that
there was no enhancement in uptake for the value of Xz = (0,001 which

was in agreement with West (16), West (77). Enhancement in uptake was

also observed,Figure (40) for the values of AZ = (0,1 and 1.0; there

was no enhancement in uptake for XZ = 0,001, 0,01 and 10.0. 1In total,
the enhancement was only observed for six particular values of solubilities
compared with the total number of possibilities of 25. The rest of the

curves followed the pattern found by previous researchers.

6.7.1 Constant Ventilation AZ = 0,01, 0.1 Figure (41)

For this condition,it was found that the maximum value of PaG was 2.67 mmHg,
i.e. a total enhancement in uptake of 0.17 mmHg while in curve 1, the
enhancement was by a maximum value of pressure of 0.45 mmHg, i.e. by a

factor almost 20% of its original value.
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6.7.2 Constant Perfusion kz = (.01, 0.1 Figure (42)
The enhancement in this casé was by 0.43 mmHg at the most, which was
again almost 19% of its original value. The value of enhancement was

somewhat reduced for the uptake of AZ = 0.01, it was found to be 2%.

In general, the maximum enhancement in uptake was by 20% which is quite
large considering that previously, only impairment of gas exchange was
observed.

e

6.8 Enhancement In Uptake for V, ,. Model

A/Q

The maximum rise in uptake was found to be 0.6 mmHg surprisingly enough,

the total enhancement was by almost 45% of the original value of uptake.
It was considered to be a large enough enhancement to warrant further

investigation using experimental techniques.

6.9 General Conditions for Enhancement In Uptake

Looking at the curves, a set of inequalities was derived similar to
Farhi and Yokoyama (37). It was found that the uptake was enhanced if

only the following inequality was satisfied (derived in 4.7):

The uptake for the gas with solubility AZ is enhanced if the above in-~

equality 1s satisfied.

Example: Al = 0.001 filler gas Stoetling (24)
AZ = 0.01 gases being taken up
AB = (0.001 gas being eliminated
then *ig. ) o o1
T .

which satisfies the above inequality.
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Therefore the above is satisfied offering conclusive proof of enhancement
in uptake. The analysis is similar to the one shown by Farhi and

Yokoyama (37) - that the shape of their V line for various pairs of

A/Q
gases was dictated only by the ratio K3/ AZ regardless of the absolute

values of R3 and AZ' This research contradicts Farhi's and Yokoyama' s

(37) findings, that uptake is always impaired.
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TABLE I1

COMPOSITION OF THE ATMOSPHERE

APPROXIMATE
Subs tance Symbol
Nitrogen (N2>
Oxygen (Qé)
Carbon Dioxide (COZ)
ATrgon (AT)
Neon (Ne)
Helium (He)
Krypton (Kr)
Hydrogen (HZ)
Xenon (Xe)

Molecular wt. Vol 7 in Dry Air
28016 78-09
32.000 2095
44011 0-03
39944 0-93
20-183 0-0018

4-003 0-000524
8380 0-0001

2016 0-000050
131-30 0-000008

Compiled from Documenta Geigy, Scientific Tables (6th Ed) edited by

Konrad Diem; published by Geigy Pharmaceuticals Ardsley N.Y. 1962.




CHAPTER 7

CONCLUSIONS

The mathematical model presented in this thesis questions the findings

A/Q

always reduces the efficiency of pulmonary gas exchange, Riley and

of early researchers-that the presence of regional (V ) inequality
Cournand (6), Rahn (7). It further questions the fact that both elimin-
ation and uptake are impaired as demonstrated in the work of Farhi (12),

Scrimshire (11), West (16, 17).

West (16) showed that the output of Carbon Dioxide (COZ) was impaired

by 45% of its original value. While Scrimshire (11) showed that impair-
ment of breathing efficiency i1s substantially influenced by the manner

in which ventilation or blood flow is altered in disease. It was also
shown in their work,that any imbalance in the normal relationship between

blood flow and ventilation must impair overall gas exchange.

The results of this thesis contradict the findings of West (16) and

demonstrate ,that for some values of solubilities there is a definite

enhancement in uptake. The enhancement in uptake may be as high as 207
of its original value, and it was neither ventilation dependent nor

perfusion dependent, as was suggested by West (16).

Enhancement in uptake was observed for the values of solubility of uptake
( XZ) = 0.0l, 0.1, 1.0 and 10.0 Figure (39). It was found that there
was no enhancement for the other values of solubility which was in agreement

with West (1.6) West (77). The maximum enhancement observed 1n this work

was by a factor of 20%.
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CHAPTER 8

FUTURE WORK

It has been proved conclusively that there is a definite enhancement
in the uptake of gas fer some of the values of solubility; when subjected

to the mathematical model presented here for a simulated set of inert

gases.

An experimental protocol should be drawn using the guidelines detailled

below:

1. The subjects should be required to undergo routine lung function
tests which should be non-invasive and simple ﬁo perform, similar to
the ones already carried out routinely in hospitals. During single
breath tests (which should be investigated specifically),the subject
should be required to inhale and exhale once per test, but may be asked

to alter the rate and depth of breathing, position, or gas mixtures.

2. Most of the gas combination mixtures should be mixtures of air or

oxygen, plus a small concentration of an inert gas, such as helium or

argon. The only potentially dangerous gases tO be used in such mixtures

will be Carbon Monoxide and Nitrous Oxide.

3. To avoid any harm coming to the subject, Nitrous Oxide should be
used at 5% concentration, which is well below analgesic levels. The
concentration of Carbon Monoxide should be 0.25% or less. The tests
involving these gases should be rapidly performed and éhould involve

only one or two inhalations.

4. The volunteers should be given a detailed typed description of

the single breath tests and instructions explaining the procedure.
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5. The results for different tracers should be noted and it should

be determined what percentage of uptake is enhanced. A theoretical

parallel should be drawn.
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Computer Simulation of the Model
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APPENDIX al

LIST OF VARIABLES USED IN THE SIMULATION

125

GWENT - Subroutine to simulate gas exchange for uneven vetilation,
GPERF - Subroutine to simulate gas exchange for uneven blood flow.
GHOMO - Subroutine to simulate gas exchange for a homogeous lung.
VIAQ - &IA/é ratio
PV _ Venous gas tension.
PG _ Inspired gas tension.
SO - Solubility of the gas.
UP - Gas uptake.
VQ - &A/é ratio
NC - Number of compartments. (ten in this case)
NG - Number of inert gases present.
10 - Data options choosen 1. GWENT
2. GPERF E
3. GHOMO ?
PT - Total alveolar gas pressure.
Qr - Cardiac output.
VT - Minute volume.
PI - Inspired gas pressure.
B -~ Degrees of inequality.
VIAT - Total inspired volume of the gas.
BI - Alveolar ventilation.




(@]

AR

CVIAQ

perfusion.

VIA/Q ratio

Arterial tension.
Inspired tidal volume.

gubroutine to calculate Vv

TA/Q

2 Parameters for

1 a G.P
Degrees of inequality

(0-2.0)
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APPENDIX A2

Flowchart for Simulation of The Model

=

Set the values DF
QT, VI, PT, NC, NG

Expired minute volume
vT = 5000

Pulmonary Blood Flow
QT = 5000

~ 7 77| Alveolar Gas pressure
PT = 760

Number of compartments
NC = 10

‘7 Number of gases chosen
NG

Select data option
Generate VA and

Q data

Uneven Ventilation and

Constant Perfusion

Uneven Perfusion and

Constant Ventilation

Homogeneous lung




1 to 10

Compute the V., , .
opu A/Q

ratio

Initialize the arterial,
alveolar and uptake

pressures

Next I

~_

Enter subroutine to

compute V ratio

1A/0

VB

VI

1]

VF x QZ

VI + VB

v

Compute V ratio

IA
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Compute the values
of arterial, alveolar

pressures and uptake

Print
VA, Qo Yy
\Y and V
A/Q ! IA/Q
for J = 1 to 3:>
AR = AR + PA . Q
AL = AL + PA . BI
Next J :>
Next Z :>
for K = 1 to 3 :>
Output

arterial, alve
tensions and
uptake

il%

Output

Results

Next K

>

i

(/—- End




Subroutine (g vent)

I = 1 toN

Read in the values of

parameters

-

PJ = R+ (I-1) .
BI = A4 PI

B

Sy = SU + BI

Next I

Loop to calculate

alveolar ventilation

Output results
of first stage

of data generation

Results of first stage

of data generation
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for I = 1 to 10

Y

Ssv. = SV + BI
sQ + SQ+Q

[
\

Next I

Y

for I

1

1 to 10

Y

bt et e i

Compute the values of

parameters SV and SQ

]

B

RA

Ve
Y

¢ &

I = BI

O
I

"

BI/Q

Print

VENT, PERF

V/Q ratio

&

Next I

131

Qutput results for the

final stage of data generation
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fN(a)

EN(Db)

SO . PV
VQ + S0

PG

VQ + S0

for

Subroutine to compute

VIA and

@

VIA/é

ratio

NB

1

Il

NT + f£N(a)

NB + fN(b)

Y

Next I

Y

VE

PT

FT - NT

NB
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Subroutine (GPERF), GHOMO)

These subroutines are similar to the previous one (g vent).

GPERF GHOMO
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O N oy s W N

9

10
1
12
13
14
15
18
19
20
21
22
23
24
25
26
27
28
29
30
37
32
33
34

rea

APPENDIX A3

print'3"

print" master multigas"

print:print

print''this program simulates the simultaneous exchange of"
print''several inert gases'

print"under pseudo steady-state conditions in non homogeneous"

print"lung-model"

print"having either unequal ventilation or unegual blood flow"

print'data options choosen"

print'data options choosen"

print"1..... gvent uneven ventilation"

print"2..... gperf uneven perfusion'

print"3..... ghomo homogeneous lung'

print:print

print'"press any key to start"

get x$:1f x$=""then 19

print"3"

print chr$(27)chr$(15)'e 1 i mination /uptake"
print'"press any key to start"

get x$:1if x%$=""then 23

print"3"

print'"this model is for gas elimination/uptake(viaq)"

print'venous gas tension pv(i)=380.0"insp gas tension pg(i)=0

print"press any key to start"

get x$%$:if x$=""then 28
print'3"
dim va(10),g(100),vg(10),s0(10),pg(10)

dim pv(10),ar(10),al(10),pa(10),up(10)
gt=5000.0
vt=5000.0
pt=760.0

ay.
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36
38
40
45
50
60
70
72
80
90
100
102
105
107
110
120
127
122
123
124
126
128
132
134
135
136
138
143

144

145
147
150
156
157
158

read

ng=3
nc=10
print:print:print

bs="":for i=1 to 32:b%=bh%$+" ":next i

print“number of model compartments2 nc="; nc

print'number of inert gases present2 ng=";ng

input''data options io=";1i0

print''data option chosen io=":io

if nc<=0 then print'end of data pack':goto 5080

print"total alveolar pressures2 pt='";pt

print"minute volume vt=";vt
print"cardiac output g=";qgt
openid, 4

cmd4

printchr$(27)chr$(15)"e 1 i mination/uptake"

print'simulation of inert gas exchange"
pring!III I R e
print:print:print

print"number of gases ng=""ng
print'total alveolar gas pressure pt=''pt
print"expired minute volume ...... vt="vt
print"pulmonary blood flow ...... gt="gt
rem input sol of each gas(so).

rem inspired tension(pi),ven ten(pv)
print:print:print

print#4

closed

input"b=";b
input'"so(1)=";s0(1):input'so(2)=";s0(2)
so(3)=0.001

pg(1)=380:pg(2)=380:pg(3)=0

pv(1)=0 :pv(2)=0 :pv{(3)=760

opend, 4

cmd4

for i=1to ng step 1

Y.
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158
159
160
161
162
164
166
180
188
190
200
210
220
222
230
240
245
250
251
260
270
280
290
300
312
320
330
332
334
340
342
350
352
354
356

for i=1to ng step 1

printgas 1.....iiiiii ittt ="1

print"blood gas sol at 37 deg c=so(i)="so(1)

print'inspired gas tension...... pg(i)="pg(i)

print'venous tension...........- pv(i)="pv(i)
print:print:print

next 1

rem select data options and generate va and g data
n=nc

if io=1 then gosub 3000

if io=2 then gosub 4000

if io=3 then gosub 5000

rem calculate the va/q ratio for each compartment
print:print:print

for i=1 to nc step 1

vg(i)=bi(i)/g(i)

next 1

rem initialize arterial(art)

rem alveolar(alv) average values,andtotal inspired volume(viat)
vi=0.0

for i= 1 to ng step 1

ar(i)=
al(i)=0.0
up(i)=0.0
next 1

rem compute gas exchange for the ithcompartment

rem compute alveolar tension of the jth gas

print" va q via va/qg via
print:print:print

for z= 1 to nc stepl

gosub 2000

vb=vi*qg(z)

vi=vi+vb

f=bi(z):a=5:b=6:gosub 6000:p$=s%

f=g(z):a=0:b=8:gosub 6000:p$=pS$+s$

ready.
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357
358
360
362
364
380
390
400
410
420
428
432
434
450
452
460
470
480
481
482
484
486
488
502
510
511

f=vb:

f=vagl(

a=5:b=13:go0sub 6000:p%=p%+s$
z):a=7:b=7:gosub 6000:pS=p%+s$

f=vf:ia=7:b=8:gosub 6000:p$=p%+s$

f=z:a=0:b=6:g0osub 6000:p%$=p%+s$
printp$

for j
pa(j)
ar(j)
al(j)
up(3)

=1 to ng step 1
=(vE*pg(j)+so(j)*pv(]))/(valz)+solj))
=ar(3)+pa(3)*qg(z)

=al(j)+pa(j)*bi(z)
=up(j)+g(z)*so(j)*(pa(j)-pv(j))*0.0013157

print''gas tension'pal(j)

next Jj

next

rem determine average arterial and alveolar tension

Z

opend,4:cmd4

for k=1to ng step 1

ar (k)
al(k)

=ar(k)/gt
=al(k)/vt

print:print:print

pPrint' . ... i i i i i e gas="Xk

print"........ . ..., arterial ten="ar(k)

print". ... .. ... alveolar ten="al(k)

print". ... .. .. uptake......="up(k)

next

k

ra=vi/vt

print:print:print

512 print"expired minute volume vt=";vt
514 print'"inspired tidal volume vi=";vi
516 print"inspired /expired vol ra=";ra
530 print#4:closed
540 end
2000 rem subroutine cviag(pt,sol,vaqg,pig,pvg,ng,viag)
2010 rem routine to determine via/g ratio
2020 def fnt(i)=so(i)*pv(i)/(vg(z)+so(i))
2030 def fnb(i)=pg(i)/(vg(z)+so(i))
ready.
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2032
2034
2060
2070
2080
2090
2100
2110
3000
3020
3030
3040
3050
3052
3056
3058
3059
3060
3062
3064
3066
3070
3078
3080
3090
3100
3102
3104
3110
3120
3128
3140
3150
3160
3170

ready.

nt=0.0

np=0.0

for i=1 to ng step 1
nt=nt+fnt(1i)
nb=nb+fnb(1i)

next 1
vE=(pt-nt)/nb

return

rem subroutine to generate ventilation and blood flow

rem allexpressed as ml/breaths/compartements

dim bi(100),ra(100)

rem read parameters a,r and b for

a=2

r=1

print"distribution of ventilation chosen (g vent)"
print””””””””“””””””””””"”“”””””””"””””"”"””"””””"
print:print:

print" .. e a="ja

print:print:print
su=0.0

n=nc

for i=1 to n step 1
pi=r+((1i)-1.0)*b

if pi=0.0 then goto 3110
bi(i)=a"pi

goto 3120

bi(i)=1.0
su=su+bi (i)

next 1

gv=su/(n)

for i=1 to n step 1
g(i)=qv
ra(i)=bi(i)/q(1)
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3180
3182
3190
3193
3194
3195
3196
3197
3198
3199
3200
3201
3202
3204
3208
3209
3210
3220
3230
3240
3250
3260
3272
32890
3282
3284
3286
3287
3288
3290
3300
3310
3320
3340
3342

ready.

next 1
print#d:closed
rem write results of first stage of calculation

print'"first stage of data generation"

print“”HH(I”“li!?”lYHl"ll!ll‘lHlf“”l'”ii”l!”f’ll“'l!'
print:print:print

Con . :
print" 1 vent perfusion v/g-ratio"
"chr$(10);chr$(13)

for i= 1 to n step 1

1A

print

f=i:a=0:b=3:gosub 6000:p%=s%
f=pi(i):a=5:b=6:gosub 6000:p%$=p$+s$
f=g(i):a=2:b=9:gosub 6000:p$=p%+sH
f=ra(i):a=7:b=9:gosub 6000:p%=p%+s$
printp$

next 1

print:print:print

rem calculate abs vent and perf

sv=0.0

sg=0.0

for i=1 to n step 1

sv=sv+bi (1)

sg=sg+g(1i)

next 1

rem scale each v(i) & g(i) such that tot=tidal yalue
print'"final stage of data generation”
print“””””””””””””””””””””””“”””””“”””
print:print:print

print" i vent perfusion v/g-ratio"
printchr$(10);chr$(13)

for i=1 to n step 1

bi(i)=bi(i)*vt/sv

g(i)=g(i)*gt/sg

ra(i)=bi(i)/q(i)

rem write scaled vent & perf data

f:i:a:O:b:B:gosub'6000:p$=s$
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3344
3345
3346
3347
3352
3354
3386
4000
4010
4020
4030
4040
4050
4052
4056
4058
4059
4060
4062
4064
4066
4070
4072
4080
4090
4100
4110
4120
4130
4140
4141
4142
4144
4146
4148

ready.

f=bi(i):a=5:b=6:g0sub 6000:p$=p3+s$
f=g(i):a=2:b=9:gosub 6000:p$=p$+s$
f=ra(i):a=7:b=9%:gosub 6000:p$=p%+s%

printp$
next 1

return

print:print:print

rem gperf,routine to generate vent and blood flow data

rem gperf generates a g.p of perf with const vent

rem all expressed as ml of breath/comp

dim bi(100),ra(100)

rem read parameters a,r,b for g.p

a=2

r=1

a**(r+(1i-1)*b)

print"distribution of ventilation chosen (g perf)"

4 PR ER SO R RO P n PR v P N R O R RO R PR R I R Y R R PR R TR RN e nn i e a e ey
print

print:print:print

printMa. ... e "sa
Print . e et it e e et e Moy
print"b. ... i e e ":b
print:print:print

su=0.0

n=nc

for i=1 to n step 1
pi=r+((i)-1.0)*b
if pi=0.0 then goto 4130
g(i)=a'pi

goto 4140

g(i)=1.0

su=su+qg(1i)

next 1

vv=su/n

for i=1 to n step 1
bi(i)=vv

ra(i)= bi(i)/g(i)
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4150
4155
4160
4161

4162
4163
4166
4168
4169
4170
4177

4172
4174
4178
4180
4190
4200
4210
4220
4230
42472
4250
4251

4252
4253
4254
4260
4270
4280
4290
4400
4402
4404
4406

ready.

next 1

print#4:closed

rem write results of first stage of calculation
print'"first stage of data generation'

: TETLRE OT AV RD VP RO PR PV AR VR BR RV VR PR LE U RE RY R RN U R RE DY RL DR MY fL R 6F
print

print:print:print

print" i vent perfusion v/g-ratio"
for i=1to n step 1
f=zira=0:b=3:gosub 6000:p%=s%

f=bi(i):a=5:b=6:gosub 6000:p$=p%+s$
f=q(i):a=2:b=9:gosub 6000:p$=p$+s$

f=ra(i):a=7:b=9:gosub 6000:p%=p$+sS
printp$

next 1

rem calculate abs vent and perf

sg=0.0

sv=0.0

for i=1 to n step 1

sq=sg+qg (i)

sv=sv+bi (i)

next i

rem scale each v(i) and g(i) such that the total=tidal value
print"final stage of data generation"

pripg I I
print:print:print

print" 1 vent perfusion v/g-ratio"
for 1i=17 to n step 1

g(i)=g(i)*gt/sq

bi(i)=hi(i)*vt/sv

ra(i)=bi(i)/qg(i)

rem write scaled ventilatio and éerfusion data
f=i:a=0:b=3:gosub 6000:p$=s$%

f=bi(i):a=5:b=6:go0sub 6000:p%$=p3+s$
f=g(i):a=2:b=9:gosub 6000:p$=pS+s$
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4408
4410
4412
4420
5000
5010
5011
5012
5013
5014
5015
5016
5020
5030
5040
5050
5055
5060
5070
5075
5077
5080
6000
6010
6020
6030
6035
6040
6050
6060
6070
ready.

f=ra(i):a=7:b=9%:gosub 6000:p%=p%$+sS

printps
next 1
return

rem subroutine gjoint

rem temporary routine to generate data for a homogeneous lung

print"homogeneous lung option chosen"

: UL PR RY YO UG EE 0 BV RDRDRD RE ST AL R TR R VR IT LD pT Y R AR Y O R T R R Y
print

print:print:print

print'"final stage of data generation"

: IR IR AR AR AR I IR N R I NI IR I N E N A AN AR AR AN AN AN AR R AR RN AR A
print

print" 1 vent

for i=1 to n step 1
bi(1i)=vt

q(i)=gt

ra(i)=bi(i)/g(i)

next 1

print i, bi(1), gag(1),
return

print#4

close4

end

sS=right$(b%+str$(sgn(f)*int(abs(f))),b)

v=abs(f)-int(abs(f))
if a=0 then return

sS=55+"."
forl=1toa

v=v*10

perfusion

ra(1)

s$=s$+right$(strs(int(v)),1)

nextl

return
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APPENDIX A4

elimination/uptatke

simulation of inert gas exchange

FEOERT EEID O R 0 RO R I P8 00 B0 R0 P VO B 0F 09 PV 00 PV V8 Y0 P00V 00 0V VY P 8F

number of gases ng= 3

total alveolar gas pressure pt= 760

expired minute volume ...... vt= 5000
pulmonary blood flow ...... gt= 5000
AS l.eeeiocecucecoacaacenncacns =
blood gas sol at 37 deg c=so(i)= 1
inspired gas tension...... pg(i)= 380
Venous tensioN......ceeoeae pv(i)= 0
GAS leeeeereennoecocanacoscesns = 2

blood gas sol at 37 deg c=so(i)= 10

inspired gas tension...... pg(i)= 380
venous tension............ pv(i)= 0
JAS d1eeeeeeeenneooaooanscsonnnas = 3

blood gas sol at 37 deg c=so(i)= 1e-03

inspired gas tension...... pg(i)= 0
760

venous tension.....cc.eccoe pv (i)
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distribution of ventilation chosen (g vent)

AR R AN AN N A N N AN N IR N I I I N N TN RN NN N RN R RN A

.....................

---------------------

---------------------

a= 2
r= 1
b= 1

first stage of data generation

BRI AR IR NI NI IR AN A R AR AR I R AR IR AN R NN AN

—

12N w N

O W O~ O W

2

4.

8
16.
32
64.
128.
256.
512.
1024.

vent

.00000

00000

.00000

00000

.00000

00000
00000
00000
00000
00000

perfusion

204.60
204.60
204.60
204.60
204.60
204.60
204.60
204.60
204.60
204.60
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v/g-ratio

0.0097751
0.0195503
0.0391006
0.0782013
0.1564027
0.3128054
0.6256109
1.2512218
2.5024437
5.0048875




—

S W © N O U W N

—a

stage of data generation

TRV PR R RE LU0 RO R 00 00 b0 00 0 h FE 00 00 10 0F UE €8 8) 18 18 TERD RO B Y bE 1y

vent

4.88758
9.77517
19.55034
39.10068
78.20136
156.40273
312.80547
625.61094
1251.22189
2502.44379

perfusion

500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00

v/g-ratio

0.0097751
0.0195503
0.0391006
0,0582013
0.1564027
0.3128054
0.6256109
1.2512218
2.5024437
5.0048875




va a
4.88758 500
gas tension 626.288208
gas tension 63.1792694
gas tension 70.5325229
9.77517 500
gas tension 656.241113
gas tension 66.7765347
gas tension 36.9823527
19.55034 500
gas tension 671.539745
gas tension 69.50796
gas tension 18.9522951
39.10068 500
gas tension 677.882009
gas tension 72.5221975
gas tension 9.5957938
78.20136 500
gas tension 677.97746
gas tension 77.1941613
gas tension 4.82837856
156.40273 500
gas tension 672.029693
gas tension 85.5484245
gas tension 2.42188255
312.80547 500
gas tension 658.103891
gas tension 100.683236
gas tension 1.2128738
625.61094 500
gas tension 632.781752
gas tension 126.611327
gas tension .606221187
1251.22189 500
gas tension 593.447578
gas tension 166.248841
gas tension .303581811
2502.44379 500
gas tension 542.672942
gas tension 217.175237
gas tension .151821228

via
832.1187¢%

880.35638

918.15448

961.70172

1031.59867

1160.84771

1407.65906

1874.38438

2734.89050

4287.75007
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val/qg
0.0097751

0.0195503

0.0391006

0.0782013

.0.1564027

0.3128054

0.6256109

1.2512218

2.5024437

5.0048875




......................

----------------------

----------------------

expired minute volume
inspired tidal volume

inspired /expired vol

ten= 640.896439
ten= 581.902653
c..= 4216.13722

ten= 104.544719
ten= 177.351905
...= 6877.47432

gas= 3

ten= 14.5588424
ten= .745441158
...=-4.90388466

vt= 5000
vi= 16089.4618
ra= 3.21789235
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APPENDIX B

Solution of The Cubic Equation

Using Newton Raphson Technique
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APPENDIX B1

List of Variables

P(0)

P(1)

P(2)

P(3)

r(1,7)

r(2,7)

I

Coefficient of X3
Coefficient of XZ
Coefficient of x
Constant

Real part of the root

Imaginary part of the root
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APPENDIX B2

Flowchart for Solving A Cubic

C

Read the values of the
Read P(j) —— e ]
coefficients

v Print the results in

Output
————— real and imaginary format
r(1,3), v(2,3)




Subroutine To Solve A Cubic Equation

If the coefficient of x3
is 1 there 1s no need to

divide the equation by it.

.. .. 2
Divide coefficients of x
% and constants by the

coefficient of x3.

_ PX)
--~—w———~<<i Next K
_ £(X )
1l Xn n
£r(X )
n

IR —
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Differentiate the function and
determine the first approx-

imation.




50000
50002
50010
50020
50030
50040
50050
50060
50070
50080
50090
50100
50110
50120
50130
50140
50150
50160
50170
50180
50190
50200
50210
50220
50230
50240
50250
50270
50280
50290
50300
50310
50320
50325
50330

ready.

APPENDIX B3

rem==cubic

rem "PROGRAM TO SOLVE A CUBIC EQUATION"
rem written: 09/06/82, nagvi
rem updated: 09/06/82, nagvi
rem--driver

dim r(2,3),p(3)

for i=1 to 2

rem get the data

for 7=0 to 3

read p(j)

if p(3)>=0 then print"+";
print p(j);"x"";chr$(j+48);" ";

next J

print " = 0"

gosub50250:rem solve the cubic

rem print the solution
print"Solutions are

for j=1 to 3

print r(1,j);:ifr(Z,j)>:Othenprint”+”;
print r(2,3);"3"

next j

print"™"

next 1

end

data 1,4,1,4

data 1,1,-9,-9

rem==solve a cubic

rem algorithm 326

rem roots of low order polynomial equations
rem t.r.f. nonweiler

rem cacm 11:4, april 1968, 269-270

rem

rem failure occurs if p(0)=0.

rem assume that O<atn(x)<pi/2 for x>0

rem input should be such that




50350
50370
50390
50400
50410
50420
50430
50440
50450
50460
50470
50480
50490
50500
50502
50510
50520
50530
50540
50550
50560
50570
50580
50590
50600
50610
50620
50630
50640
50650
50660
63998
63999

ready.

)/p(0): next k

rem p(0).x"3 + p(1).x"2 + p(2).x + p(3) =0
rem output is in the array r where

rem r(1,?) is the real part

rem r(2,?) is the imaginary part

if p(0)<>1 then for k=1 to 3: p(k)=
s=p(1)/3:t=s*p(1):b=0.5*%(s*(t/1.5-p(2))

c=t"3:d=b*b-c

if d<0 goto50530
d=(sgr(d)+abs(b))"(1/3)
1fd=0goto50490
b=d:ifb>0thenb=-

c=t/b

+p(3)):t=(t-p(2

d=sgr{.75)*(b-c):r(2,2)=d:b=b+c:c=-0.5%¥b~s:r(1,2)=c

1f(b>0)=(s<=0)thenr(1,1)=c:r(2,1)=-d:xr (1

r(2,3)=0:g0to50520
r(l1,1)=b-s:r(2,1)=0:xr(1,3)=c:r(2,3)=-d
return
ifb=0thend=atn(1)/1.5:g0to50550
d=atn(sgr(-d)/abs(b))/3
ifb<0Othenb=sqgr{t)*2:go0to50570
b=-sgr(t)*2
c=cos(d)*b
t=-sqgr(.75)*sin(d)*b-.5%c
d=-t-c-s:c=c-s:t=t-s
ifabs(c)>abs(t)thenr(1,3)=c:goto50620
r(1,3)=t:t=c
1fabs(d)>abs(t)thenr(1,2)=d:got050640
r(1,2)=t:t=d
r(1,1)=
fork=1to3:r(2,k)=0:next

return
rem scratch'"cubic",d0:dsave"cubic"
rem scratch'"cubic",d1:dsave'" cubic"
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