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ABSTRACT

An attempt has been made to analyse the physical proper-
ties of the systemic arterial circulation by a standard engineering
approach (transient analysis). This involved giving a square wave
infusion of blood and interpretation of the pressure response,

Development of a technique to give a square wave infusion
of blood was required. This resulted in an infusion-giving appa-
ratus which was composed essentially of a syringe whose action was
controlled by a large, servo-controlled motor. The square wave
effect was achieved by an electro-magnetic clutch-brake combina-
tion. The latter was capable of full activation within a 30 milli-
second time interval. The whole apparatus was able to give a per-
fect square wave within the tolerance of these limits.

Approximately 5% of the animals blood volume was slowly
withdrawn into the infusion giving apparatus through a cannula in
the right carotid artery. On activation of the electro-magnetic
clutch, this blood was returned to the rabbit in the form of a
- square wave over a 2 - 3 second period. During this period, the
heart was transiently arrested by vagus nerve stimulation. The
pressure response of the arterial system to this squarec wave in-
fusion of known flow rate was monitored in the right femoral
artery with a pressure transducer. By relating the input flow

pattern to the output pressure response, informatiom could be

xviii



obtained about the physical properties of the system.

Direct pressure-flow studies across the whole systemic
arterial circulation were found to be linear in the range of 90
to 40 mm Hg pressure. A 'critical closing pressure' was invariably
present, and found to vary in value from 10 to 50 mm Hg. This
necessitated a modification in the normal method of calculating
total peripheral resistance.to account for the true slope of the
pressure-flow plot (herein called f'slope! resistance). It was
found that the mean chord resistance value in a 5 to 6 lb. rabbit
was approximately twice the magnitude of the mean slope resis-
tance value (0.33 to 0.17 mm Hg/ml/min). Furthermore, these did
not always vary in the same direction when a variety of different
stresses were imposed on the circulation.

Compliance value calculations demonstrated a hysteresis
effect. The mean compliance value of the systemic arterial cir-
culation in a 5 - 6 1lb. rabbit measured during inflation was 0.037
ml/mm Hg: measured during deflation, it was 0.054 ml/mm Hg.
There was good correlation between the compliance values measured
by the square wave infusion method and by a method using excised
lengths of aorta.

An inertial component was found to be present which had
an approximate mean value of 30 gm cm~% in é - 6 1lb. rabbits.

The general response of the systemic arterial circulation

to a square wave infusion showed that it could primarily be



considered to act as a linear first order system. The transient
pressure response to a step function in flow was a single expo-
nential curve with a mean of 509 msecs in inflation and 743 msecs
in deflation. More exact modelling required consideration of the
systemic arterial circulation as a third order system to account
for the small inertial component.

An electrical model was built whose response to a simu-
lated square wave infusion of fluid, gave good correspondence to
that obtained in the living rabbit. The correlation coefficient
between cardiac output values measured by the square wave infu-
sion technique and by the Fick method was +0.80.

The effects of various COg‘concentrations, asphyxia, hae-
morrhage, nor-adrenalin infusion, and long-term cholesterol feeding
on the rabbit systemic arterial circulation were investigated by

this method.



CHAPTER I
INTRODUCTION

The circulatory system is composed of a number of tubes which
act as conduits for the passage of blood. These tubes are acted
upon by a complex variety of nervous, hormonal and physical influences.
When viewed through the eyes of an engineer, the'situation can be

summarised in the diagram below.

- N

The circulation functions as a complex control system, in which
the principal controlled variable is blood flow to the critical organs.
If it is desired to study either the effects of a single influence
alone on the circulation ; or alternatively to begin to understand the
complex mechanics of control in the circulation, then it is obviously
important to have a good understanding of the purely physical
characteristics of the circulation as represented by the unlabelled
box in the diagram above, Basically, this is what the work to be
described in this thesis is about viz: development of a method to
allow rapid monitoring of the various physical factors involved when
blood flows through the vascular bed.

Use was made of a standard engineering technique. The



engineer typically classifies any unknown physical system, as in the
unlabelled box above, as a 'black box', All Black boxes that behave
in an approximately linear fashion, can bhe broadly classified
according to their responses to standard stimuli. Such a standard
stimulus is the. 'square wave' used in this investigation. Such
classification allows an understanding of the 'group' behaviour
inside the box, and in some instances, gives a more penetrating

insight into the fundamental make up of the box itself.

Stephen Hales (1677-1761), Vicar of Teddington, and author
of 'Statistical Essays' (1733) containing a series of observations
on animal and plant life, was the first to document any physical
characteristics of the circulation. The part of his work which he
called 'haemastaticks' began with a description of the first known
method of measuring blood pressure,.

"Experiment 1. In December, I caused a mare to be tied
down alive on her back, she was 14 hands high, and about 14 years
of age, had a Qistula on her withers, was neither very lean, nor
yet lusty; having laid open the left crural artery about 3 inches
from her belly, I inserted into it a brass pipe whose bore was one
sixth of an inch in diameter, and to that.... I fixed a glass tube,
of nearly the same diameter, which was 9 feet in length: then
untying the ligature on the artery, the blood rose in the tube 8

feet 3 inches.... when it was at its full'height, it would rise



and fall at and after each pulse 2, 3, or 4 inches:"

lle repeated this amazing performance on several more horses.
It remained the only technique for measuring blood pressure until
Poiseulle introduced the mercury manometer in 1828, It is perhaps
of interest to note that he probably obtained this idea from his
method of measuring sap pressure in plants,

He also performed various other experiments on the circulatory
system, Ue took the intestines of a dog and measured the difference
in resistance between the large arteries and the small 'capillary
arteries', He calculated the diameter of the latter at 1/3240th of
an inch and noted that 'this is so fine, only single Blood globules
can pass them into the veins'. He noted that passage of hot or cold
water through these vessels could change their resistance and that
the 'viscidity' of the perfusion fluid was an important factor.
Filling the left ventricle of one of the exsanguinated horses with
beeswax enabled him to calculate the stroke volume and cardiac
output. He also designed an apparatus to measure the amount of air
absorbed by breathing, and defined its site of absorption at the
alveoli,

Stephen llales was the first to suggest the importance of the
elastic nature of the arterial wall, It had long been known to the
early surgeons that haemorrhage from a large artery came out in
vigorous, uneven, spurts, whereas bleeding from the finer vessels was

much more even in character. MHales recognized that this could be



explained by the elastic properties of the arterial wall, It was known
that the arteries expanded with each heart beat, and that this occupied
only about one third of the pulse interval., During the remainder of
the pulse interval, he surmised, the arteries would contract down again
because of their elasticity, and propel the blood in a more continuous
 fashion into the smaller vessels of the periphery, thus accounting for
the greater evenness of their flow,

It is hard to believe that such remarkable precision and
objectivity could come barely fifty years after Harvey's death (1657).
The end of the seventeenth century was a very significant period in
the development of biological knowledge and Stephen Hales could not

unjustly be considered as the father of modern haemodynamics.

The literature review which follows, considers current know=-
ledge of the physical properties of the circulation in two sections.
The first considers the fundammental physical properties of arteries
in the systemic circulation. The second considers the composite
physical behaviour of the whole system (i.e.: the 'group' behaviour

of the black box).



1. THE FUNDAMENTAL PHYSICAL PROPERTIES OF ARTERIES IN THE SYSTEMIC

CIRCULATION

Stephen Hales recognized that arteries in the living body
have the fundamental physical properties of resistance and com-
pliance (or 'elasticity', as he called it). A third property, iner-
tance, due to the mass of blood contained in the arteries, also con-
tributes to the fundamental physical behaviour of the system. These
will now be considered in turn.

(i) RESISTANCE

Resistance is defined as the ratio of the pressure gradient

across a system (A P), to the change in flow rate (AF). Thus:

R = AP where R = resistance

AF

It has the dimensions of Ml L=4 T-1. There is no consis-
tent unit of expression used in physiological work. It is variously
expressed in terms of (1) dynes sec cm -5, or (2) mm Hg/ml/sec, or
(3) mm Hg/ml/min. GREEN (1944) has commented concerning expression
of resistance in terms of dynes sec cm -5 that 'it is not readily
appreciated as such and it in no way increases its accuracy'. He
proposed expression of resistance in terms of mm Hg/ml/min. This
system has been adopted in this thesis. Viscous resistance has

the exact equivalent of Ohmic resistance in electrical terms.



(a) POISEULLE'S 1AW

Although many of the factors concerned in this property
were known to the English physician, Thomas Young (1809), it was
not until 1842 that his French counterpart, J.L. Poiseulle, was
able to put them on a firm physical basis. Poiseulle's initial
interest was in measurement of pressure gradients across large
arteries with his new mercury manometer. Contrary to the expec-—
tations of his time, he could not find any pressure gradient across
even the smallest arteries which he could penetrate, and his atten-
tion was then drawn to the factors determining flow through the
fine capillary vessels. Having no means to make blood incoagulable,
he was forced to study water flow fhrough glass capillary tubes.
By meticulous experiment he was able to establish the follwing
classical relationship between pressure and flow across rigid

tubes:

Where Q = volume flow rate across tube

P = pressure gradient across tube

[}
1l

diameter of tube

L = length of tube

The factor K was clearly related to the viscosity of the
fluid. Sir Isaac Newton (1687) had earlier .done some experiments
on the rotation of a cylinder in fluids of varying viscosities,

and had proposed that the 'lack of slipperiness' (as he referred

to viscosity) was due to laminae of the fluid moving over each



other at different rates. He suggested that perpendicular to the
axis of motion, there was a velocity gradient of the fluid laminae:
this gradient is now usually referred to as 'the rate of shear!'.
In recognition of this a fluid is said to be Newtonian when its
viscosity does not vary with the rate of shear.

The theoretical solution of the relationship between pres-
sure aﬁd flow in rigid tubes was provided in 1856 by Weideman, who
derived it from the general equations of motion of viscous fluids
established by Navier and Stokes (1840). The same relationship
that Poiseulle found experimentally was obtained. The constant K

was evaluated as:

K = where u =z viscosity
128p
OR:
qQ = R4 .. . P where R = tube radius
¥ 8 L

i = blood viscosity

In the course of this derivation, it was shown that the
velocity profile of the flow was parabolic in shape. This was
supported by Poiseulle's earlier microscopical observation that
red cells in the middle of the blood stream appeared to move with
a faster velocity than those on either side.

Certain conditions have to be fulfilled in the application
of Poiseulle's 'law'. (1) The diameter of the tube must be con-

stant, and not change with change in pressure; (2) the flow must
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be laminar and not turbulent; (3) the flow rate must be steady,
neither accelerating nor decelerating; and (4) the viscosity
must not change for different rates of shear, (that is, the fluid
must be 'Newtonian?),

Whilst it is difficult to apply the law which Poiseulle
described in a quantitative fashion to the study of the circula-
tion, it is still of interest to see if it encompasses all the

factors concerned with the resistance to blood flow through vessels.

(a) The anomalous viscous properties of blood:

It has long been realized that blood is a heterogeneous
£luid containing suspended particles (red cells) and that, on this
account, it might have anomalous viscous properties. DENNING and
WATSON (1906) were the first to note the apparent decrease in vis-
cosity when blood flowed through tubes of small diameter. This
effect is generally named after FAHREUS and LINQUIST (1931) who
investigated the phenomenon more extensively and found that the
apparent decregse in viscosity occurred when blood flowed through
tubes of less than 1 mm in diameter. WHITTAKER and WINTON (1933),
using the hind limb of a dog as a viscometer (in which the average
diameter of the arterioles was 55u) were able to confirm this, as
were subsequent investigators (HAYNES and BﬁRTON (1959)). It has

been suggested (see BURTON 1965) that the effect is related to the
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fact that the fluid laminae are not infinitely thin, as they are
in a homogenous fluid.

A second phenomeﬁon, first described by HESS (1907), is
that the viscosity of blood increases when flowing at very low
flow rates. The original explanation of this was that blood be-
haves as a plastic fluid, requiring a critical yield pressure be-
fore it would flow. However, the work of BINGHAM (1944) showed
that the pressure-flow curves of blood through rigid tubes did
not, in fact, have a yield pressure, and did pass through the origin,
although there was a marked inflection of the curve at low flow
rates. The work of HAYNES and BURTON (1959), which was an exten-
sive study of the rheological proéerties of blood, showed that
this inflection of the curve at low flow rates was due to an axial
accumulation of red cells in the blood stream (an idea long current).
Furthermore, they showed that this effect was principally determined
by the shearing stress at the wall, and that a critical value of
20 dynes/cm (at which saturation of the effect occurred) was ex-
ceeded at all physiologically important flow rates.

Thus the conclusion is reached that blood can be considered,
for practical purposes to act as if it were a Newtonian fluid, at
normal flow rates. Any deviation from Poiseulle's Law in pressure-~
flow relationships, except at very low flo@ rates, is therefore,

not due to an anomalous viscous effect.



12.

(B) The behaviour of blood vessels as rigid tubes:

Poiseulle derived his law from experiments performed on
glass capillary tubes. He subsequently showed that the rigidity
of the vessel wall was an important condition. This is manifestly
not true of the larger blood vessels, which expand with each heart
beat. However, Poiseulle himself, found in 1828 that there was
very little pressure drop across even the smallest of arteries.
Therefore, the contribution of these larger vessels to the total
resistance across the systemic circulation is quite small. This
contribution was defined more exactly by LANDIS (1926), one hundred

years later, who was able to cannulate capillaries in the frog

mesentery. He found that 70 to 80% of the pressure drop occurred
over the 5 mm or so, of muscular arteriole prior to the capillary.
In studies on the human nail bed, all but 5 to 10% of the resis-
tance to blood flow occurred in vessels with a diameter of less
than 1 mm. Therefore, the principal concern in a study of resis~
tance in the circulation, is with blood flowing through the small
vessels.

The problem whether these small vessels act as rigid tubes
is not quite so self-evident. As BARD (1960) has commented, on
account of the small radii of these vessels, great pressure changes
are required to exert significant effects on resistance. The most
direct evidence on this point was provided by the paper of NICHOL,

BURTON et al, (1951). They subjected the vessels of the frog
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mesentery to direct microscopic observation and measured their
diameters as the pressure in them was varied. They found that the
diameters of these vessels remained remarkably constant with in-
creases in pressure, and reached the conclusion that they did
indeed behave as rigid tubes. BAEZ and LAMPORT (1960), in a
similar study, drew the same conclusions for arterioles of dia-
meters between 32 and 33 microns. However, as FOLKOW (1952) has
pointed out, a 5% increase of the external diameter (supposing a
vessel of 60u external and 40u internal diameter), can mean a 10%
increase in the internal diameter, leading to an increased volume
flow of 50%. Thus direct microscopy must be extremely accurate

to adequately resolve this question.

Under the usual conditions for determination of pressure
flow relations across a vascular bed, flow rates across the small
vessels are normally constant. Furthermore, it is generally
accepted that blood flow is not tufbulent across these vessels
(see MacDONALD 1960). 1In view of the evidence presented above
for the Newtonian behaviour of blood, it is most likely that any
deviation from Poiseulle's law in the circulation, is due pri-
marily to the small blood vessels acting as distensible rather
than rigid tubes. This statement excepts the peculiar circum-

stance of very low flow rates.



Reference to the equation for Poiseulle's law shows that
it is a linear one. Therefore, whenever the law is applicable, a
straight line plot between flow and pressure gradient should be
obtained. Thus the applicability of the law to the circulatory
system can be tested empirically by performing such flow-pressure
gradient plots. The results of these have been very varied as the
next section will show,

(b) PRESSURE-FLOW RELATIONS IN THE SYSTEMIC CIRCULATION

(a) Pressure-flow relations across various vascular beds

A large number of experiments have been performed to deter-
mine pressure-flow relations across various vascular beds. This
has involved use of a number of different techniques and preparations.
Some of the earliest experiments of this kind used a dog hind~1limb
preparation which was subjected to a variety of constant pressure
infusions. Measurement of the resulting flow rates allowed plot-
ting of the pressure-flow graph. In such an experiment, WHITTAKER
and WINTON (1933) found a strictly linear pressure-flow relation-
ship when the hind-limb was perfused with either Ringer's solution,
or defibrinated blood. They also found that the plot did not pass
through the origin of the graph, but had a positive pressure axis
intercept (see later). PAPPENHEIMER and MAES (1942) found a simi-
lar kind of linear relationship above preséures of 20 to 100 mm Hg
dependent as the level of vascular tone. GREEN et al. (1944) noted

that Whittaker and Winton did not ligate the cut ends of the
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collateral arteries supplying the hind limb. They postulated that
this could give rise to measurement of false flow rates. Green's
group found a non-linear relationship between pressure and flow in

the dog's hind limb. This related most closely to the expression:

F = cpn where ¢ = constant
F = flow rate
P = pressure gradient

The value of the exponent 'n' varied between 1 and 3, and most
commonly had a value of about 2. With increasing levels of tone,
the value of the exponent was found to increase. With maximal
vasodilatation, it had a value of 1; that is to say, it became a
linear expression. Green's experiments, therefore, suggested that
the small resistance vessels did distend with an increase of pres-
sure within them.

DOYLE (1953) used the converse of this technique on the rat
hind limb. He subjected the latter to a variety of constant flow
infusions and related these to the resultant pressures. He found
a linear relationship between pressure and flow at pressures above
40 to 100 mm Hg. A general problem with both the basically simi-
lar techniques of Doyle and Green, is that it takes 20 to 45 minutes
to complete each pressure-flow curve. If these results are to have
any validity, the circulation must remain {n a steady state during

this time.
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A more rapid and ingenious method is that developed by
NICHOL et al. (1951). Using a vertical tube of known and con-
stant diameter, they allowed a column of blood to fall under the
influence of gravity, and from the rate of fall of the column,
they were able to determine the instantaneous flow rate. Thus a
pressure-flow curve could be determined in a matter of 3 to 10
minutes. Using this method, Nichol et al. found linear pressure-
flow relationships in the rabbit leg, and frog leg, (see Fig. 1).
PHILLIPS, BRIND and LEVY (1955) studied the dog hind leg with this
method and found a mixture of linear and non-linear curves.
Furthermore, they found that increasing the transmural pressure
decreased the resistance. LEVY (1958), in another study of this
kind in the dog hind leg, found that when the venous pressure was
elevated, that there was little change in resistance and that the
pressure-flow curves were 'invariably linear'. If, however, the
arterial pressure was decreased in a stepwise fashion, pressure-
flow curves became curvilinear, with their convexity towards the
pressure axis. The pressure~flow curves obtained by GIRLING
(1952) on the rabbit ear during stimulation of its sympathetic
supply were linear at the lowest levels of tone, but became sigmoid
at greater rates of stimulation.

FOLKOW (1952, 1957) has found some interesting results on
the denervated cat circulation. He has revived a theory originally

proposed by BAYLISS in 1902. The latter noted that there was an
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increase in volume of the denervated hind limb after a brief
period of hypotension. He suggested that this could result from
relaxation of the arterial wall consequent on the diminished pres-
sure within it. He postulated that vascular smooth muscle reacted
in a similar way to visceral smooth muscle in its response to
stretch. FOLKOW (1952, 1957) re-examined the evidence for this in
both the denervated cat hind limb, and the total systemic circu-
lation of the kitten. The spinal cords of the latter were crushed
to eliminate vasomotor control. He found that lowering the blood
pressure, within one to two minutes, would cause a sustained in-
crease in bload flow - not what would be expected in terms of the
passive distensibility of blood vessels.

He described the non-linear pressure~-flow curves which he
obtained, in a similar mathematical fashion to that used by Green
above. He found values of the exponent 'n' to vary from 0.535 to
1.5. The majority of values were below 1 and at no time did he
find values of the exponent as great as those found by Green et al.
These non-linear pressure-flow plots suggest that as the pressure
is increased within the small blood vessels, far from distending
in a passive manner, they actually constrict and become smaller.
This active response was called a 'myogenic reflex' by Bayliss. It
should be noted that Folkow found that this reflex took one or two
minutes to manifest itself and was easily abolished by any deterio-

ration in the perfusion fluid. NICOLL and WEBB (1946), in a study
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of the small vessels of the living bat wing, noted 'rhythmical
active vasomotion' in the arterioles, precapillary sphincters and
veins, even after denervation. A sudden increase in pressure
caused at first mechanical distension, and then a contraction of
great intensity. Thus there is direct microscopical evidence that
this phenomenon can occur.

(B) Pressure-flow relations across the whole systemic

arterial circulation

There have been very few direct studies on pressure~flow
relations across the whole systemic arterial circulation. LEVY,
BRIND, BRANDLING and PHILLIPS, (1954) varied the mean pressure of
dogs and measured the resulting cardiac outputs by the Fick prin-
cipal. They found linear pressure~flow relationships, with the
line passing through the origin, when the buffer nerves had been
sectioned; but a more curvilinear relationship under normal cir-
cunistances when these compensatory reflexes were active. In
another dog study, REID, KUIDA and JOHNSON (1957) using a tech-
nique of total body perfusion by heart-lung machine, found an
'approxomately linear' relationship between pressure and flow, with
a positive pressure axis intercept of 20 mm of mercury. These are
the only two direct studies that this writer has been able to find

in the literature.
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(c) MEASUREMENT OF TOTAL PERIPHERAL RESISTANCE

Total resistance across the systemic circulation is an
important factor in the regulation of blood pressure. Blood pres-
sure itself is an important determinant of flow to the various
vascular beds. Therefore, study of this total peripheral resis-
tance is a key factor in understanding the body's reaction to
haemorrhage and shock. 1In spite of this,relatively little work
has been performed directly on its measurement.

Measurements of total peripheral resistance have been ob-
tained almost exclusively by the indirect method of measuring car-
diac output and mean blood pressure. Two assumptions are made in
relating the quotient of these two parameters to 'total peripheral
resistance'. The first is that pressure-flow relations across the
whole systemic circulation are linear. As has been seen, there is
very little direct evidence on this point available in the litera-
ture. The second assumption is that the plot passes sufficiently
close to the origin of the graph so that the mean blood pressure
can be considered to represent the pressure-gradient across the
system. There is evidence that this is not so, and this will be
considered later. In view of the importance of total peripheral
resistance to the understanding of shock mechanisms, it is sur-
prising that more emphasis has not been giQen to its measurement.
An attempt will be described in this thesis to measure total peri-

pheral resistance by a more direct method.
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(a) Critical closing pressure

Evidence will be presented in this section that pressure-
flow plots across various vascular beds, do not pass close to ori-
gins of the graph. There is a positive pressure axis intercept;
or, in other words, a certain head of pressure is required before
blood will flow through the system. BURTON (1951) has called this
the 'critical closing pressure'. It has important implications in
in the calculation of total peripheral resistance, as will be con-
sidered later.

This was recognized by physiologists earlier in the century.
As early as 1901, HURTHLE found that the flow across the whole sys-
temic arterial circulation 'increased more than in arithmefical
proportion to the rise in pressure'!. Similar findings were also
noted by FLEISCH (1919), WAGNER (1928) and BAZETT (1927). The
experiments of WHITTAKER and WINTON (1933), previously mentioned,
showed that their linear pressure-flow plot had a positive pressure

.axis intercept of about 20 mm Hg. They proposed the following
relationship between pressure and flow across the systemic arterial
circulation:

P= (F.R.)+ 20 where P = mean arterial pressure

F flow rate

R = total peripheral re-
sistance

This equation then became adopted for a time. A fixed figure of
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20 mm Hg was subtracted from the mean arterial pressure to give
the effective pressure gradient across the system. This approach
was used in the attempts of BAZETT, COTTON, LAPLACE and SCOTT (1935),
and BROEMSER and RANKE (1930) to compute stroke volume from the
pressure pulse.

Other investigators studying.various vascular beds have
found different values than those found by Whittaker and Winton.
NICHOL et al. (1951) found values varying from 5 to 50 mm Hg in
rabbit hind legs. GOMEZ and VEIL (1936) found that if the blood
supply to the hind limb of a dog was occluded (i.e. flow became
zero) and allowed to fall, it would reach a steady pressure of 5
to 30 mm Hg. GOMEZ (1937) put forward the idea that there is a
'counterpressure'! in the peripheral circulation which must be
exceeded beforelflow begins: by mathematical extrapolation of
the diastolic curve (assumed to be exponential) he found a nor-
mal value of 74 mm Hg and a range of 34 to 110 mm Hg for 'critical
_closing pressure' in human beings. STARR (1957) found this value
to be too high. In Starr's own studies on human cadavers, he
found values between 34 and 45 mm lg and compared them with the
values (16 - 74) found by BURTON and YAMADA (1951) on human fore-
arms, using a plethysmography technique.

In the original explanation of this somewhat paradoxical
phenomenon, Whittaker and Winton postulated that blood was acting

as a plastic fluid, and that this represented a 'yield pressure!.
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They drew this conclusion because, unlike the blood perfusion,

the pressure-flow plot obtained with Ringer's solution could, it
seemed, be extrapolated to pass through the origin. However,

more careful study of Ringer perfusion in the low pressure regions
(NICHOL et al. 1951), clearly demonstrated that this phenomenon
could indeed aiso occur with Ringer perfusate, so that a peculiar
viscosity of the blood could not be the explanation,

The explanation which hasbreceived widest acceptance is
that due to BURTON (1951). From a relationship established by
Laplace in the nineteenth century, he has pointed out that, for
a cylindrical vessel in equilibrium, the tension in the wall (T)
is exactly balanced by the product.of the net pressure within the
vessel (P) and its radius (R). Thus:

T = P.R.

If the radius remains constant at differing pressures
(that is to say, the vessel is rigid), then this is a stable
_relationship limited only by the tensile strength of the material
in the vessel wall. If, however, all three parameters are variable
(as in a distensible vessel with active tone in its wall), then ig
can become a very unstable relationship i.e.:

T = P.R, or T # P.R.

If, for example, the only force opéosing expansion of the
vessel is active tension (which varies in an advcrsexmanﬁer with
any increase in radius), then any momentary disequilibrium in

*
ie: more tension is required with an increase in racdius.




2.

favor of the forces of expansion (i.e.: P >T) will result in
R

an infinite amplification of these expansile forces, until another
counteracting force is met. In normal blood vessels, this counter-
acting force is due to the elastic element, which is rapidly re-
cruited, allowing a new equilibrium to occur. This elastic ele~
ment can be considered as a reserve force, able to buffer the
primary disequilibrium.

Similérly, when the only force opposing constriction of

the vessel is the pressure within its lumen (which again varies

w

in an adverse fashion with any decrease in the radius), momentary
disequilibrium in favor of the forces of constriction (i.e.:

2 > P), will again result in infinite amplification and closure

of the vessel, unless another force is encountered. The buffer
function of the elastic element is again exerted., The total force
tending to constrict the vessel is the sum of the active tension
(force generated by muscle contraction) and the elastic tension.

.As the vessel actually constricts, the elastic tension becomes

less, so that the total constrictive force becomes less. This
allows a new equilibrium, at a lower level of forces, to be reached.
When the active tension of the vessel is so great that it excecds
the buffering capacity of the elastic tissue, then complete clo-

sure of the vessel will occur. At any one particular level of

vascular tone, the buffering capacity of the elastic tissue will :

%

ie: more pressure is required with a decrease in radius.

A
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be exceeded at a critical pressure, which Burton has called the
'critical closing pressure!.

ROACH and BURTON (1957) have found that human iliac
arteries have suitable elastic diagrams to fulfill this buffering
function, and postulated that a similar situation occurs in re=-
gard to the elasticity of the smaller vessels. NICHOL et al.
(1951) also found a residual critical closing pressure in the
frog leg with a mean value of 3.3 cms of saline. This could not
be reduced even after perfusion with cyanide solution (which
would remove all vestiges of active tension in the vessel), and
they reached the conclusion that it was due to an interfacial
tension, from incomplete 'wetting' of the vessel wall. This was
borne out by the fact that it could be reduced by perfusion with
a bile salt solution. NICHOL et al. (1951) also found a positive
correlation of 0.86 between the critical closing pressure, and
the logarithm of the reciprocal of the reduction in flow. On
account of this, Burton has proposed that the critical closing
pressure is a useiul index of the level of vasomotor tone.

GIRLING (1952) found that the critical closing pressure
increased with increasing frequencies of sympathetic nerve stimu-
lation to a level of 30 per second in the rabbit ear. Above this
frequency level, the critical closing pressﬁre fell back to its
initial value, and an increase in stimulation frequency up to

60 per second failed to augment it, but the slopes of the pressure-
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flow curves progressively decreased. He attributed this to re-
fractoriness of the arteriolar muscle at stimulation frequencies
higher than 30 per second.

The 'critical closing pressure! concept has not been unani-
mously accepted. It has been suggested that the positive pressure
axis intercept results from plugging of the small capillary ves-
sels by red and white blood cells. However, NICHOL et al. have
shown 'back-flow', which, they claim, excludes this possibility.
GUYTON, LINDSAY and ARMSTRONG (1956) found that on arresting the
heart in dogs, arterial pressure continued to show a steady de-
cline until it reached the level of the rising venous pressure.
They suggested that the positive pressure intercept was determined
principally by the venous pressure. GIRLING (1952) had earlier
examined this possibility in a study on the rabbit leg and found
that in no case did the 'critical closing pressure' equal the
venous pressure. He found a correlation coefficient of 0.53 -
0.46 between the levels of the venous pressure and the critical
closing pressure. He did note, however, that raising the venous
pressure had a corresponding effect on the 'critical closing
pressure' and he suggested this was due to a vasomotor reflex.

Ehe 'critical closing' concept has also not been accepted by
FOLKOW and LOFVING (1957) for a different reason.
They point out, first of all, that NICEOL and BURTON have

drawn the conclusion, in their 1951 paper, that the small blood
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vessels are practically indistensible. This conclusion is based
on the linearity of their pressure-flow curves and the evidence of
direct microscopy. If this fact is accepted, then it means that
at these pressures, the vessels are inelastic and so the elastic
lamina cannot exert its key buffering role. Therefore, any ten~
dency for the vessel to constrict at any pressure level (critical
closing or no) would always result in infinite amplification and
complete closure. This obviously does not occur, and the only way
to explain a graded response under these circumstances is that
when the vessel constricts, the increase of tone which was the
initial cause, becomes reduced to a lower level, as a result of
the shortening. Complete closure of the vessel under these cir-
cumstances occurs as a gradual, rather than a precipitous, pheno-
menon.

Folkow and Lofving suggest that the activity of the pre-
capilliary sphincter;, which are well known to undergo inter-
mittent closing, are more important in determining the positive
pressure intercept, than any instability of the arterioles.

Whatever the theoretical explanation of 'critical closing
pressure', there is a considerable body of evidence to suggest

4 .
that a significant positive pressure head is required before blood
will flow through the system. An attempt Qill be made in this
thesis to confirm the finding across the whole systemic circu-

lation.
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Under these circumstances, the pressure gradient across
the system (which is the important parameter in calculating total
peripheral resistance) is not necessarily represented by the dif-
ference between the mean arterial pressure and central venus pres-
sure. This was pointed out by PERMUTT and RILEY (1963).

They noted that the arterioles, capillaries, and veins
constitute a potentially collapsible system and this modifies the
effective pressure gradient across them. The forces causing col-
lapse may be either active tonme in the vessel walls themselves,
or the result of extra-vascular tissue pressure. Depending on
the magnitude of these forces, collapse will occur at a critical
pressure (P.), where the pressure within the vessel or tube is
just exceeded. The pressure in the vessel cannot at any time be
less than Pc. Nor can it, at the distal end of the tube, be
greater than P., if the pressure just beyond the tube (Pgyyc) is
less than P.. Therefore, the pressure gradient across a col-

lapsing tube becomes Pin -Pc where Pjp is the pressure at the

entrance to the tube: 1if Poyr is less than P.. If Pyyt is greater

than Pc, then the pressure gradient is what it would be across a
rigid tube, i.e.: Pj, =-Pout. Thus the pressure gradient across
a collapsing tube is dependent upon the circumstances and is
determined by

in out

or
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Pin -Peo
whichever is the smallest. Therefore, the true pressure gradient
across the circulation is usually given by the difference between
the mean arterial pressure and the 'critical closing pressure!,
Only in the rare circumstance that the central venous pressure
is greater than the critical closing pressure, is it correct to
represent the pressure gradient across the circulation by the
difference between mean arterial blood pressure and central
venous pressure. Failure to appreciate this point can lead to
false interpretation of changes in total peripheral resistance,
as the following discussion shows.

(B8) Chord and slope resistance

Consider Fig. 2. This shows a linear plot of pressure
against flow, with a significant pressure axis intercept. It is
analogous to a situation in the circulatory system where a signi=-
ficant pressure head is required before blood will begin to flow.

Consider point A which can be considered to represent a
reading of mean arterial blood pressure and cardiac output at any
one moment in time. The quotient of the two ('total peripheral
resistance') is indicated by the tangent ol the angle AQOF.

Suppose then that the pressure was dropped to point B
by a reduction in cardiac output. The quotient of the mean
arterial blood pressure and cardiac output at that particular time

would be indicated by the tangent of the angle BOF. As the angle
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BOF is greater than the angle AOF, the conclusion might be drawn
that, as the pressure fell from A to B, there was a compensatory
increase in total peripheral resistance. 1In fact, of course, there
was no change in total peripheral resistance. This would have been
shown if the true slope of the plot (tan 0), had been calculated.

If the straight line relationship between pressure and
flow had passed close to the origin of the graph, then this ambi-
guity would not have arisen.

A kindred problem was recognized by HODGKIN and HUXLEY
(1952) in the definition of current (I)-voltage (V) relations in
the squid axon. Here again, the straight line relationship did
not pass close to the origin of the graph. The true slope of the
line (dI/dV), they called the slope conductance. The relationship
of each point on the line to the origin of the graph (1/V), they
called the chord conductance.

In direct analogy with this, similar terms are now pro~

posed to describe pressure-flow relations across the systemic

arterial circulation. Thus, slope resistance is defined as GP/dF;
*

and chord resistance as P/F. l
Where possible, resistance will be expressed in terms of ;

slope resistance. However, it should be noted that this is not

the common practice. For example, if referénce is made back to the

study of NICHOL, BURTON, et al. (1951) in Fig. 1, it will be seen

¥

ie: the usual way to calculate TPR. as the ratio of absolute pressure
to absolute flow,
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that chord resistances, and not slope resistances have been cal-
culated. This gives a very ambiguous graph of the resistance-
pressure relations. The impression is given that resistance has
increased greater than four-fold in falling from a pressure of 80
mm Hg to one of 20. Simple inspection of the pressure-{low graph
shows that the linear relationship has changed little between
these two pressures, and this would be borne out if true slope

resistances had been calculated.

This section has considered the physical property of re-
sistance in the systemic arterial circulation. It has been shown
to reside principally in the small vessels, as predicted by
Poiseulle's law. Most of the conditions for the application of
this law are satisfied within a normal range of pressures. There
is some conflicting evidence as to whether the small vessels are
behaving as rigid tubes, or not. Most experiments on pressure=
flow relationships have been performed on various isolated seg~
ments of the vascular bed: little direct experimentation has been
done across the whole systemic circulation. Because of the evi-
dence that a significant 'critical closing pressure! ¢xists, cal-
culation of the total peripheral resistance has to be modified if

ambiguities in interpretation are to be avoided. Calculation of

a slope resistance has been proposed.
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(ii) COMPLIANCE

The second fundamental physical property of the systemic
arterial circulation is that of compliance. This is defined as
the ratio of the change in volume (A4 V) to the change in pressure
(A P). Thus:

c = LV Where C = compliance
&P

It is generally expressed in terms of ml/mm Hg in physio-
logical work, and has the dimensions of M-l L% 72, 1t has the
exact cquivalence of capacitance in electrical terms.

Stephen Hales uscd the term 'elasticity!, rather than com-
pliance in describing this property of arteries. However, as used
now, rigorous physical definition of the term 'elastic! conveys a
sense opposite to that of its popular meaning. Strictly applied,
wood becomes a more elastic substance than rubber. The term
'elastic'! however, in this thesis, will continue to be used in its
popular sense i.e.: where rubber is more 'elastic!' than wood.

This ambiguity arose out of Young's original definition for
an elastic modulus. He defined this as the ratio of longitudinal

stress over longitudinal strain. Thus, the modulus (E) becomes:

L

E =z = Where T = stress applied
ALA
A I cross-sectional area
L L = strain

L = unstrained length
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Although extensively used in physics, it is difficult to
apply this modulus in biology, because materials are generally more
heterogenous and it is difficult to find their unstrained length.
Furthermore, they rarely obey a simple Hookean type law, where Young's
modulus has a single value for a wide variety of stresses and strains.
In order to account for these factors, KRATKA (1939), proposed the
term 'incremental elastic modulus!., Tuis is gencrally written as
Einc, and has the same definition as E, except that L is not the un-
straingd length, but the mean length about which A L changes. Thus,
even in a material in which E remained the same, Ejnc would have a

different value at every length tested.

e

he elastic modulus of arteries may be directly expressed in
terms of a tension-length relationship (where length refers to the
circumference of the vessel). It is often more convenient to express
it in terms of a pressure-volume or pressure-diameter relationship.
As BURTON (1951) has pointed out, although the circumference of a
constant-length vessel is directly proportional to its volume (or
diameter), the tension in the wall of a vessel is not directly pro-
portional to its transmural pressure.
related to each other in terms of the Laplace equation, previously
discussed (i.e.: T =z PR). All threec parameters are variable, so
there is no direct relationship between any two of them. Taerefore
tension-length relationships are not Girectly transposable to pressure-

volume ones. If one of these is lincar., ¢
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Bearing this factor in mind, pressure-volume studies on
arteries are also often expressed in terms of an incremental modu-
lus (Cinc). Thus:

= AV Where V = mean volume about which
APV

Cinc
AV occurred.

Note that this is the inverse of the usual stress-strain
ratio used in physics. It will be seen that compliance is related
to Cinc by the expression below:

C = Cipe x V N €9

BERGEL (1960) has calculated that if C is to remain con-
stant, Cijne must vary in inverse proportion to the fourth power of
the radius of the vessel. Thus, Cj,c, whether the system is linear
or not, will have a different value for each transmural pressure at
which it is measured.

Cinc has been referred to as the 'Coefficient of volume dis-
tensibility' (REMINGTON 1957), and as the 'Relative volume disten-
sibility' (BURTON 1965). It is one of the most common ways in which
to express the elastic properties of blood vessels. In part, its
usage has stemmed from the measurement of pulse wave velocity, which
is one of the few ways to assess the elastic properties of arteries
in the living animals. BRAMWELL and HILL (1922) derived the expres=-

—- T3 :
sion whereby c¢ = 0.35 1 *:orer is the pulse wave velocity
Cinc J

(see later). 1In spite of its convenience in many other ways,
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determination of Cinc does not provide direct information about the
clastic properties of blood vessels. This is illustrated by the re-
sults of some experiments on aging.

HALLOCK and BENSON (1937) measured human pulse wave velo-
cities at various ages and found good correlation between these and
Cinc values measured on excised specimens of thoracic aorta. As Cinc
values progressively decreased witch age, they drew the conclusion
that large blood vessels became more rigid and inelastic with age,
However, REMINGTON (1948), repeated these experiments and found that
in old age, there was a significant increase in the unstretched
volume (V) of the aorta. Therefore, the decrease in Cinc on aging
that Hallock and Benson found, could be due to either an increase in
V, or a decrease in C, as reference to equation (a) shows. The con-
clusion could not really be drawn that C decreases with aging. In-
deed, in Remington's experiment, they found that the slope of the
tension-length curve, as an index of C, did not show any clear dif-
ference with age. This is a common dilemma in tbe interpretation of
Cinc values.

Thus expression of the elastic properties of blood vessels
in terms of compliance (C), when possible, is the optimum mode. It
gives a direct answer to the question that concerns the investigator
most 1.e.: is there a change in the elastic properties of the vessel
wall? Furthermore, it provides a ready value for use in the clectri-

cal analogue model.



In spite of the fundamental importance of this parameter of
compliance, little success has been achieved in measuring it in the
living animal. Two basic approaches in the measurement of the elas-
tic properties of blood vessels have been made. One is direct, but
conducted mostly on excised vessels: the other is indirect, but
conducted on the intact, living animal. These will now be considered.

(a) Measurcment of elastic pronerties in cxcised vesscels:

Three techniques are commonly applied to the measurement of
elastic properties in excised vessels. The most direct is that used
by ROY {.880) who cut longitudinal strips of aorta and measured their
elongation under various weights. He noted that the wall appeared
to be most extensible within the normal physiological range. He
also compared the elongation of transversely cut strips with that
of longitudinally ‘cut ones, and found that the extensibility of the
latter appeared to be greater. This result was confirmed by FENN
(1957) in a more sophisticated exéeriment performed almost 80 years
later.

A second technique is that used by HASS (1942), REMINGTON
(1948), and others. Rings of aorta are cut and then subjected to
circumferential stretch. The presumption is that stretch so appliec
occurs in a more physiological direction, and length-tension curves
and pressure-volume curves can be calculateé. The third technique
is that used by HALLOCK and BENSON (1937) and ROACH and BURTON (1954)

2

who excised small segments of aorta, or other large vessel and
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In spite of the fundamental importance of this parameter of
compliance, little success has been achieved in measuring it in the
living animal. Two basic approaches in the measurement of the elas-
tic properties of blood vessels have been made. One is direct, but
conducted mostly on excised vessels: the other is indirect, but
conducted on the intact, living animal. These will row be considered.

(a) Measurement of elastic properties in excised vessels:

Three techniques are commonly applied to the measurement of
elastic properties in excised vessels. The most direct is that used
by ROY (1880) who cut longitudinal strips of aorta and measured their
elongation under various weights. He noted that the wall appeared
to be most extensible within the n§rmal physiological range. He
also compared the elongation of transversely cut strips with that
of longitudinally cut ones, and found that the extensibility of the
latter appeared to be greater. This result was confirmed by FENN
(1957) in a more sophisticated exﬁeriment performed almost 80 years
later.

A second technique is that used by HASS (1942), REMINGTON
(1948), and others. Rings of aorta are cut and then subjected to
circumferential stretch. The presumption is that stretch so applied
occurs in a more physiological direction, and length-tension curves
and pressure-volume curves can be calculateé. The third technique
is that used by HALLOCK and BENSON (1937) and ROACH and BURTON (1954),

who excised small segments of aorta, or other large vessel and
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performed pressure-volume studies directly on' the segment. Hallock
and Benson found a sigmoid shape of the pressure-volume curve for
human thoracic aorta, with greatest extensibility in the physiological
range. Within that physiological range (from 50 to 150 mm Kg) pres-
sure-volume rclations were quite linear. GREEN (1963) found pressure-
volume relations to be linear for the dog aorta over a range of O -
200 mm Hg pressure.

BERGEL (1961) made a definitive study of the static elastic
properties of the dog arterial wall. He took a small segment of
vessel from various areas, held it at a controlled length, and per-
formed direct pressure-volume studies on it. At the same time, he
was also able to measure the radius of the vessel by a sensitive
photo-electric method. He found,as Fig. 3 shows, that the length at
which the vessel segment was held, was critical in determining the
shape of the pressure-volume curve. It was first recorded by TUCHS
(1900) that arteries are held under longitudinal tension in the body
and that they retract to approximately 60% of their length when
excised. Bergel found that if the arterial segment was held at its
'in situ' length (as curve 1 in Fig. 3), pressure-volume relation-
ships were practically linear from 0 to 200 mm Hz. If however, the
vessel was held at a shorter length and allowed to lengthen with
distension, then the sigmoid curve, 3, would be produced. He sug-
gested that the sigmoid shapes found by Hallock and Benson. and

WAGNER and KAPAL (1951), could be accounted for by this length
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Fig. 2. Throo prossuro—volumo curvos for the same thorueio aorte. (For clarity,
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distenaibility,

FIGURE 3: Plots of pressure vs volume for the

dog thoracic azorta (from Bergel 1961)
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discrepancy.
From these data, Bergel was able to calculate an incremental
modulus for the different dog vessels used. He did not use Cinc,

but used Eipnc which is defined below.

P3 - Pp  2(1-7 2)R%2R02 Where R, = external radius
of the vessel

Eincpy =
27 Rog.Roy (&% - r?)

Rj = internal radius
of the vessel
7 = Poisson's ratio
Poisson's ratio is defined as the ratio of the lateral strain to

the longitudinal strain. It is an index of the volume chance of
o o

[J)

a body on stretching. If the value is 0.5, then there is no
volume change on stretching ana the substance is said to be iso-
tropic. If the value is less than 0.5, there is an increase in
volume on stretching, and the substance is said to be aniso-

tropic.

It should be noted that Eyn. is a stress-strain ratio, where-
as Cipnc is the inverse i.e.: a strain-stress ratio.
Bergel found that there was a linear increase of Eine with

increasing pressure levels, and that for the thoracic aorta, this
was compatible with a constant value for C over a range of 0 to 200
mm Hg. In the smaller arteries however, (carotid, femoral), Einc

increased at a greater than proportional rate, which meant that with

increasing pressure, there was diminution in the value for C. Typical
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values for Ej,. of different vessels at a pressure of 100 mm Hg are
shown below,

1. Thoracic aorta 4.3 x 106 dynes/cm2

2. Abdominal aorta 8.9 x 106

3. Carotid artery 6.4 x 106

4. Femoral artery 6.9 x 100

It can therefore be seen that the smaller vessels are less
elastic and have a consequently smaller comparative value for C. Thus,
in the circulation at large, compliance values decréase as the smaller
vessels are reached.

Reference to Fig. 4, obtained from Bergel's experiment also,
demonstrates some of the problems generally encountered in assessing
elasticity in these excised specimens. The first point to notice is
that inflation of the specimen traces a different path to that of
deflation. This observation has been made many times by investigators
early in the century, but generally was considered to be an artefact of
the method. However, there is now no doubt that this hysteresis
phenomenon does occur. It is attributed to a viscous element in the

v

vessel wass and becomes more pronounced, the greater the rate of

stretch. The area of the hysteresis loop represents the work required
to overcome this viscous factor. Measurement of Einc therefore is

frequency dependent. This has led to the détermination oi a dynamic
elastic modulus <Edyn> when it is desired to transpose results into

the living animal. However, it has been shown that this viscous
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factor is relatively small and the ratio of Eqyn to Ejpc at a fre-
quency of 6 cps is 1.1 for the thoracic and abdominal aorta, and 1.3
for the femoral artery (BERGEL 196la). This correlates with the
amount of smooth muscle in the specimen wall. Bergel has suggested
that the major contribution of smooth muscle to the functioning of
the wall is to affect dynamic behaviour.

The second point to notice in Fig. 4 is that the same seg-
ment gives a different value curve each of the 3 times that it is
tested. With successive testing the inflation-deflation curve be-

comes less distensible. This 'time-dependence! is a general feature

of many biological materials. An elasticity value obtained from a given

tissue may be quite different several minutes later and this appears
to be related to the amount of stretching that the tissue undergoes,
rather than to any slow deterioration in its biological properties
(REMINGTON 1963). A longitudinal strip of vessel that is extended
by a weight will quickly reach a relatively'stable state, and then
slowly elongate further by a process known as Tcreep!.

These problems_arise from the fact that the vessel walls are
not homogenous, but composed of a mixture of elastin, muscle and col-
lagen tissues. Each of these have their own different elastic con-
stants. The internal arrangement may be such that onme element is
arranged to have a mechanical advantage ove£ the others (BURTON 1954).

ttempts have been made to determine elastic constants for each of

these tissues. HASS (1942) extracted colliagen from the dog thoracic

T T L A e e
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aorta with a concentrated fo%mic acid solution and measured the
Youngs modulus of the remaining tissue. This was 3 x 105 dynes/cm?
and presumably determined principally by the elastic content of the
wall. ROACH and BURTON (1957) compared the properties of the elas-
tin in the wall (as determined by Hass's technique) with the proper=~
ties of the cbllagen in the wall. The same type of vessel was sub-
jected to commercial trypsin treatment, which contains the enzyme
'elastase'. This removes the elastin from the wall, but not the
collagen. The treatment resulted in a wall about 10 times stiffer
than the one containing elastin. A vessel wall cémposed of such
dissimilar elements can thus well account for some of the ancmalous
elastic properties.

A general question, which is still largely unresolved, is
whether smooth muscle contraction can affect the compliance of
large arteries. ALEXANDER (1954) studied a short-circuited segment
of abdominal aorta in a living dog. He found that adrenalin caused
a constriction of the aoxrta and an increase in its compliance. COPE
(1964) found similar results for human aortic compliance values in
an experiment to be described below.

On account of these factors, it is difficult to draw con-
clusions about the elastic behaviour of vessels in the living ani-

mal, from experiments periormed on excised tissues.

3

vine animais.

[N

n 1

B

(b) Measurement of elastic »nroserties

|54

Various methods have been used to assess elastic properties
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in the living animal. LAWTON and GREENE (1956) sewed beads on the
outside of the dog abdominal aorta and took cine film of their
movements during normal pulsation. From this they were able to
calculate a pressure-volume curve for the abdominal aorta. Their
results suggested that the vessel was stiffer than the excised
studies showed. KATZ et al (1947) used a similar technique by
taking rapid X-ray pictures (at 100 mséc intervals) of the dog
aorta. However, their curves showed a wide scatter of points, and
the pressure-volume plots were not well determined.

Franks Windkessel theory (see later) was modified by COPE
(1964) in an attempt to measure compliance in the human aorta.
Using data obtained by REMINGTON (1948) on rings of excised human
aorta, he formed a parabolic expression to describe the shape of
the pressure-volume curve. He found that one of the constants
describing the parabola was a suitable index of the compliance of
the system. This could be calculated from a modification of Franks
theory in which the values of the systolic and diastolic pressures
and intervals, and cardiac output, were required. Using this tech-
nique, he found that compliance values in the living animal were
smaller than those found in the excised aorta. Compliance values
were decreased in old age.

The most usual way to obtain an index of elastic properties

in the living animal is by measurement of the pulse wave velocity (c).

[¢

This provides a value for Cinc and is easy to pexform and calculate.
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The implications and derivation of this method will now be considered.
Sir Isaac Newton, in Principia Mathematica (1687), published
an equation attempting to account for the velocity of sound in air (c).

Thus (converting to the symbols used in this discussion):

- b3
c = |___1 Where p = density of air
p - Clm

Actual experiment gave a higher value than could be accounted
for by this formula, and so began an interest, by'a legion of inves-
tigators, into the propagation of sound through various media. It
became apparent during the course of these studies that the velocity
of sound through a liquid was dependent on whether the liquid was
bounded or not. If the former was the case, as for water in an
elastic tube, then the water would assume an apparent compressibility
related to that of the tube.

The versatile English physician, Thomas YOUNG (1812), was
the first to comment on the analogy between passage of a sound through
liquid in an elastic tube, and the passage of a pressure wave through
liquid in an elastic tube. Stated in another fashion, he realized
that measurement of the arterial pulse wave velocity should give an
index of the elasticity of the elasticity of the biood vessels. In
1878, the first theoretical expression derived for this was published

by KORTEWEG. Thus:

[ Y T
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E.h Where E Young's modulus of wall
h = wall thickness

R = meanAradius

P = density of blood

In the same year, MOENS found almost this relationship

empirically in a series of experiments on elastic tubes. Thus:

c:k[-}ﬁ%
L 2R p
'k' was a constant which could be empirically founa to have a value
0.9, when the blood was the fluid medium tested.
BRAMWELL and HILL (1922) transformed Korteweg's expression

to eliminate the problems of measuring wall thickness and the Young's

modulus. Thus, their equivalent expressiom became:

e

1nc:

Solving for 'c' in terms of metres per second, and taking d?

in terms of mm Hg and p as 1.055 for blood, this becomes:

: 7
¢ = 0.357 [-—————; " metres/sec

J
Like Poiseuille's law, this expression has a number of quali-

fying conditions. These are: (1) the fluid is assumed to be in-

compressible, (2) the vessel to be thin -walled, so that the

F
n
o

i

low ratio of h to R, and (3) the flLuid to have no viscosity.

Fh

The first two conditions are satisfied im the normali cir-

culation (LAMBOSSY 1651). The viscosity oI the bloocd, however, does

e,
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have a significant effect. MULLER (1951) performed some experiments
on the propagation of a pulse wave through rubber tubes filled with
fluids of varying viscosity. He found that at wave frequencies of

2 cps there was a 10% decrease of pulse wave velocity over that

calculated from the original Korteweg formula. This became pro=-
gressively greater until a wave frequency of 10 cps was reached,
from whence there was no further change. BERGEL (196la) reached a
similar conclusion. Therefore, the equation found by Moens, which
contained the empirical constant 'k', is the more valid of the two
relationships propcsed in 1878. 'k' is thus a reflection in part
of this viscous effect.

Further refinements of the theory have been considered by
WOMERSLEY (1957a, 1957b). These include modifications for the
viscous effect and for the fact that the elastic tube (i.e.: the
vessel) is tethered by a connective tissue envelope and not free to
move in all directions. In a normal dog vessel, BERGEL (1961a) has
found that all these factors account for a discrepancy of approxi-
mately 12% over the simple Korteweg formula. Using values for Zdyn
at different frequencies, he .has found good agreement between cai~
culated and experimental pulse wave velocities. In one of the few
other studies of this type, REMINGTON (1945), using stretch data
from isolated vessel rings, found that the éheoretical pulse wave
velocities were lower than the experimencal omnes by 10 to 20 per-

cent.

fammms s mrrrsemamaamen
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Pulse wave velocity varies directly with the mean arterial
pressure at which it is measured. This is a reflection of the de-

crease in Cinc with increasing pressure and has been documented by
REMINGTON (1963). Furthermore, as BAZETT and DREYER (1922) first
showed, arterial pulse wave velocity varies according to the site
in the body ovér which it is measured. This is an expression of

the decreasing compliance values found in the more peripheral ves-

sels, as discussed earlier. Typical values for pulse wave velocities

in the dog arterial tree are: thoracic aorta & - 5 m/sec; abdominal

aorta 5.5 - 6.5 m/sec; femeral artery, 8 G 10 m/sec (DOW and

HAMILTON 1939).

A further complication, in an already complex situation, is
that reflected waves occur in the arterial system. These distort
the shape of the pressure wave as it is transmitted down the system
and so make it difficult to measure true pulse wave velocity. The
evidence for reflection of pressure waves is .that the amplitude of

the flow pulse diminishes as it approaches the distal vascular Bed,

whereas the amplitude of the pressure pulse increases. This can only

be explained by reflection of the pressure waves from a 'closed and!.

The reflection coefficient is generally 0.3 to 0.5 (McDONALD 1960).
As a result of this, there is no single reference point on the
natural pulse wave which can be relied upon to remain in a scandard

relationship to the rest of the wave, not even, strictly speaking,

[¢]

the foot. This remains, however, the only practical point to use.
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Therefore, as an index of the elasticity of blood vessels
in the living animal, measurement of the arterial pulse wave
velocity is fraught with certain difficulties. The theory on
which it is based is complex and measurement of it, in the pre-
sence of reflected waves, difficult. But perhaps the largest
problem is that it is difficult to interpret the term Cipe which
is the mode of expression, in terms of primary changes in tissue

elasticity, for reasons already discussed.

This section has considered some of the relative merits of

SfERanERs,

\ the indices commonly used to measure the elastic behaviour of blood
vessels. Expression in terms of compliance (C), rather than Cinc,
was considered to be the optimum mgde, because it directly answers
the question which the physiologist most wants to know. The dif-
ficulties of transposing data obtained on excised tissues to the
living animal, because of the inconstant properties of these excised

tissues, have been discussed. The only common method of assessing

vessel elasticity in the living animal is from measurement of the

pulse wave velocity. This results in expression in terms of C:ne

g;
:

which can give ambiguous information concerning the elastic pro-

perties of the vessels, as the experiment of Remington pointed. out.

e
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(iii) INERTANCE

The third fundamental physical property involved when blood
flows through the vascular bed is that of inertance. This is de-
fined as the ratio of the change in pressure (P) to the rate of
change of flow (dF/dt).

Thus: L = AP Where L = inertance
dr/de

. . wly wliem .
It has the dimensions of M~*L=%70 and has been expressed in
the physiological literature in terms of gm.cm.=%. It has the exact

electrical equivalence of inductance.

Both resistance and inertance can be expressed in terms of
velocity of blood flow (u) rather than volume of blood flow (F).
In that case, 'resistance! is expressed as dynes sec cm~3 and

'inertance' as gm cm~2, This system will not be used except as

noted.

In terms of vessel dimensions:

L = X p Where p = density of blood
mr2

x = length of effective

mass accelerated
r = radius of vessel
inertance is the most neglected, and in many ways, the least
quantitatively important of the three fundamental physical proper-
ties of the circulation. However, an understanding of its role is

important in making a good model of the circulation.

AT Mmoo i A DR T
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Otto FRANK (1905) was the first to point out its importance
to the complete understanding of physical events in the circulation.
At that time, he compared the functioning of the arterial circula-
tion to that of an underdamped manometer. As a result of this, the
resonance theory of pulse wave propagation, an idea long current in
the 1930's, céme into being. Although the concept of inertance is
indispensable to any resonance theory, the contribution of this
factor to the magnitude of the central‘arterial pulse contour was
rarely taken into account. |

A particular difficulty in assessing the inertance factor
in a system of elastic tubes is that the effective inertance is not
solely determined by the mass of flﬁid to be accelerated and dimen-
sions of the vessel. The forces involved in determining the para-
meter of inertance are vectorial and it is only thg net axial flow
of fluid that is important in determining the inertance. In an
elastic system, particularly with a high resistance at its outlet,
there is flow of fluid in both axial and radial directions. The
amount of radial flow is determined in part by the compliance of
the tube. Therefore, in an elastic system of tubes, the compliance
factor has an important modifying effect on the effective inertance.

If the compliance value is high, then the effective inertance be-
comes very low.
SPENCER and DENISON (1963) measured the instantaneous flow

Tates across the ascending aorta in dogs, and found that there is.
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a phase lag of flow behind the pressure gradient of approximately
90°. This demonstrates that the inertance of the blood is an im-
portant factor in the formation of the pressure wave at this point.
Furthermore, the experiments of PETERSON (1954), to be described
again later, showed that when an artificial pulse is given to the
systemic circﬁlation, acceleration causes a very definite and
discrete pressure effect. Thus, there is no doubt that inertance
is an inportant factor in the physical description of the circu~
lation.

FRY, NOBLE, and MALLCS (1957) have made use of this fact
by designing an ingenious method for measuring instantaneous flow
velocities in the ascending aorta.. They noted that the blood
velocity profile in this region was practically flat. Therefore
flow at this point is governed principally by the laws of inertance,
as radial flow and resistance in this region are quite negligible.
The following relationship then applies:

P(t) = p x du/dt Where P = pressure difference be-
: tween 2 points, x cm apart

u = velocity of flow
p = density of the blood
Measurement of the pressure gradient in the ascencing
aorta by ncans of a double lumen catheter thus allows calculation
of the instantaneous flow velocity.
ENGELBERG and DuBOIS (1959), in a study on the pulmonary

circulation, have made the only attempt that this writer has been
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able to find, to quantitate ineriance. Using a 4 Kgm rabbit, they
attempted, speculatively as they admit, to calculate the dimensions
and acceleration of the total mass of blood in the pulmonary
arterial circulation. They discounted any radial flow, and so, in
effect, calculgted what the inertance would be in a rigid tube of
the same dimensions. A value of 8 gm cm~% was obtained. There is
thus, an almost complete lack of quantitative information in the

literature concerning this parameter.
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2. THE COMPOSITE PHYSICAL BEHAVIOUR OF THE SYSTEMIC ARTERTAL

CIRCULATION

Part of the knowledge described in the previous section
has been obtained with the help of physical scientists. The hand

S

He

of the latter is even more heavily felt when the circulation
considered as a system in the cybernetic sense. This is a rela-
tively new concept for biologists, but a fundamentally important

one if adequate theories of control are to bea developed. Reference
back to the basic control model on p. 5 shows thé importance of
understanding the behaviour of the controlled system. Much as
many widely different electronic apparata are made from various
basic elements, so can other 'systems! differ even though composed
of the same fundamental units. It is one of the aims of this thesis
to determine the type of common system which most closely resem-
bles in behaviour that of the systemic arterial circulation. It is
often helpful in the solution of these problems to attempt to build

a model of the unknown system.

The general approach taken by the engineer is to subject
the unknown system to a number of standard inputs. TFrom the out-
put response. obtained, the basic laws and behaviour of the unknown

system can be determined. Thus:

3
v i
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There are two types of input function that are particu-
larly used in the study of linear systems. These are (1) a sinu-
soidal wave of constant amplitude: and (2), a step function, which
is a sudden change of input magnitude from one steady state level
to another.

Study of the response to a sinusoidal function is zenerally
called 'frequency analysis'. In any system whose behaviour is
described by greater than a zero order differential equation, there
is a phase shift between input and output that varies with fre-
quency, and a similar variation in amplitude. Plots of the ampli~
tude and phase shift of the output against the frequency of the
input provide a 'frequency response' of the circuit, from which
the laws of the system can be determined.

Study of the response to a step function is generally called
'transient analysis'. It is so called bacause the primary object
of interest is the output response during the transient phase

before it has reached a new steady state level. Lincar paysical

systems are classified as zero order, first order, or sccond order,

according to the class of differential equation which describes

their transient response to a step function. The responses of these
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three types of physical system to a standard step input function
are shown in Fig. 5. The second order response (equation (3)) has
three alternate pathways depending on the damping coefficient of
the system. Complex systems of 3rd order and higher can generally
be simplified to combinations of 1lst and 2nd order ones,

This, in a highly simplified form, is the general approach

taken by the engineer to linear systems analysis (or, if preferred,

model building). 1In the case of non-iincar Systems, as commonly

occur in nature, analysis is considerably more complex and often

requires computer simulation techniques (GRODINS 1963). Indeed,

scepticism has often been expressed that because of the complex

non-linear nature of most biological systems, little progress will

be made by these approaches. It is well to remember, however, as

GRODINS (1963) has pointed out, that many of the advances in

physics have been built on laws for ideal gases, frictioniess

pulleys, and the like, and it seems not unreasonable to suppose

that equivalent advances can be made in biology by making similar
approximations.

This type of deliberate approach has rarely been taken in

the study of the vascular system. There have been several attempts

and a

to describe models of the g stemic arterial cirvcularsion
2

number of experiments performed that have direct bearing on ti
problem. These will now be reviewed and considered under the

general headings of 'transient analysis' and 'frequency analysis!',
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although some of them were not consciously performed as either.
(i) TRANSIENT ANALYSIS
Otto FRANK (1899) was the first investigator to describe
a model of the systemic arterial circulation. His paper attempted
to describe the shape of the arterizl pulse wave in terms of the
physical forceé and parameters of che vascular bed. It was an
attempt to describe in mathematical terms the idea that Stephen
Hales first put forward concerning the importance of both elastic
and resistive elements. Acting in concert, these #ransform the

pulsatile flow of the large arteries, into the more even flow of

the peripheral bed. A German translator of Hales book likened this

idea to a device used on the fire engines of the day, where a

similar transformation was performed {pulsatile flow of the hand-

Li

pump, to the more even flow at the end of the hose~pipe). This

device was called a 'Wind kessel', and to this day, the hypothesis

is known as the 'Windkessel! hypothesis.

Frank proposed, 'in the process of simplification of con-

ditions that is used universally to work out the laws that govern

nature', that the systemic arterial circulation could be repre-

sented by the behaviour of the two fundamental physical properties

of resistance and corpliance. He further assumed that relations

across both these properties were linear, in the first instance.

tr

The following relationships then occur:



O < o Where C =z compliance
dp
Q = volume of Windkessel
P = arterial pressure
gradient
And:
(2)evivninnne. 40 - P Where R = resistance
dt R

On eliminating Q from (1) and (2):

(3 evenvvaiiis @2 | -dt
P RC

On integration

(4)euiieeenne. log, P+ K = =t
RC

Where K z constant of integration

Thus, when P = P, at t = O, K = -log, P

o
Therefore
(8)eernieann. logg P . =t
Py RC
Hence,
~t/RC

(0)eereeenee.. P = Poe

Where P = pressure gradient at any time t.
Frank recognized that this solution is identical to that

simple linear electrical circuit shown below,

60.
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This relationship is perhaps more clearly derived if the
above circuit is considered in the foilowing terms. Total flow
into the system (F) is composed of the sum of (1) that flowing in
an axial direction through the resistance (£R) and (2) that flowing
in a radial direction into the compliance (£g). Thus:

(7)............. r = fp-i-fc

Now, fr = P.1 and f; = C.dP/dt
R

Thus the equation of the circuit at any moment in time becomes

8)eeeeiveeeee. F = P + C.dP/dt

53 [rs

Thus, this is a first order, linear, differencial equation
(cf. Fig. 5 eq. (2)). The system is therefore, a first order linear
system. If, for a moment, the irculatory system is again con-

o

Fie

&

sidered, it will be seen that when, during diastole, the aort
valve suddenly snaps shut, the input into the system suddenly be-

po e

comes zero. Thus, in effect, a step function is given which is

Iy
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exponential in mature. It has a time constant determined by the

62.

a reverse direction to those shown in Fig. 5. Therefore, continu-
ing with the solution of equation (8) when the aortic valve closes,
F = 0. Then:.

(9)eeeeiiiiiiis Pl - -C.dP/dt
R

The solution for P is as before:

D R - Po, -t/XC

Thus, thetransient response of a linear first order system
(which, by definition, this analogue becomes) to a step
product of R and C. If this is a correct analogy with the systemic
arterial circulation as Frank first postulated, then the fall of
the pressure pulse during diastole should be exponential in form.
Examination of this curve, therefore provides information about the
order of system involved.

Certain assumptions are required in postulating that the
systemic arterial circulation bahaves in a manner analogous to that
of a linear first order system. As these are important to the work
of this thesis, they are listed below.

(1) zrelations between pressure and flow across the whole

systemic arterial circulation mus: Se linear.

4a

(2) relations between pressure and volume iIn the sys-

temic arterial circulation mus: se linear.

(3) 1inertance must be relatively unimportant.
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(4) pulse wave propagation must be infinitely fast, so !
that pressures in the large arteries are everywhere
equal.

(5) the pressure response must not be distorted by wave
reflections.

(6) the controlled system must remain uninfluenced by

the controlling system during the time of testing

i.e.: the vascular bed must be in a steady state.

Frank examined the diastolic portion of the pressure curve
(which he prolonged by vagal nerve stimulation) for evidence of
exponentiality. Inspection of equation (3) shows that the ratio
of dP/dt to P (that is, the ratio of the rate of change of
pressure to the instantaneous pressure at any one moment) should
be constant if the pressure response‘is exponential and the i
asymptote of the curve is zero. Frank did not find this, and
so drew the conclusion that there was a non-linearity in either
the pressure-flow, or pressure-volume relations.

COPE (1911) noted that in formulation of pressure-flow
relations, as in Frank's equation (2), venous or capillary
pressure was usually ignored, so that the absolute aortic
pressure came to be taken as the pressure gradient across the
arterial circulation. The effective press&re gradient, though,

1s that between the aortic pressure and the pressure in the
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peripheral capillaries (P™)*. As EADIE and McCRAE (1934) showed,
Frank's equation (2) should read:

(10)vevereves. 4@ - (P -PH
dt R

On substitution of this expression in Frank's theory, inte-

gration yields:-

-

: +
(I11)eeeeennn.. logeli'_?_._ = -t/RC
P, - Pt

Or:
+ye ~t/Rc +
(12)eeveveen.. P = (PO - PH)e + P
Equation (12), on substituting P}, for P, becomes a more
general statement of the response of the system to a step function,
than does equation (6). It takes account of the step function res-
ponse that does not begin or end at zero.
Thus:
(13) P= (P, - P e “%/RC 4 pt
ceerecsaan = o os s
P denotes the steady state response to an constant input
ss y P y P
function. It can be seen that equation (13) is the sum of two terms.
The first, called the complementary function, is an expression of the
transient response of the system. The second (Pss) is called the
particular integral, and represents the steady state response of the
systemn.

Under the circumstances of eq. (10), one would not expect

*Symbol changed from the original paper for uniformity of presentation.




ERRARE TR TSRS

a constant quotient of E?%EE , even if a linear relationship did
j exist, because of the non-zeré intercept (i.e.: equation (3)
requires modification to the form, dP/dt = -(P'~ P*)/RC). Thus
Frank's experimental evidence did not really disprove the essence
' of his simple linear theory.

j This Windkessel model of the circulation, introduced at
the beginning of the century, acted as a focal point for much of

the work in haemodynamics in the 1920's and 1930's. It acted as a

stimulus towards the understanding of pulse wave reflections in the

circulation, and for a long time, was the source of attempts to

calculate stroke volume from the central arterial pulse pressure.
The value of expressing ideas, however simple, in definitive
mathematical terms (in other words, model-building) was gradually

|
g becoming apparent.
L

; The nature of the diastolic pressure curve is of considerable
interest to the systems analyst. It represents the response of the
circulatory system to a step function. If this response is expo-
nential in form, then the systemic arterial circulation can be
classified as a first order linear system, and the first step to-

wards building a model is achieved. A number of investigators have

examined the nature of this curve, and their results will now be

reviewed. :
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EADIE and McCRAE (1934), prolonging the interval between
heart beats by vagus nerve stimulation, analysed 60 diastolic pres~
sure curves from six open chest dogs. They found that two-thirds
of them gave a straight line on semi-log plot of aortic pressure
against time. This indicates, as simple inspection of eq. (6)
shows, that the curves were expomential, and furthermore, that the
aortic pressu#e did actually represent the pressure gradient across

the arterial circulation (i.e.: pt

0). 1In the remaining pres-
sure curves from the open chest dogs, and nearly all the 155 pres-
sure curves from 8 closed chest dogs, P¥ was greater than O and
varied up to 40 mm Hg. They also noted that P+ was greatly in-
creased by the use of pressor drugs.

DOW and HAMILTON (1939) occluded the dog aorta at varying
levels, using an inflatable balloon, and measured the 'diastolic!
pressure curve at the popliteal artery. Occlusion generally
lasted from 4 to 10 seconds, and a plot of the rate of fall of
pressure (obtained by means of a Richards-Roope tangent meter)
against instantaneous pressure was made, in the analysis of 35
curves from 4 dogs. They found that the plots were linear (there-
fore, the curves exponential) for the steep pressure fall from 90
to 60 mm Hg, and would have intercepted the pressure axis at 50
mm Hg if extrapolated. However, the plots became curvilinear in
the lower pressure regions, so that the actual pressure axis

intercept at zero flow was of the order of 20 mm Hg. They point
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out, that, in their preparation, collateral channels supplying the
occluded bed were not blocked, and that this may have had some in-
fluence on the pressure changes.

GOMEZ and VEIL (1936) and GOMEZ (1937), performed similar
studies on dogs and humans. They found that the free-falling pres-
sure curve in diastole was exponential in form, and approached an
asymptote, which they designated as parameter 'w', This represented
the fcounter pressure'! of the peripheral circulation. It could be
calculated from the diastolic pressure curve by the following
formula:

(16) eeuanrannnnen, 11 o PoP(2)- B(1)?

Po T P(2) - 2P(y)

Where P, = pressure at beginning
of diastole

P(2) = pressure at end of
diastole

P(1)

pressure at a point
equidistant in time
from above values

The derivation of this equation will be considered later.
A semi-log plot of aortic diastolic pressure minus ! W1 against
time, gave a straight line. Therefore, (see and compare Eadie and
McCrae above) this indicates that the diastolic pressure curve is
exponential. Values for 'w!' (which, in actual fact, are the
asymptotes of the curves, PT) varied from 34 to 110 mm Hg with an

average value of 74 mm Hg.
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The cardiac impulse has been simulated by STARR (1957) in

five human cadavers, by a blow from a heavy pendulum onto the plunger

of a syringe placed in the aorta. This produces a rise in pressure
in the arterial system, in analogy with natural cardiac ejection.
The free-falling pressure in 'diastole' for 43 curves has been
analysed for its correspondence to Gomez' data in the living human,
These curves were monitored for 5 to 8 seconds, and in no case,
did the pressure fall to zero. Those starting from a high or nor-
mal level, were still falling slowly when the record was terminated,
while those starting from low pressures levelled off if followed
'for long enough time!. Values calculated for ' w!' had good cor-
respondence with those calculated By Gomez in living subjects.
However, it was pointed out that these values (70 mm Hg) were con-
siderably in excess of the asymptotes actually reached (35 mm Hg)
and suggested that this discrepancy was due to secondary vibrations
at the beginning of the curve. Again, from straight lines obtained
on semi-logarithmic plots, Starr drew the conclusion that the
curves were 'essentially exponential in form'. In previous inves-
tigations, STARR (1953) had demonstrated that the periphteral resis-
tance in these cadaver experiments was comparable with those in
the living subject.

These scattered experiments therefore suggest that the
diastolic pressure curve is, under certain circumstances, closely

exponential in nature, and hence, . that the systemic arterial

e
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circulation can be considered as a linear first order system, as

Frank first proposed.

The only study to the writer's knowledge, that has attempted
to impose a definite function on the vascular system in the manner
of an engineer, is that of PETERSON (1952, 1954). He designed an
apparatus to deliver a 'square wave'! infusion of fluid to the cir-
culatory system. Saline solution was injected into the dog aorta
through a cannula connected to a constant pressure head reservoir
(with pressures of 25 to 125 pP.s.i.). The head of the cannula was
closed by a so;enoid valve, but this could be rapidly opened at
any phase of the cardiac cycle by én electrical signal actuated
from the ECG. The speed of opening was such that a constant velo-
city of injection could be achieved in 6 milliseconds.

By imposition of this square wave input into the systemic
arterial circulation, its response to a step function could be
further studied. The transient response of a first order linear
system to such a square wave function shoud be exponential, as
previously discussed for the diastolic pressure curve. The first
'step' in Peterson's experiments, (a square wave is a combination
of two step functions in opposite directions) should give an up-
going expornential response as shown in Fig.‘S.

The kind of response which Peterson actually obtained when

he injected this square wave infusion between normal heart beats.:

A T
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is shown in Fig. 6. It can be secen that there was an initial peak
of pressure at the beginning of the infusion, which became greater
the lower the blood pressure. This was attributed to the accelera-
tion of the blood and called the 'acceleration transient'. What is !
seen of the rest of the transient pressure response appears to be

roughly linear, rather than exponential, as would be expected from

a first order system. However, it was not recorded whether these
transient pressure responses were specifically ana}ysed concerning
this point.

These results of Peterson; while lacking any quantitative
data, further demonstrate that the inertance factor (or 'accelera-
tion transient'! as Peterson called.it) must be taken into account
when considering the formation of the central arterial pressure pulse.
It also means, in terms of building a model, that the arterial cir-
culation cannot be completely described in terms of a linear first
order system.

(ii) FREQUENCY ANALYSIS

The normal arterial pulse has two phases, systolic and
diastolic. It has already been secen in the previous section that
the diastolic part, as the aortic valve snaps shut, can be con-
sidered to generate a natural step function to the system. Analysis
of the diastolic pressure curve thus become; a 'transient analysis!
and furnishes useful information about the composite physical be-

haviour of the system. The input to the system during the systolic
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Fi1a. 9. Four sets of double channel recordings of arterinl blood pressure. Upper record in cuch
puir was obtuined from the nscending worta while the lower record was simultancously reecorded
from the femoral artery. Vertical lines are 5 mm. apurt. Paper snced was 125 mm. per sccond in all :
records. Pressure in millimeters I is noted on the left margin of each aortie pressure record. Dis- :

cussion in text.

FIGURE 6: The response of the dog systemic arterial circulation

to a step function (from Petersom, 1952)
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part of the pulse is more difficult to define exactly, but is broadly
in the form of a sinusoidal function. Thus the normal beating of the
heart can be considered to generate a sinusoidal input to the system
of relatively.constant magnitude. Therefore, an opportunity also
exists for what engineers call a 'frequency analysis' of the circu-
lation. _

This is a current interest in circulatory physiology. Al-
though Otto Frank raised the possibility in two papers in 1905 and
1927, it was not until the late 1950's that this analytical technique
began to be explored in any depth. Womersley and MacDonald were the
two principal piomeers, and the basis of their approach lay in a
proper description of the shape ofbthe pressure pulse by means of a
Fourier series.

This is a general mathematical technique whereby any perio-
dic oscillation (such as the normal arterial pulse wave) can be con-
sidered as the sum of a number of different sine waves. These sine
waves must be at frequencies which are integral multiples of the
fundamental frequency of oscillation. 1In the case of the pressure
wave, the fundamental frequency of oscillation.is that generated by
the heart i.e.: the pulse rate. In general, a Fourier series
developed to the level of the fifth harmonic (i.e.: a sine wave at
five times the fundamental frequency) will ;athematically describe

90% of the shape of the pulse wave.
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Womersley realized that, in application of the Fourier

series technique, the naturally-occurring pulse wave could thus

be considered as the sum of a number of pure sine waves. In 19553,
he developed a theoretical expression to correlate a sinusoidal

pressure gradient to the corresponding sinusoidal flow, for move-

- SRt B pep 1 s e b

ment of a viscous fluid through a rigid tube. The expression was
developed from Navier and Stokes (1840) general solution for the
equation of motion of a viscous fluid. When the frequency of
oscillation is zero, it reduces to Poiseulle's expression. It is

subject to the same set of conditions as Poiseulle's law (see pre-
/

vious section), except that the pressure gradient is oscillatory,

rather than steady. This results in a fluid velocity profile that

is flat, rather than parabolic. The expression is reproduced be-

low to give an indication of the characteristics of the relation-

ship.
(15)ueeeenn. Q= uui‘*._&z_,m sin (ut -9 +1I)
[+3

Where Q = flow ml/sec

M = modulus (amplitude of
pressure gradient

€
1]

frequency of sine wave

¢ = phase of pressure gradient
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where a = R .zﬂiﬂl where R = radius of vessel

u
f

pulse frequency
L = viscosity of the blood
p = density of the blood
M “and I are dependent on the value for a and are calcu-
lated from Bessel functions. a is a non~dimensional constant, and

~N -
when the flow becomes steady, (¢ 7) becomes 1/8. Furthermore, the
a?l

value of I at steady flow tends to 90!, so the term M sin (wt -
? + L) becomes M sin (wt - ¢ + 90), or M cos (Wt - ¢). The latter
is entirely equivalent to the pressure gradient expressed as

-

P1 - P2
1

Hence, for constant flow, equation (15) reduces to:

(16)eeeveueennn.. Q = _IIRG 1 PL-P2

M ) 1
which is Poiseulle's expression.

Equation (15),’at any particular frequency is a linear
equation i.e.: as in the particular solution for Poiseulle's law,
pressure gradient is assumed to be linearly related to flow. The
calculation of vessel flow from equation (15) requires the measure-
ment of pressure gradient and radius of the vessel, exactly as does
the more specific solution of the equation shown in (16). Womersley's
theory also assumes (1) that the tube is rigid, and (2) that the

pressure gradient is a function of time only (whereas it is generated
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by a pulse wave of finite velocity).

This theory relating sinusoidal pressure gradient and flow
can thus be considered to represent an application of Poiseulle's
law to an oscillating system. MacDONALD (1955) measured pressure
gradients and flow velocity in the dog femoral artery, and com-
pared observed and calculated flow rates. He found agreement, :
particularly in regard to phase relationships, to be 'reasonable,
but far from perfect”. He commented that measurement of pressure
gradients (on a differential manometer) was difficult because of
the great accuracy required, maximum values being of the order of ‘
3 mm Hg/cm. Furthermore, an error of 0.1 mm in the measurement of
the radius of the vessel could givé rise to a 30% change in calcu-
lated flow.

This 'simple' theory, as noted above, ignores the elasti-
city of the larger vessels, which undergo a -3 to 4% change of
mean radius under physiological conditions (MacDONALD and TAYLOR
(1959). WOMERSLEY (1957) has considered the theoretical modifi-
cation for this, and found it to be negligible, having regard to
the accuracy of experimental measurement required for the 'simple!

theory.
Much work has been done using this kind of approach, re-
lating oscillating pressure gradient (expressed in terms of a

Fourier series) to flow. The obvious analogy is with the electrical
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theory of alternating current. 1Indeed, the electrical practice of
relating alternating voltage to alternating current in terms of
impedance, is commonly recognized in haemodynamics, by the expres-
sion of the analagous relationship (alternating pressure gradient
to alternating f;ow) in terms of impedance also. Under these cir-
cumstances, the values of the fundamental physical properties of
resistance, compliancé, and inertance, all become frequency depen-
dent, and are more conveniently expressed in terms of the phase and é
modulus of the single output parameter, rather tham in discrete ;
terms referable to each of these three physical properties. (cf.
the expression of pressure gradient in eq. (15) in terms of modulus
and phase, and the expression of préssure gradient in eq. (8) in
terms of discrete sums referable to each physical property). Note
that strict analogy is with the theory of high frequency alter-
nating currents where the size of the resistor becomes finite. This
has the effect of making the value for resistance, frequency de-
pendent also (see the experiments of TAYLOR 1959).

An example of the frequency analysis type of approach is
the experiment performed by DICK, KENDRICK, MATSON and RIDEOUT (1968).
The linearity of the system in a dog was tested by the imposition of
two different sinusoidal pressure frequencies <f1 and f2) into the
systemic arterial circulation, It is a featﬁre of linear systems,

that although the output signal will be altered in terms of amplitude

and phase, the basic frequency of the sine wave (f] or £5) imput
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should be unchanged. DICK, KENDRICK, MATSON and RIDEOUT (1968)
found that the dog systemic arterial circulation behaved in a
basically linear fashion, with few intermediary frequencies bet-
ween f] and f5. When nor-adrenaline, in a dose of 10u gm/Kgm/min
was given, however, these intermediary frequencies increased in
number, and the conclusion was drawn that the system had become

more non-linear.

Frequency analysis, by making various ploté between the
phase, amplitude, and frequency of the respomnse, provides the
engineer with information about the stability of a system. Es-
pousing, as it does, the impedancé concept, it is well suited to
analysis of the complex pressure changes which occur in the vas-
cular bed as a result of wave reflections (MSDONALD 1960). Frequen-
cy analysis also provides information concerning the 'transfer
function' of the system (ie: the laws relating input to output),
so that the output response, in terms of phase and amplitude can
be predicted from the input. However, frequency analysis does
not generally provide information about how the system accomplishes
this task in terms of changes in the fundamental physical pro-
perties (eg: R, C, and L). And this is the question, rather than
the question of stability (wnich is usuall& self evident), which

most concerns the biologist.
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Transient analysis is generally better suited to the solu-
tion of this latter problem, because it involves an inductive rea-
soning process. This can be illustrated by the approach taken to
model building in the systemic arterial circulation (see Fig. 7).
The first model proposed for the circulation was the simple 'Wind-
kessel! by FRANK (1899). This was generally a theoretical pro~
position with no experimental data given for the values of resis-
tance and compliance from which it was composed. 1In 1905, Frank
recognised the importance of the inertia of the blood, and added
an inertance factor. Further elaboration of the model occured when
LANDES (1949) noted the progressive decrease in compliance as the
pulse wave progressed to the peri?hery. He proposed an analogy
between the systemic arterial circulation, and that of an electri-
cal transmission line.

It is today gemnerally accepted that the transmission line
hypothesis is a reasonably valid one for the arterial system.
However, acceptance of this conceptual framework does not consti-
tute the making of a model. The problem still remains of deter-
mining the values of a various resistances, compliances, and
inertances involved. Frequency analysis cannot provide the answer
to this question because it only deals with the complex wave forms
found in the circulatory system in terms of phase and modulus.
Attempts have been made to build transmission line models empirical-

ly so that their response matches the general frequency response
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ELECTRICAL ANALCGUES OF THZ SYSTEMIC CIRCULATION
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of the circulation. Some of these have involved as many as 600
lumped segments (DePater and VAN DEN BERG 1964, VAN TWEEL, 1957).
However, these solutions are not unique, and the values used for
the physical properties, when not based on biological experiment,
must be considered highly presumptive. The technique of transient
analysis, at least for simple systems, provedes a method whereby
the values for R, C, and L can be experimentally determined.

This is a better approach to model-building, because it used the
process of induction rather than that of deduction.

Frequency analysis and transient analysis are both useful
techniques. Frequency analysis is currently much in evidence, but
transient analysis has become a raﬁher neglected field. It is pro-
posed to further explore the possibilities of its application to

the circulatory system in this thesis.
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3, CONCLUSICNS FROM THE LITERATURE REVIEW

This review of the literature has revealed the following

issues which still require further investigation or clarification: i

(1) direct pressure-flow relations across the whole svs- X

temic arterial circulation (SsC):

-little evidence is available concerning their

linearity, or non-lineaxrity.

(2) pressure levels across the SAG at zero flow rate (P+):

-such evidence that there is, suggests that these
are significant, and can lead to ambiguities in
the interpretationlof pressure-flow date (as, for
example, in the study of shock) umless true slope-
resistances are measured.

(3) direct pressure-volume relations across the SAC in

living enimals:

-no simple, practical, methods for measuring com-
pliance in living animals are available; expression
of elasticity in terms of Cjpc, which pulse wave
velocity measurement provides, can be complex and
ambiguous.

(4) rmeasurement of effective inertance across the SAC:

-virtually no quantitative measurement.
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(5) composite physical behaviour of the SaC as a system:

-much evidence to suggest that it acts mostly as a
linear first order system, but the inertance com-

ponent must also be taken into account.

It is often said that circulatory physiology is an over-
worked field, yet this survey of the literature concerning the
physical behaviour of the arteries, has suggested that there are
many gaps to be filled in fundamental knowledge. :Begter methods

to measure the basic physical properties of arteries are still

required.
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4. INTT.JDUCTION TO THE PRESENT INVESTIGATION

The original plan of the investigation was to study pressure-
flow relationships across the whole systemic circulation. As the
experiments progressed, information became available about other
physical properties in the circulation. The scope of the investi-
gation then widened to include study of all the physical properties
in the systemic circulation that the giving of a square wave infu-
sion allowed. Essentially an engineering approaéh was adopted.

The general objective became to determine if the following simple
theory, based on the analysis of transients, could be applied in
a practical and useful mannexr to ﬁhe study of circulatory problems.

Implicit in the above statement, was development of a tech-
nique to impose a square wave function on the systemic circulation
in the absence of other disturbing factors, and study of the various
parameters that the simple model below allows. 1In so doing, an
attempt would be made to answer most of the questions raised by
the literature review, listed on the previous page.

The basic proposition was that the systemic arterial cir-
culation is considered to act primarily as a linear, first order
system, as shown in Fig. 8, and as first proposed by FRANX (1899).
The small vessels were considerad to représent the resistance, and
the large elastic vessels the compliance. The equations for suéh

a system have been developed on p. 62, where it was shown that:

a
N
43
oA AR et i 0

A et



I

iy

Lot

crraveT.

i

AN BN BT b A N

3
1
g

Z
]
|
1
i
[}
[
i

U

o<

"

~

indut sapm duonbs
(o} ~O -

indino

(3)
JLVY MO

1nduy

ﬁ.../:

(d)
AUNSSIYd

gsa«:o

PAS

wo3sds Ioplo 3ISITF

T4 1g T :
IBOUI] B SB POJOpPISUOD UOTIB[NOITI [BILD}IE JTwolsds oyl g N9




VSRS

239 TZ oy

m”'rv‘ﬂ?"i NI

L e AT e 4

85.

F = P.L + C.dP/dt sesesceessss(8)
R

Consider the pressure response of such a system to a
square wave infusion. The square wave begins and ends with a
step function. The pressure response to such a step function is

exponential in nature, as developed on p. 64, where it was shown

that:

Pz pe “t/RC Lii.....(6)

This exponential pressure has a certain time constant (73
which, by definition, is numerically equal to the product of R and
C -see Fig. 8 eq. (1). The time constant is directly measurable
from the pressure tracing.

If the square wave infusion is continued for a sufficiently
long period of time (roughly equivalent to four time constants)
then the pressure response will reach a steady state where its va-
lue is no longer changing. Equation (8) then becomes reduced to:

rzP.

A

However, it is important to have regard to the modifica--
tion of this equation suggested by EADIE and McCRAE (1934) to

account for the possibility that pressure may not be zero when flow

is zero. Under these circumstances, to correctly determine R, it

is necessary to know the value of a second steady state pressure.

This can be conveniently determined from a single square wave

f
P
?
§
i
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infusion by measuring the steady state pressure levels reached when
the flow is 'x' ml/min and when it is O ml/min as shown in Fig. 8.
This allows direct calculation of slope resistance from the recor-
ding. Thus being able to measure the time constant and slope re-
sistance directly from the recording, it is a simple matter to

calculate compliance as in eq. (3) Fig. §. The application of

e

this theory is dependent on fulfillment of the conditions mentioned

on p. 62

Although simple enough im theory, there were meny prac-
tical problems to be resolved in the pursuit of the above approach.
One of the most imporxtant of thesé was to find a suitable method
of analysing the exponential pressure response. The following
transformation proved, ultimately, to be the most convenient and
accurate method of extracting the relevant data.

Consider eq. (9), which represents the respomse of the
system to a step functic.., as developed on p. , modified to
account for the possibility that pressure may not be zero when
flow is zero (i.e.: P¥)

(2 - P4 .

s -C.dR/de a7

i
—
]
<
[0
-t
(o]
H

A s R, C, and P, are constants at .one particula:

tone in the civculation, the ratio of the rate of change of pressure

to the instantaneous pressure at any wmoment will be constant. 1If

T L st e i
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FIGURE 9: Phase-plane transformation,of the pressure response
of the system,to a square wave function '



88.

these two parameters are plotted against each other, as shown in
the lowergraph of Fig. 9, then a straight line should be obtained,
whose acute angle of reference to the ordinate should be a func-
tion of the time constant (73 of the system. Such a plot, where
a function is plotted against its first derivative, is generally
called a phase plane plot. {
Modifying eq. (8) to account for PT, the equation of the }
system then becomes:

F=(p-~-P" .1+ c.dp/dt ceenee...(18)
R :
When dP/dt - 0, as on the abscissa of a phase plane plot

(see Fig. 9), this reduces the expression to:

Fa(P~-PH) .1  ciiiririnnnnne...(19)
R

Therefore, the points where plots 'a' and 'b' intercept the
abscissa, represent the two steady state pressure responses. The
difference betwezen these two points then gives the steady state
pressure gradient (& Pgg) at any flow rate (F), and so allows
slope resistance to be calculated as in eq. (2) of Fig. 8. The
linearity of these plots is a good way of assessing whether any
particular pressure response is exponential, or not.

As familiarity with this transformation is important, the
eye should look primarily at three aspects Bf the phase plane plot.
These are:

(1) its linearity, as evidence of an expomnential response.
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(2) the acute angle which each plot makes with the ordi-
nate as evidence of the time constant of the curve.
(3) the intercepts of each plot with the abscissa, as an
index of the slope resistance of the system. (Further
the lower plot, as in 'br, generally occurs when F = O,
so its intercept represents the 'critical closing
pressure! of the system i.e.: P:s).
A technique was developed to perform the transformation electrically
and so produce an instantaneous way of measuring these parameters
in the system.

Much of the work to be described concerns development and
verification of this analytical téchnique. An attempt was made to
correlate the property values obtained with those of independent
methods. Application of the technique to determine the effects of
Some common stresses on the system was also undertaken. Finally,

an attempt was made to synthesize all the knowledge obtained and

make a simple model of the systemic arterial circulation.




90.

CHAPTER 2
METHOD

The general aim of this study was to give a square wave
infusion of blood to the animal (rabbit) during a period of brief
heart stoppage. 3 recording the pressure response obtained, a
'transient analysis'! of the system, along the lines discussed in
the previous section, could be made. It was necessary to develop

certain techniques, and build pieces of apparatus, both mechanical

and electrical, to this end. These will now be described.

1. DEVELOPMENT OF AN APPARATUS TO bELIVER A SQUARE WAVE INFUSION
CF BLOOD

No satisfactory commercial piece of apparatus could be
found to give a square wave infusion of fluid. Therefore it was
necessary to build one, and the principals of the technique finally
adopted are shown in Fig. 10.

A large, servo-controlled motor drove a transmission
carriage at any desired and constant speed (monitored by the linear

velocity transducer attached to it). A glass syringe was attached

)
J

to the transmission carriage, .and therefore infusecd blood at the
same constant speed into the animal, through the intermediary of

r. The

(¢

a mercury U-tube, whose function will be described lat

he

ot

motor, which was left running continuously, was connected to

ot e e
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transmission carriage by an electromagnetic clutch and brake com-
bination. This was capable of causing engagement, or disengagement,
of the motor in approximately 25 milliseconds, so that a virtual
square wave infusion of blood would be given. The functioning of
the clutch-brake combination was controlled by a complex electrical :
trigger system. Generally, the apparatus would be required to in-
fuse approximately 5 ml of blood over a time period of 1/2 to 11/2
seconds. Because of the short time intervals involved, a high :
degree of precision was required. The type of function which this - ?

system delivered into rigid tubing, is shown in Fig. 11B.

(a) Original Prototvpe Apparatus:

At the very beginning of the investigation, a commercially
available infusion pump was used (Withdrawal-Infusion pump, Model
600-900, Harvard Apparatus Co., Dover, Massachusetts). This drove
a 10 ml syringe which was connected to the animal by a cannula in
the right carotid artery. The motion of the syringe was monitored
by the movement of a steel shaft along a linear resistor.

This system had a number of defects. The build-up time to
reach a constant speed was 200 to 400 msecs., quite insufficient for
most of the purposes of this investigation. The speed of the motor
was not really constant enough for precise work. This was not aided

by the fact that the carriage sat on only half of the thread.
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FIGURE 1l1A: "Square wave" function delivered by the

prototype apparatus into rigid tubing
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FIGURE 11B: '"Square wave' function delivered by the apparatus
used throughout most of the experiment,* into rigid
tubing
* as in fig.10
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Further, the resistor device used to measure the motion of the syringe,
vas not strictly linear, and gave a step response as the shaft
bounced from one turn of the wire to another. (See Fig. 32)

An attempt was made to modify this system. The original
motor of the infusion pump was replaced by a 1/16 Y, P. motor with
a variac control system (Bodine Electric Co., Chicago, U.S.a.).
Attempts were made to seat the carriage more securely on the thread
by a system of weights, and thrust bearings were added to facilitate
smoother movement. These alterations gave a better constant speed
response, but the build-up time was still about 200 msecs. as can
be scen from the type of function which this system delivered into
rigid tubing (Fig. 11A). However, it was possible to use this
apparatus for the early pilot experiments on rats, where a precise
step function was not required.

This prototype apparatus helped to point out some of the
problems, before a more sophisticated piece of apparatus was built.
The original prototype apparatus was then abandoned and a completely
new piece of equipment designed, as shown in Fig. 10.

(b) Apvaratus used throuchout most of the experimenc

As can be seen from Fig. 11B (where each vertical line
. Iy ~ A} - e o
Tepresents a time interval of 20 msecs.), the build-up and decay
times of the infusions pulse in this new system, were less than

30 msecs. This was now quite adequate for the purposes of the
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investigation, and a considerable advance on that of the prototype
system. Much of the improvement was due to the insertion of an
electro-magnetic clutch and brake, but an even larger (1/6 h.p.)
variac-controled motor, and a better transmission system, where
the carriage sat on a full thread, were also contributory. The
problem of keeping blood out of the syringe was resolved by using
a mercury U-tube. Trouble was expgrienced for a whilé in aligning
syringes to the apparatus, but this was eventually solved by using
a ball and socket coupling. Once these design problems had been
settled, the system worked well with few snags.

(1) The Motor and Motor Speed Control.

The two principal factors in the choice of a motor were
(1) that it should be large, so that it could easily handle any
load put to it, and (2) that it should rotate at a precisely constant
speed for any one setting. This was best accomplished by using a
variac motor speed control (Type 1703-i, General Radio Company, West
Concord, Massachusetts), designed for use with a 1/6 h.p. D. C.
compound wound motor (Type DM Master Electric Division, Reliance
Engineering Co., Columbus, Indiana). This motor was reversible and
had a spced range from 0 to 1725 rpm. Speed regulation was good for
the purposes of the experiment, and the motor required little
attention. The Variac Motor Speed Control ﬁrovided adjustable constant-
speed operation of this D: C. motor from A. C. lines. Tiuctations

in the line voltage did not affect operation of the control. Generally,
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the motor was left running throughout the experiment, and the speed
changed when necessary by the dial on the front of the Variac control.
It was bolted to the table and connected to the clutch by a Boston

FC 12 coupling (Boston Gear Works, Quincy, Massachusetts).

(ii) The Electro-Maenetic Cilutch and Brake

What is sometimes loosely referred to as the 'clutch!, was
an electromagnetic clutch and brake combination (EP 250 1-25525 Warner
Brake and Clutch Co., Beloit, Wisconsin). A. D. C. voltage of 90
! volts was supplied to the unit via a transformer obtained from the
same company {(No. 540024). Wnen such a voltage is applied to the
unit, the coil build-up time is 28 msecs. (according to the company
manual), and the coil decay time 28 msecs. If necessary, the
build-up and decay times can be further diminished by increasing
the voltage applied to them. However, under the conditions of this
experiment, it was not found to be necessary. D. C. switching
between clutch and brake (which was practically instantaneous) was
made an integral part of the trigger circuit. It was found necessary
to ground the casing of the clutch-brake combination, because it caused
some electrical interference with the recording.

4

The clutch was also bolted to the table and connected to the

w

'transmission' system by a Boston universal coupling.

el

(iii) The Transmission Svysten

It was necessary to design and build a system to transmit the

motion of the motor shaft to that of the syringe. The basic principal
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was that the motor rotated a long thread, which, in turn, moved a
carriage to which the syringe was connected. (See Fig. 10).

Two models were made. The first one, made of stainless
steel, had a 'notch' carriage and this was found to be too heavy
and not smooth enough. A second system of aluminium, was then made,
and the carriage moved on ball bearings. This proved to be quite
satisfactory. This is shown in Figures 12 and 13.

4 long thread, half an inch in diameter, and with 20
threads per inch, was used to drive the carriage from the clutch
shaft (with the intermediary of a universal coupling joint). The
long thread was made from brass, and the corresponding female thread
on the aluminium carriage was also made from a brass insert. In
theory, a harder metal, such as stainless steel, would kave been
better, but this proved to be quite adequate. The carriage ran
between 2 upper and 2 lower rails on ball bearings (8 stainless steel
ball bearings on each rail, and 3/8 inch diameter). The ball bearings
were spaced by means of a thin plastic cover, with holes bored in it,
attached to both the upper and lower sides of the aluminium carriage.
The upper rails could be removed to clean or lubricate the ball
bearings. Caution had to be taken that these were not screwed back

too tightly, as this interfer

w

d with the swooth running of the car-
riage. The total possible excursion for the carriage was 3 inches

and an electrical stop-switch, improvised from a relay mechanism,
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was placed at its most forward point. “ttachments of the syringe
and linear velocity transducer will be mentioned later.

A small amount of oil was dropped on the long thread
periodically, but care had to be taken not to add too much, as this
accumulated dust and interfered with smooth running of the carriage.
When this happened, cleaning with 'paint thinner! (Canadian Tire
Corporation, Toronto, Canada) was effective.

(iv) The Syrince and its Counlina

The flow rate of the system, in terms of ml/min, was a
function of the size of syringe used. The most commonly used
syringe size was 10 ml. and this was capable of giving flow rates
from 0 to 400 ml/min.

Considerable trouble was experienced in the beginning in
aligning and coupling the glass syringes to the carriage transmis-
sion system. Unless alignment was perfectly exact, syringes rapidly
cracked. Initially, no coupling was used, and the head of the
syringe was merely juxtaposed to the transmission carriage. This
was not entirely satisfactory (syringes still broke) and further
there was no braking effect on the syringe. Various devices were put
on the head of the syringe plunger, but none were really successful,
Plastic disposable syringes were also tried, but the compliance of

their soft rubber ends was too large for them to be of any use.

)

The only successful solution to this annoying problem was




FIGURE 14:

Syringe with steel plunger and ball and socket joint
at its head.
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to make a stainless steel plunger for the syringe, and to put a ball
and socket joint at its head, as shown in Fig. l4. This was joined
to the transmission carriage by a nut and bolt. In this way, a rigid
vet flexible joint was made, the slight play in the ball and socket
joint being entirely negligible (tolerance to less than 1 thousandth
of an inch). It required a small drop of oil periodically. Having

a special steel plunger, meant that only multifit syringes could be
used. Ten ml multifit syringes (Becton Dickinson, Clarkson, Ontario)
were found entirely satisfactory for this purpose.. The scrupulous
cleaning of both syringe and plunger in critical detergent (Alconox)
each time was necessary to allow smoothest working of the system.

The syringe itself was sandwiched between two layers of
plexiglass, (not shown in Fig. 10) wiéh the calibrations held upper-
most so that they were visible. The lip on the barrel of the syringe
was slightly lower than the hole in the plexiglass, so that it preven-
ted any longitudinal movement of the syringe during infusion. The
plexiglass block was also bolted to the table. Care had to be taken
not to tighten the upper plexiglass block too hard on the lower one,
or else the syringe would crack. 4 1/4 inch hole was bored in the
centre of the aluminium traﬁsmission carriage and the ball and socket
joint attached by a nut and bolt. (The device shown with the short
thread at the end of the transmission carrgage in Fig. 13 was aban-
doned, along with other devices, in favor of the ball and socket

coupling).

)
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(v) The Mercury U-Tube

It was desirable to avoid getting blood in the syringe.
Normally, blood would be withdrawn from the animal and then reinfused
some minutes later. If this was done at all often into a syringe,
the plunger and barrel would soon stick together. Several techniques
were tested to overcome this, all of them attempting to find a sui-
table interface between the saline in the syringe and the blood. A
100 cm length of thickwalled polyethylene tubing was coiled and laid
horizontally as an intermediary connection between.tha syringe and
the cannula in the animal. Varying oils, (paraffin and corn oil)
were used in different amounts from a 'blobtup, to act as an inter-
face material, between the saline in the syringe and the blood.

The usual result however from rapid acceleration was the formation

of an emulsion, and soon the blood would trickle back into the syringe.
Blobs, or even lengths of up to 10 cms of mercury in this horizonta
position were equally ineffective. The only successful solution
consisted in enlisting the aid of gravity and making a mercury U-~tube.

A block of plexiglass had holes ¢rilled in it to produce a
U~tube as shown in Fig. 15. It was found that the most efficient
connectors for the top of this U-tube were the domes from miniature

case size pressure transducers (Statham Lzbor

s Inc

[

o~ et
eV a

., Hato

Rey, Puerto Rico), particularly from the pceint oI view of eliminating

bubbles from the System. Two of these pressure domes were used, one

to cap each of the limbs of the U-tube. The superior outlet on each
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side was connected by a Y piece of tygon tubing to a saline reservoir,

and could be closed by a two-way stopcock (Becton Dickinson, Clarkson,

Ontario). The oblique lateral outlets of ecach pressure dome were

connected respectively to the syringe (via thick-walled polyethylene

tubing) and to ;he cannula for the animal, again by thick-walled

polyethylene tubing (see Fig. 10). The syringe side was filled with

saline and the cannula side originally with saline also, soon to be | |

replaced by blood on first withdrawal. :
The U-tube was filled with mercury until the level reached

halfway up each limb. Thus the volume of fluid, (blood, saline)

which could be accomodated in the U-tube without the mercury lea-

ving it, was thke whole volume of one limb. This was slightly moxe

than the volume of the syringe used (10 ml). 1If higher flow rates

than 400 ml/min were required, then both a larger syringe and a

U-tube would have to be used. A large amcunt of mercury added

inertia to the system, and for this reason, the small 10 ml U-tube

was ised rather than a bigger one. The motor was quite able to cope

with this amount of inertia, as the assembly build-up speed was

within 30 msecs, which as previously mentioned was entirely adequate

for the purposes of this experiment.

In such a short-term experiment, the toxic effects of mer-

cury were considered to be negligible. An attempt was made to
substitute a fluorosilicone fluid of density 1.25 (F3., 12865-Dow

Corning-Hemlock, Michigan) but this density was not high enough
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and did not prove satisfactory. It was difficult to clean the
U-tube, as the openings were not large enough for the passage of

a brush. Particulate matter had to be removed by soaking over-
night in Alconox. Provided that all air bubbles were removed, this
system was capable of giving a good square wave infusion of fluid.

(vi) Measurement of the Infusion Rate

t was necessary to find a suitable method for measurement
of the infusion rate of the syringe. Initially, a steel arm, was
attached to the transmission carriage which moved at the same speed
as the syringe. This slid along a linear resistor and gave a rela-
tively crude stepwise output whose slope was proportional to the
speed of infusion (see Fig. 32). This system was soon discarded in
favour of a more refined piece of equipment.

A linear velocity transducer (6LV4N, Sanborn Co., Waltham,
Massachusetts) proved to be very satisfactory for this purpose. It
is based on the principle that movement of a magnet (attached in-
directly to the syringe) through a shielded cylindrical coil will
induce a current in the coil, whose magnitude is proportional to the
velocity of the magret (and thus syringe). The circuit provided was
used in single ended operation. The signal (after passage through
a filter mechanism) was transmitted to the D. C. input of the multi-
purpose amplilier on the Electronics for M;dicine recorder, via a

shielded cable.
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Originally, the magnet was mounted onto the transmission
carriage by a side-arm (which is shown, l/4 inch in width, in Fig.
13.). However, pick-up of mechanical vibrations was less marked if
the magnet was mounted directly onto the body of the transmission
carriage. This was done by simply drilling a threaded hole about
half an inch deep towards one side of the transmission carriage.
Into this was screwed a steel shaft 1/8th of an inch in aiameter
and held in place by two locking nuts. At the othgr end of the
steel shaft, the magnet was threaded and this then.nestled into
the shielded coil which was firmly sandwiched at the correct level
between two blocks of plexiglass. The length of the steel shaft
was made so that the electrical centres of both the magnet and coil
coincided, when the syringe was at the middle of its travel. This
ensured that the transducer was working in the linear portion of
its range. In this particular case, with the SLV4N, the steel
shaft was approximately 10 cms long.

During the initial part of this investigation, a 6LV3 trans-
ducer was used. However, it was found that the working range of 3
inches was not quite adequate as it tended to become non-linear at
the extremes of its range. A 6LV4=-N with nonbreaka
requiring a recorder sensitivity of 15 cm per volt D.C. was subse-
quently used. The linear range of this wa; 4 iaches and this was
found to be quite adequate. A& calibration of the transducer was

performed in terms of volume flow, with the particular type of
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syringe (10 ml Multifit Becton Dickinson) used throughout the inves-
tigation. The height of the deflection produced on the recording
was correlated with the rate of observed volume change of the syringe.

Hechanical vibrations (see next section) of the whole system
could not be entirely eliminated and while they did not demonstrably
affect the pressure manometers (clamped to a separate table), they
did have an effect on the linear velocity transducer. It was deci-
ded to filter this signal electrically, in order to reander the trace
clearer and make the measurement of the mean speed more accurate.
Two filter systems were built, the one shown in Fig. 16 eventually
being used throughout the investigation.

Position 3 was used throughout most of the investigation,
and this filtered most of the 'noise'. It also had the effect of
making the input look slightly less square than it really was.
Filtering at this level still gave, however, a true representation
of the velocity of the syringe.

(vii) Vibrations

The motor, clutch, 'transmission', syringe and linear velo-
city transducer were all bolted to the same table. The motor inevi-
tably generated some mechanical vibrations zad these were picked up
by the very sensitive linear velocity transducer. Ideally, it would
have been best to locate the motor on a sepéra:e table, but once
the final alignments had been made this was not really practicable.

[

The whole assembly was mounted on three foam rubber pads, each one

(ST
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c¢m thick. This helped considerably in damping the vibrations. The
U-tube and animal were located on a separate table, so that no
vibrations were transmitted to them.

The only further comments to be made about the functioning
of this square wave infusion system, are that (1) it required to be ;

well lubricated and the plunger and barrel of the syringe kept

scrupulously clean; (2) all air bubbles required to be eliminated

g st

from the system, particularly from the syringe and the mercury
U-tube; and (3) rigid, non-compliant transparent tubing (for which
thick-walled polyethylene tubing was ideal (Clay-Adams, Inc., New

York) - see later) was required throughout.

2. RECORDING TECHNIQUES }
The square wave infusion of blood given to the animal

(usually through the right carotid artery) represented the Tinput!

to the system. The foutput! of the System was the pressure res-

ponse, mostly measured from the right femoral artery. Accessory

pressure measurements were made from time to time from other peri-

pheral arteries and measurement of central venous pressure by a

jugular venous catheter became an important adjunct to th

[0}
rt
¢
(¢}
o)
S ]
o
Nal
[
(¢}

Two principal recording apparatuses were available. Cne
was the Electronics for Medicine (White Plains. New York) Re h
Recorder Model PR-6. The other was The Grass (Quincy, Hassachusetss)

penwriting recorder, XModel 7PCPA.
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The Electronics for Medicine recorder had three pressure
preamplifiers, one ECG preamplifier and a multipurpose preamplifier.
Varying combinations of these channels were used, but in the latter

part of the investigation, the multipurpose preamplifier was used to

record the signals from the linear velocity transducer, and the three

pressure channels to record two arterial and one venous pressures.
The ECG channel was not used at that stage.

This was a single beam multitrace oscilloscope recorder
suitable for the accurate recording of rapid phenomena. Nearly
all calculations were performed on the recordings taken from this
machine. The photographic paper was run at its fastest speed
(75 mm/sec) and this was found to be rapid enough, for the pheno-~
mena under study. Time lines were marked across the paper at
20 msec intervals. The drawback with this recorder was that it did
not have an ultraviolet light source, so that development of the

photographic paper had to wait until the end of the experiment. As
it was not uncommon to have to develop 50 to 75 feet of paper, a

special bath was made which incorporated two spindles, and this

considerably speeded up the development process

The Grass pen recorder was essentizl because there was no
direct read out from the Electronics for Medicine recorder. An
immediate record of the system response to the square wave infusion

was essential to the conduct of the ewperimenz. It was also useful

for general monitoring of blood pressure an
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and for marking comments on the paper throughout the course of the
experiment. This record was provided by feeding the signal from the
pressure pre-amplifier output jacks of the Electronics for Medicine
recorder (to which the Statham pressure transducers were attached)
to the driverAamplifier input jacks on the Grass recorder. The
paper was generally run at a speed of 2.5 mm/sec for continuous
monitoring purposes, but this speed was increased to 25 mm/sec for
the period of the square wave infusion. Only simple calculations j
were performed from this recorder, because of the. relatively poor
frequency response that all pen recorders have.

Fig. 17 shows the general arrangement of cannulae and pres-
sure transducers used. he cannula in the right femoral artery
(which was the principal site for measurement of the Toutput! pres-
sure response) was made from a 3 cm length of blunted needle (218G
Yale hypodermic needle-Becton Dickinson, Rutherford, New Jersey).

It was connected to the pressure transducer by a 7 cm length of rigid,
thick-walled polyethylene tubine. In joining the cannula to the
rigid tubing, an intermediate size of soft polyethylene tubing was
used, but care was taken to see that this was completely Tsandwiched!’
between the cannula and the rigid tubing, so that it would not altexr
the response of the system. Thc cantral VEnous pressure was measured
from a long thin-walled polyethylene catheter passed a marked dis-
tance of 6 cms down the right external jugular vein. A T-:iube con-

nection was placed on the infusion line leadin
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artery. Central arterial pressure, for the purposes of measurement
of pulse wave velocity, could be measured from this point, when
required,

Rigid, transparent tubing was used throughout the system
wherever arterial pressures were recorded. This was the same type
of tubing as used in the square wave infusion apparatus and was
thick-walled polyethylene tubing of internal diameter 0.2 cm (Clay-
Adams Inc., New York). The compliance of this tubing was tested
by using the general apparatus shown in Fig. 29, except that a
30 cm length of tubing was substituted for the aorta. A typical
result is shown in Fig 11B. TFrom this it can be seen that the
compliance of the tubing was quite negligible. The tubing could
be molded by the heat of a match, and conveniently joined to the
tubing adapters (Clay-Adams Inc., New York) used throughout. The
only disadvantage to this tubing lay in the fact that it was not
very flexible, and so it was sometimes difficult to cannulate the
vessels when in awkward positions. This problem was largely re-
solved by using clamps with a ball joint at one end (C.F. Palmer

Co., London, England). These teld the pressure transducers and

attached cannulae, which, thus could be pointed in any direction,

The system was filled with 0.9% saline solution, made each

time from freshly boiled water, and strict atication was given to
eliminating bubbles. Zero reference point for the system was the

mid-thoracic level of the animal. This could be obt

ained by openin



the'stopcock on the syringe used to periodically flush the cannula
in the right femoral artery (see Fig. 17). The small vertical
side arm at this point contained a column of water whose level was
equal to that of the reference point on the animal.

Statham strain gauge pressure transducers were used through-
out (Statham Laboratories, Incl, Hato Rey, Puerto Rico). Arterial
pressures were measured with a .23 D& transducer, whkich has a spe-

cified volume displacement of 0.02 m1/100 mm Hg. Central venous

pressure was recorded from the larger P23A model, which has a vo-
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acement of 0.8 wl/100 mm Hg.

The static and dynamic properties of this whole pressure
measuring system were tested. A m reury column with fine adjust-
ment provided by a micrometer gauge (see insert of Fig. 17) was
built. The static response of the system to steps of pressure from
0 to 300 mm Hg was found to be quite lirear for all combinations
of pressure transducer and preamplifier used. The dynamic proper-
ties of the system were tested by the "sco" method (HANSEN 1950).
Zach pressure transducer and its hydraulic conmections were hald
rigidly in a vertical position. The cannula was inserced through
a rubber bung into a plexiglass tube that was scaled at the cthex
end with an elastic membrane. Through a side connecticn,
was raised in the system by the introiuctién of extra ai:

membrane was then 'popped", and so a2 step function produced. From
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the amplitude and frequency of the transient oscillations so produ=-
ced, the dynamic response of the system could be calculated., The
natural frequency of the system was greater than 150 cps: the pe-
riod of oscillation could not be exactly determined because the pa~
p2r speed was not rapid enough. The dynamic characteristics of the
recording system were relatively unimportant in this investigation
as the primary object of interest was au exponential pressure curve
with a time constant of 500 msees or more. Under these circums-—

tances the driving 'frequency! is such a small fraction of the na

dica =
tural frequency, that virtually whatever the dynamic characteristic
of the System, no significant distortion in amplitude or phase will

occur,
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5. DEVELO?MENT OF A TECHNIQUE TO CONTROL THE TIMING OF THE
SQUARE WAVE INFUSION.

The usual duration of the square wave infusion was half,

to one and a half seconds. It was desirable to control the exact

duration of this infusion, and its relationship to the cardiac and

respiratory cycles. On occasion, repctitive infusions were also

required.

As the motor was left running continuously, the timin

(&N

the infusion was a function of theo engagement and disengagement
of the clutck and brake combination. This clutch-brake was elec-
trically controlled, and had a response time of approximately 30
msecs. By varying the duration, of the 90 V DC signal required
to activate the clutch mechanism, infusions of any duration, from
30 msecs up, could be given. The timizng of these infusions in

relationship to physiological events (heart beat, respiratory

movement, etc.,) could be controlled by reference to E.C.G.,
pressure, or respiratory stethograph signals,

A number of different electrical systems were built,
As shown in Fig, 18, the principal elements in these
were combinations of 4.C. and D.C. relay mechand (?
and Brumfeld, Guelph, Ont.) and pul
(161 and 162, Tetronix Inc., Portland, Oreg;n).
useful to connect necon bulbs at strategic points in these Cir-

cuits to assist in troubleshooting,
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FIGURE 18: Electrical system to control the timing of the square

wave infusion.

FIGURE 19: Part of a second electrica? -, ~Zem to control the timin

of the square wave infusion (i).

FIGURE 20: Part of a second electrical system to control the timing

of the square wave infusion (ii).
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FIGURE 19
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The final common output of these systems was a square wave
of variable duration produced from a waveform generator. This
closed a D C relay which allowed the clutch mechanism to become
activated for the duration of the signal. The square wave infusion
was thus given to the animal during this time.

As regards the initial triggering of the system and its

relationship to physiological events, two basic approaches were
used in the circuit shown in Fig. 18. When switch SW 2 was in po-~
sition (2), the sytem was triggered by the R wave of an E.C.G.
signal. The infusion could be given at a variable time after this,
according to the setting on waveform generator WG 1. When switch
SW 2 was in position (1), the system was triggered by a particular
pressure level in the animal. The signal from the Statham pressure
transducer was monitored on the Electronics for Medicine recorder
preamplifier. The signal from this was suitably amplified (YI amp)
and again monitored on a dual beam Cossor oscilloscope (Model 1049,
Cossor Instruments, London, England). It was then fed to the input
of a pulse generator (P G 2), whose input selector was turned to
the "negative waveform! position. With correct amplification, the
diastolic part of the arterial pressure can be considered as a ne-
gative waveform. The PG2 pulse generator, in this position, will
only be triggered when the incoming voltage-(pressure) of the

negative waveform precisely matches some preset reference ievel.
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This level (and, in fact, the final duration and timing of the in-
fusion) was monitored on the second beam of the Cossor oscilloscope
(¥2). Thus the arterial pressure wave was continuously monitored
on the YL beam of the Cossor oscilloscope, and the projected infu-
sion pulse on ;he Y2 beam, This allowed assessment of the timing

and duration of the square wave infusion in relationship to the

R T e

normal heart beat. The infusion would only actually be given when ;
switch SW. 1 was in positions 1,2, or 5.

The remainder of the circuit shown in Fig. 18, was concer-
ned (1) with the problems of not giving unwanted repetitive infu-
sions, and (2) with coordinating stimulation of the vagus nerve
of the animal to this general sequence. It was found that the
most effective way of causing transient stoppage of the heart so ;
that a square wave infusion could be given, was by stimulation
of the vagus nerve anywhere from 100 msecs prior to the star:s of
the infusion. Electrodes were placed on the vagus nerve, and a
repetitive 15 volt pulse at a frequency of generally 90 cps was
delivered to it from an S4 stimulator (Grass Instrument Co.,

Quincy, Massachusetts). This was kept turned 'on' so that a Tgate!

input through the 'mod in' socket would determine the total dura-

tion of stimulation. The Tgate! input t the $& stimulator was from

the waveform generator WG2 of Fig. 18, and &he total duration of

the 'gate! adjusted at this point. It was alsc found necessary, %

on occasion, to interpolate a Stimulus Isolation Unit (Model ‘ i
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S10-4B, Grass Imstrument Co.) between the S4 stimulator and the
vagal electrodes, because of E.C.G. interference problems.

This trigger circuit was generally used in the earlier
part of the investigation. 1In practice, the pressure triggser cir-
cuit worked reasonably well, although it was difficult to regu-
late it very precisely, and the sweep mechanism on the Cossor
oscilloscope gave occasional irregularities which could trigger
unsolicited infusions. The E.C.G. trigger circuit worked slightly
better, once the problem of keeping a stable baseline had been
solved. The filters on an A.C. preamplifier (Grass Instrument Co.
were very useful for this purpose.

The systems shown in Fig. 19 and 20, represent a single
circuit that was built for later use as the experimental design
changed. Initial triggering of the circuit was no: by E.C.G. or
pressure levels, but by the entirely arbitrary manual manoeuvre
of turning a 'master switch! (see Fig. 20). This then set a whole
chain of coordinated events in motion, the chief of which were
that the square wave infusion followed the beginning of vagal
stimulation by some preset time intrerval (e.g.: 500 msecs). The
remainder of the circuit wasg designed so that (1) suspension of

respiratory activity (sece later) by the solenoid valve system (see

]

ig. 19 and 28) was coordinated to the pericd of vagal stimulation
and square wave infusion, and (2) that recording by the camera on

the Electronics for Medicine machine was coordinated to this period

B P

Ty

E SOAP N



126.

also (see E for M motor, Fig. 19). Both these latter functions
were achieved by making them part of the master switch, which was
one of two basic switching procedures required to set the circuit
in action. The other was the 'preparatory switch', seen in Fig.
20. This connected basic power circuits to the clutch mechanism, !
but did not actually activate it. Indeed, it activated, not the !
clutch, but the brake.

Waveform generator WCl controlled the duration of vagus
nerve stimulation. Waveform generator WG5 controlled the delay
between the start of vagus nerve stimulation and the giving of the
square wave infusion. The duration of the latter was controlled
by waveform generator WG4. Waveform generators WG2 and WG3 con-
trolled the interval between infusions (if more than one was given
in rapid succession), and the number of repetitive infusions, res-
pectively.

The general conduct of the experiment was such that all
these settings were chosen in advance, and then about 5 ml of blood
was slowly withdrawn from the animal by rotating the long thread
on the transmission carriage backwards, manually. The 'preparatory’
switch was then turned on. The paper speed on the Grass recorder
was then increased from 2.5 mm/sec to 25 mm/sec. Finally, the
'master switch' was turned on, which would activate: (1) sus-
pension of respiratory activity, (2) the E for M recording, (3)

vagal stimulation, and the giving of a square wave infusion.
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The master switch was turned off 2 to 3 seconds later,
which would reactivate respiration, and stop the high speed E for
M recording. Thr preparatory switch was turned off, which would
release the brake. The paper speed on the Grass recorder was then
turned down again. This system was used in the latter half of the
investigation, and proved to be a useful and effective one for
controlling the timing and coordination of the square wave infu-

sion.

4. DEVELOPMENT CT A TECHNIQUE TO ANALYSE THE PRESSURE RESPONSE
TO A SQUARE WAVE INFUSION

It was eventually found that the most suitable method for
analysing the pressure response to a square wave infusion was by
means of the transformation shown in Fig. 9. This plot of rate
of change of pressure against instantaneous pressure at any one
moment 1s generally called a 'phase plane plot’ by engineers.

The principal of the technique developed to make this trans-
formation electrically is shown in Fig. 21. The signal from the
transducer monitoring the right femoral artery pressure was fed

into the horizontal plates of a dual beam oscilloscope (Type 3024,
Tetronix, Incl, Portland, Oregon). The same signal was also fed
into a differentiating circuit built around zn operational ampli-

fier. The derivative of the signal (in effect, dP/dt) was then
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fed into the vertical plates of the same dual beam oscilloscope.
Thus the movement of the beam on the screen of the oscilloscope

was the result of the instantanecous ratio of dP/dt against pres-
sure. The abscissa represented the abosolute pressure recording,
and the ordinate its first derivative, in cither a positive or
negative direction. A polaroid camera was attached to the oscillo-
scope, and a picture taken of this phase plane plot, during the
time of the square wave infusion (for example, see Fig. 44, and
compare with Fig. 9).

A sensitivity of 0.2 V/em was found to be a suitable gain
for both axes on the oscilloscope. Calibration of the pressuzxe
axis on the abscissa was performed by means of the calibration
step resistors on the E for M recorder. In actual practice, the
primary pressure signal to the horizontal plates of the Tetronix
oscilloscope was derived from the output jack of the pressure pre=-
amplifier on the E for M recorder. Therefore, calibration of the
pressure axis on the oscilloscope screen was simply a matter of
turning the calibration step resistors on this pre-amplifier of
the recorder, whilst making sure that the pressure transducer was
exposed to atmospheric pressure. Although these calibration step
resistors were marked in terms of 0-20-40-80-160 mm Hg, direct
calibration from a mEercury manometer showe& that these were not
entirely accurate. Correction factors to the calibration of the

pressure axis were applied to account for this.
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Calibration of the ordinate (dP/dt) was performed by using
essentially the same set of calibration step resistors. On the
pressure pre~amplifier channel of the E for M recorder, there is
a2 switch called 'normal-filter-mean'! -~ (a). This normally has
the function, in the 'mean' position of converting the arterial
pressure wave into a wean pressure. When the switch is in this
position, and the calibration step resistor turned, an exponential
response is generated (exactly the response of a linear first or-
der system to a step function). The time constant.of this response
was determined by actual measurement from several recordings, of
the ratio of the rate of change of pressure to instantancous pres-
sure at any moment. It was found to be 625 msecs. This signal
was used in the routine calibration of the oscilloscope ordinate
(dP_dt). Knowing the exact calibration of the pressure axis, and
the time constant of the calibrating signal, it was a simple matter
to calculate the oscilloscope ordinate calibration, from the fol-
lowing relationship (see eq.3 ):

u R.C.

In actual practice, calibration of both ordinate and abs-
cissa was rapidly achieved by turning swicch (a) to the mean posi-
tion, and moving the calibraticn resistors slowly through each

step. A picture was taken of this calibration procedure. Cenerally,

a pressure of 80 mm Hg was held at the center of the screen.
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Whilst the basic principle of this technique is simple, the
matter of adequate signal differentiation usually is a more diffi-
cult problem in practice. Engineers generally avoid differentiation
techniques wherever possible because the slightest amount of noise
in the signal will usually dominate the derivative trace. This oc-
curs because differentiating technigues are only sensitive to the
rate of change of a signal and this is usually high if any noise
is present. Attempts can be made to filter this noise, but then
this may lead to distortion of the primary signal. Therefore, a
good differentiating technique involves balancing the effects of
distortion, and noise.

After a certain amount of experimentation, the differen-
tiating circuit shown in Fig.2l, was found to be suitable for the
purposes of this particular phase plane plot. It was built around
an operational amplifier (D-12, Data Device Corporation, Kickswille,
New York). This is essentially a D.C. amplifier of very high gain
(order of 108). The basic differentiating circuit when this ope-
rational amplifier is used, is a combination of Cy and Ry, as shown

in Fig.21 . The basic equation of this circuit then becomes:

- - 1 e - N .

ey = -RpCy. deg/dt where ey, = volts out

¢1 = wvolts in
Befor ins th rational amolifier. 14 WAS Mecesca
Selore using the operatiomal amplifier, it woe necessary

-

to balance it, by shorting both inputs to ground, and adjusting

a variable resistor inside the circuit so tha: the null soint

I
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could be found with a balance potentiometer.

As expected, the circuit with Rl and 02 alone not prove
satisfactory, because of the noise problem. An attempt was made
to filter the noise from the signal before it reached the diffe-
rentiating circuit, but this was not satisfactory either. 1In the
end, addition of the feedback capacitor, C,, and the resistor Rj
in the values shown in Fig. 2], were found to give adequate elimi-
nation of noise without signal distortion.

The circuit was tested for the fidelity of:its response,
by using a series of triangular waves of varying frequency, pro-
duced from a function generator (Model 2022A, Hewlett Packard,
Lexington, Mass.). In Fig.22 an exponential input with a time
constant of 400 msecs. was given to the circuit. This is repre~
sented by the lower trace. The first derivative of this curve,
as determined by the circuit, is shown in the upper trace (which,
incidentally was . calibrated in terms of 10 mv/sec). It

can be seen that the maximum rate of change is of the order of

.40 mv/sec. As the input is comparable in terms of voltage and

time constant, to the natural respounse of the animal to a square
wave infusion, then 40 mv/sec. is the highest rate of change that
the system is required to respond to without further distortion.
Reference to Fig. 23, shows the typical reéponse of a circuit very
like the one used (note the change in C2 value- sec below) to a

triangular wave changing at the rate ecuivalent to 40 mv/sec. The

:
i
i
i
i
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AN X—Y PLOT OF A TRIANGULAR WAVE
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FIGURE 25

THE EFFECT OF A FILTERING CAPACITOR ON THE DERIVATIVE OF AN
EXPONENTIAL CURVE
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upper trace, which is its first derivative, is virtually in the
form of a pure square wave, which indicates a good, non-distorted
response to this maximum rate of change. Fig. 24, in which the
triangular wave input is plotted on the ordinate, and its first

derivative on the abscissa, shows the response of the circuit to

ween input and output is shown to be good, although at rates of
change greater than 40 mv/sec, there is seen to be some rounding
- - off of the response. Fig. 25 shows that the three different values

of filter feedback capacitor (Cp) used, had virtually no effect on

the differentiation of the standard input signal.

The differentiating circuit was further tested against
phase plane plots hand measured directly from the pressure tracing,
as will be mentioned later. This differentiating circuit proved
to be very adequate for the transformation of the input signal,
and the whole technique a useful way of analysing the pressure
; response to a square wave infusion.

5. ISOLATION OF THE SYSTEM UNDER INVESTIGATION FROM DISTRUBING
INFLUENCES DURING THE TIME OF THE SQUARE WAVE INFUSION.

The object of study in this investigation was the control-
led system in the systemic arterial circulation. To study this,
it was necessary, during the time of the square wave infusion
isolate it from all disturbing influences.

were (1) the normal heart beat which contributed an unknowa inpu

rt

rates of change up to 100 mv/sec. The linearity of the system bet=-




to the system, and only served to confuse the picture; (2) normal
respiratory activity, which appeared to have mechanical effects on
pressure recording from the systemic arterial circulation; and

(3) multitudinous reflex and hormone effects of the controlling
system.

(a) Technigue to nullify the heart's action:

The first approach to nullify the heart's action during
the time of the square wave infusion, was used in.the very ecarly
part of the investigation, in some pilot experiments on rats.

The square wave infusions were given at such high rates that pres-
sures of 200-300 mm Hg were abruptly generated in the system. Un-
der these circumstances, the heart could not generate enough force
to open the aortic valve, so that the beats became isovolumic in
nature. Whilst this technique had limited application in the pre-
sent investigation, because it allowed study of pressure-flow
relations across the systemic circulation only in a higher than
normal range, it did suggest the possibility of coincident testing
of the contractility of the heart. Measurement of the intraventri~
cular pressure under these circumstances would allow an assessment
of the force-velocity relationship of the cardiac muscle. Intra-

1. -

ventricular recordings were monitored from the rabbit hear:t by

N

passage of a needle (modified after NAPKE 1963) through the thora-
cic wall into the left ventricular cavity, but the idea was not

pursued any further.
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The second approach used was the direct one of transiently
stopping the heart's action, by vagus nerve stimulation. This was
the technique used throughout most of the.investigation. Original~
ly it was not felt to be a good idea, because of the possible ref-
lex effects on the circulation during the time of the infusion.
However, ultimately faced with no other choice, the effects of
various manoeuvres, including vagal nerve stimulation, in causing

rief

(e

, reversible, cardiac arrest, were investigated. :

Initially, iInjection of a number of agents was made into j
the right atrium of the rabbii, hopefully in close proximity to
the SA node. These were acetylcholine, potassium chloride, and %
cold saline. All but the latter were given through a size P. E. .
150 thin-walled polyethylene catheter (Clay Adams Co., New York)
passed a merked distance of 6 cms down the right external jugular
vein. This is the distance to the proximal right atrium in an
average 5 1b. rabbit. Arterial blood pressure was monitored on
the Grass pen recorder, and the general results are shown in Fig. 246

Injections of acetylcholine bromide solution, in strengths

. c -4 -1 . . .

ranging from 107° to 10 * molar, were given in volumes betweaen
half to 2 ml. trengths below 1073 molar caused some minor slo-

b

wing, but in no case was the beat to beat interval extended to

. . ) -2 _ . .
more than 500 msecs. Injection of 2 ml of a 10 < molar solution
produced 2 beat to beat interval of 1500 msecs, but this was fol-

lowed by poor recovery.
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Potassium chloride injections, from 0.1 to 1.0 molar, were
also given. The 1.0 molar solution produced irreversible cardiac

arrest (lecc). One cc of 0.5 molar KCL also produced irreversible

stoppage after 9 seconds, and lower doses gave no appreciable effect.

This method was too inconsistent, and moreover, repeated doses would

produce a cumulative effect.
Of the injection procedures, the most effective secmed to
be the rapid infusion of cold saline (1 - 2°C) into the atrium.
I

This produced a beat to beat interval of between 2 'to 3 seconds,

with rapid injection of 5 ccs from a syringe by hand. The recovery

interval varied from one to four minutes, and in the worst instances

was followed by prolonged depression of blood pressure. It was de-
cided that further pursuit of this method was worthwhile and a more
elaborate injection catheter was constructed. A fine (P.E. 50)
tubing with open end, was passed to within one cm of the end of a
second larger tubing (P.E. 60) whose end was sealed by a metal tip.
4s this was the part to come in closest contact with the S.A. node,
it was felt to be an advantage to use material such as metal, with
a high thermal conductivity. Saline, stored in a thermos bottle
and with extra salt added to depress the freezing point, was injec-
ted from a syringe into the small inner tubing. A circulation of
cold rluid thus passed down the small tubiﬂg and out again through
the larger tubing. Therefore, the atrium could be cooled withouft

fluid actually being injected into it. 4lcohol, cooled to -10° c,

!
:
;
1
1
|
{
!
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was also used instead of the saline as injection fluid, Rapid
local cooling of the S.A. node ought, theoretically, to be a good
method of causing transient cardiac arrest, without circulatory
effect. 1In practice, however, it proved difficult to get this
catheter in sufficient proximity to the S.A. node, for it consis-
tently to have effect. This technique was then abandoned, as
coincident testing with vagal nerve stimulation appeared to be a
more immediately feasible proposition.

The generzl response of the rabbit to stimulation of the
right vagus nerve for a period of 3 seconds is shown in Fig. 27
Complete recovery to the pre-stimulation blood pressure and heart
rate normally occurred within a period of 30 secs. The important

question whether this procedure had any significant effect on

the systemic circulation is more appropriately considered in another

section, but the general conclusion is that it did not. It thus
provided a good technique for isolating the controlled system from
the heart's action during the period of the square wave infusion.
The rabbit was chosen as the experimental animal for this
investigation, because of its sensitive response to vagal stimu-
lation. Cats, which in other ways would probably have been ideal,
appeared to have a2 pronounced vagal escape mechanism, and rarely

could a beat to beat interval of more than one secocud be produced.

In rabbits, beat to beat intervals of 6 seconds or so could be

H
t
{
i



B T~

TEt

e

T T

LI L N R T S AT e A

L.

produced with good recovery afterwards. It should be noted, however,

that as experience was g2ined in the technique, there was a signi-
ficant improvement in the number of

satisfactory responses obtained

from rabbits, and the original assessment of the cat response (which
Was not repeated later) should be considered in this light.

As suggested by the latter statement, stimulation of the
right vagus nerve in the rabbit was not always successful in pro-
ducing an adequate beat to beat interval. Many eéxperiments, parti-
cularly in the beginning, were wasted, because an édequate response

to vagal stimulation could not be obtained (even after stimulation

of ecither, or beth, left and right, vagus nerves). With experience,
though, this failure rate, which was a source of considerable frusg-
tration, gradually declined.

The technique used was standard. The right vagus nerve
(and if that proved unsuccessful, then the left) was carefully dis-
sected from the carotid sheath, using as long 2 length as possible.
It was transected at the cephalic end and the sympathetic chain,
which runs closely along side it, separated from it. t was then
carefully placed across two stimulating electrodes, which were held
by a micromanipulator (C.F. Palmer, London, England).

The electrodes were connected to thg S4 stimulator (see

Fig.19 ). The most generally-effective stimulation pattern was a

15 volt pulse of duration 0.4 msecs, given at & frequency of 90 cps.
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The electrodes were made out of silver wires, 6 cms in length.

One wire was taken to be the anode, and the other, the cathode.
They were supported by a plexiglass block at their top end, and
held about 3 mm apart. They were insulated from each other by a
sheath of P.E. 50 polyethylene tubing (Clay-Adams, Incl, New York)
about each wire. The lower end of each wire, which came into
contact with the nerve, was beaten flat to give a good surface

area of contact, and turned up into a hook. The nerve was care-
fully placed across both these hooks, taking caré to avoid short~
circuiting. A length of the P.E. tubing used to insulate each wire

>

was place d across both ends of the hook, so that the nerve lay

firmly saddled inside it.

'
{
H
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(b) Technicue to nullifv the effects of normal resniration:

As the investigation progressed, it became obvious that normal
respiratory activity affected the pressure response of the systemic
arterial circulation to the square wave infusion (see for example,

Fig. 46 ). On account of this it was necessary either (1) to give the

“

infusion at a constant phase of the respiratory cycle, or (2) to sus-
pend respiratory activity completely during the time of the square wave
infusion.

an atlempt was made to synchronize the giving of

the square wave infusion to a constant phase of the respiratory cycle.
The respiratory movement of the animal was monitored by a rubber bellows
encircling the thorax which was connected to a volume pressure trans-
ducer (Model PTSA, Grass Instrument Co. Y. The signal from this was fed
o

to a pre-~amplifier unit on the Grass pen recorder. ae output from plug

J7 on the driver amplifier of the same recorder was then increased in
voltage by connection to a 45 volt battery in series with iz. The sig~
nal of the respiratory movemant, was oscillatory in neture and at this
boosted voltage level, its negative waveform was sufficient to trigger
a pulse generator which would then trigger the whole square wave infu-
sion scquence (see PGl in the circuit of Fig. 20 . The circuit as
shown was not set to be triggered by the respiratory cycle,
modifications reguired are minor). Thus, by adiustment of the oulse
generator, the square wave infusion coulld be given at any desired phase

in the respiratory cycle. This technique was used in some carlie

L3
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experiments, but the respiratory cycle (25 breaths p. min.) was not
really long enough for later experiments.

As it was felt that the disturbance which respiratory movement
caused was not due to the respiration 'per se', but to pressure effects
in the closed thorax, there were two further alternative possibilities:
either (a) the tﬁorax and abdomen could be opened, and respiration con-
tinued with a positive pressure pump, or (b) all respiratory activity
could be suspended during the time of the square wave infusion by
turning the respirator off and paralysing the animalé own spontaneous
respiratory efforts with neuro-muscular blocking drugs.

The latter was the procedure used throughout most of this inves-
tigation. The general apparatus used in this approach is shown in Tig.
28 . A small glass cannula was placed in the animals trachea and con-
nected to the positive pressure respirator, as shown. This respirator
had adjustable rate and volume controls and these normally set at 25
ml p. min., and 25 ml respectively {(Small Animal Respirator. Model 670
Harvard Apparatus Co., Dover, Mass.). An attempt was made to monitor
the PCO, of the expired air on a Beckman Medical Gas Analyser (Beckman
Model LB-1), but the logistics of attending to this and other facets
of the experiment at the same time were such that it was not always
possible. The respiratory chart prepared by Kleinman and Bradford, of
the Harvard Department of Public Health, and distributed by the Grass

Company, was a satisfactory guide for normal respiration of the animal.
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Solenoid Valve B (Skinner Electric Valve, New Britain, ,
Connecticut) was interposed on the inspiratory line, between the
respirator and the animal. This was a three-way miniature valve ;
that was activated from the master switch (see Fig. 19) through
the intermediary of a 12 volt D.C. battery charger (Canadian Tire
Corporation, Toronto). It was connected so that a channel was
normally open between the respirator and the animal. On turning
the master switch, however, this channel became closed, so that the
respiratory activity was dissipated to the atmosphere, and the ani-
mal ceased to be ventilated.

The valvulaer system within the respirator was such that when
the animal ceased to be ventilated, various degrees of positive pres-
sure could remain in the thorax. 1In order to ensure that intra-
thorasic pressure remained at zero during the time of the square wave
infusion, a second solenoid valve A (Alco Valve Co., St. Louis) was
placed in the expiratory line between the animal and the respirator.
When the master switch was turned on, this valve opened a channel
between the trachea and the atmosphere., Thus the net effect of this
solenoid valve system was that, when the master switch was turned on,
the animal ceased to be ventilated and the intra-thoracic pressure re-
mained at zero level. The square wave insufion was then given. When
the master switch was turned off again, in three or four seconds, then
the lungs once more became ventilated. It was found most useful to

ventilate the lungs with a mixture of 100% oxygen. The boxe on both
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solenoid valves was sufficiently large to prevent the occurrence of
any significant respiratory resistance.

The above system, is dependent on the elimination of the
animals own respiratory efforts by neuro-muscular blocking drugs.
Succinylcholine, in a dose of 0.25 mgms p. Kgm. was initially used,
because of its minimal hypotensive effect, (Goodman and Gilman, 1963).
However, it was found that the initial depolarising twitch could
damage the nerve on the electrodes, or, on occasion, pull the cannula
out of the right femoral artery. Thereafter, d-tubo-curare in a dose
of 0.12 mgms p. Kgm., was used. In this dosage, which sometimes re-
quired supplementation, no ganglion blocking effect was noted, as
judged by the blood pressure response.

The above was the technique generally used. However, method
(2), which avoids the use of drugs, is worthy of further consideration.
It was not generally used because opening the thorax in the mid-line
in the rabbit often produced marked reflex hypotension. Merely to
touch the exposed area of the sternum could trigger an intense reflex
action (which was not 2 pain response, as a2nalgesia was adequate else-
where). Furthermore, it was sometimes difficult to avoid cutting the
internal mammary artery, and bleeding from this, in a heparinised ani-
mal, was difficult to stop. Therefore, because of these two problems,

However, towards the end of

(@]
Ia]
[3)
jar
-
~
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this approach was not gen

the investigation, a small scli-retaining retractor (Soteria Co.,

.

between the

bs following an incisicn into the

[%]

Germany) was placed



pleural cavity along the right 4th intercostal space. This held
the thoracic cavity widely open to the atmosphere while ventilation
was continued in the absence of neurc-muscular blocking drugs.
Under these circumstances respiratory activity had no effect on the
pressure response to a square wave infusion. Moreover, no reflex
hypotensive episodes were noted. Although at that stage it was not

possible to change the pattern of the experiments, for any future

investigation this would probably be the method of choice.

6. MISCELLANEOUS TECHNIQUES USED DURING THE COURSE OF THE INVES=

TIGATION.

In the application of a new technique, such as the one des-
cribed in this thesis, it was necessary to correlate property values
obtained with those obtained by existing methods. Standard techniques
for measuring cardiac output by the Fick method, serum cholesterol,
and pulse wave velocity were used and will now be described. A method
for measuring compliance values in the dead rabbit will also be des-

cribed.

(a) Measurement of ca=iiac outnu:n by the Fick princinle method

nis requires knowledge of the total voluma of G2 consumed by
the animal per minute, (Qg,), the oxygen comcentrotion of the arterial

blooad (AOZ) and the oxygen ccncentration of mixed venous blood (Vga)



in the lungs. The cardiac output (F) per minute then becomes (FICK,
1870):

Qo5
[202]-[¥o]
This expression only holds if the circulation remains in a steady-
state during the time of testing.

The oxygen consumption of the animal in this investigation
was measured by a small animal spiromecter. t was connected to the
inlet and outlet ports of the respirator, so that it moved up and
down with each 'breath! that the animal took. These excursions were
recorded on the Grass penrecorder, after the signal from the spiro-
meter was converted to D.C. current by passage through a box con-
taining 2 selenium rectifier circuit. The spirometer was calibrated
volumetrically with a2 30 ml syringe at the end of the experiments.
The rate of oxygen consumption of the animal was then read directly
from the recoxrding.

0.2 ml of arterial blood was sampled via a three-way stopcock

o the cannula in the right carotid artery.

rt
(6]

on the tubing leading
This was performed only after allowinzg some blood to run through to
account for the 'dead space'. A4 similar amount of blood was sampled
from the catheter in the right atrium, agaip after accounting for the

'dead snacef. The location of the catheter tip in the richt atrium
Py - (=)

was confirmed at post mortem.
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It was most convenient to measure the percent oxygen satura-
tion of these specimens with a micro-oximeter (American Optical Co.,
Buffalo, N.Y.). The principle of this is that the optical density
of the unknown sample is compared to that of one of standard oxygen
saturation. As a result of the ratio between the two, a direct
reading of the percent oxygen saturation of the unknown sample can
be made. The standard provided by the company (79% sat.) is related
to human haemoglobin. Rabbit hacmoglobin has a slightly different
structure, and this alters its light absorbing properties. It was
therefore necessary to find this modifying factory before the method
could be used.

The percent oxygen saturation of a sample determired against
the human standard provided with the micro-oximeter, was compare
to the saturation of the same sample determined by the Van Slyke
manometric method. The principle of this Van Slyke method is that
all the blood gases are cvolved in a vacuum (using pot. ferricyanide
to liberate that in combination with Hb.), selectively reabsorbed,
and then the pressures which they generéte measured at a constant
volume.

Having first measured the oxygen capacity (by exposing the
sample to atmospheric air), then samples were deoxygenated to various
degrees by bubbling with nitrogen, or exposing the sample to 2 vacuum.
These results, expressed as a percentage of the oxyzen capacicy, gave

the true percent oxygen saturation of the sample. These values were
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then compared with the micro-oximeter readings (which were slightly
higher) to give the correction factor between the two.

Haemoglobin concentrations of the samples were measured by
using a calibrated spectrophotometer (Bausch and Lamb, Rochester, N.Y.).
A 1: 200 dilution of the blood sample in a 4 ml Drabkins solution was
cxamined for its optical density at 540 mu. TFrom the standard provided, ?
calculations of haemoglobin concentration were made in the routine way.
4s 1 gram of haemoglobin combines wich 1.34 ml of oxygen, the oxygen
concentration of the samples become:

szmple,

w

[Lb? x 1.34 x % oxygen saturation of th

[

where LHbJ = haemoglobin concentration in
gms per 100 ml blood

Having determined, in this manner, the oxygen concentrations

of the arterial and mixed venous blood, the cardiac output of the

animal could be calculated by the application of Fick's equation, above.
(b) Serum cholesterol determinations
The total serum cholesterol of a2 number of animals was deter— B

mined by the following method (SEARCY and BERGQUIST, 1960).
Reacents

1. TFeSOg-Acetic acid reagent: a saturated solucion was prepared

t

o 1 Titre ¢f reazent orzde

by adding several grams of FeS0, .7H,0

glacial acetic acid. After mixing, 2 clear solution was obtzined by

filtration.



et 3

]
wun
w
.

2. Concentrated HpSO,.
3. Acetone - absolute ethanol solution: equal parts.
4. Cholesterol standard (60 mgms/100 ml): 120 mgms of purified

cholesterol was dissolved in 200 ml of acetone - ethanol.

0.1 of the serum sample was added to 0.9 ml of the acetone -
ethanol solution. This was centrifuged at hizh speed for several
minutes. 0.4 ml of the clecar supernatant was placed in a colorimeter
tube and diluted with 6.0 ml of the FeSO, - acetic acid reagent. Then
2 ml of the Hp80, solution was blown with force into the mixture. The
optical density was measured at 490 mu on a spectrophotometer (Beckman
D.U.) using 0.4 ml of the acetone - ethanol solution as a 'blank'. The
same procedure was repeated on the cholesterol standard and the ratio

of thesec two readings multiplied by the value of the cholesterol stan-

dard provided the total serum cholesterol value for the sample.

(¢) Measurement of nulse wave velocity.

Pulse wave velocities of the animal were measured by recording

jat
t
o)
[¢]
3

central and peripheral pressurc pulses. The time dclay betwee

n
)

ot
o
o

was measured from the E for M recording, which had time markex
msec. Iintervals. The distance between the recording sites was measured

&t post morten.

or the left brachial artery. The peripheral recording size was always
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the right femoral artery. The 'foot to foot'! transmission time was
measured on the recording. The paper speed of the E for M recording
was only sufficient to pick up gross changes in this transmission
time. The first heart beat following a period of transient cardia
arrest was generally utilised, so that reflections would not distort
the pulse wave ané a 'true! pulse wave velocity could be determined.
It was not always possible to measure all values at the same diastolic
pressure level, but this was the primary objective.

¥

(d) Method for determining the sctatic compliance values

1
3
t
o
o

dead animal.
It was necessary to relate the compliance values found in the
'square wave'! cxperiments, with those determined by a more direct method
in the dead anima2l. The only simple way to obtain this information was
to perform pressure~volume studies on as long a length as possible of
the excised zorta. Generally such studies are performed on relatively
short segments such as the thoracic aorta, (see for example the study

of NICHOL 1955), because of the problcoms involved in obtaining 2 leak-

total compliance of the systemic arterial system, an atiempi was made

in this investigation to study & length of aortae from the cortic arch to

the femoral bifurcation. This involved the ligaturing ol close to scome

Initiall another approach was taken. o had been renorted
> 1 -

(ENGELBERG and DUBOIS 1959) that injecticn of 2 1% suspensicn of
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lycopodium powder into the pulmonary circulation eventually blocked
all the small pulmonary vessels. This allowed a static compliance
study of the pulmonary arterial system to be undertaken.

An attempt was made to adapt this technique to the systemic
arterial circulation. A 1% lycopodium suspension was injected through
a cannula into the carotid artery of a freshly killed rabbit. However,
2 sustained pressure rise, as measured from the femoral artery, could
not be obtained, and the assumption was made that either there was a
leak, or the solution was passing into the small vessels. A suspen-
sion of the lycopodium powder in a solution with very high viscosity
(1000 centistokes - Medical Fluid 360 Dow-Corning), was then used,
but similarly unable to sustain any increased pressure. Indian Ink
vas added to the solution, and the fluid was observed to pass into the
fine vessels of the intercostal muscles. Ion exchange resins of 100
to 200 micron diameter (amberlite, Rohm & Haas, Philadelphia) were
substituted for the lycopodium powdar, but again with little effect.

Recourse was then mace to the simple, but difficult technique,

o
[aF
O
3]
'»l
ja]
)
o
[V
[e]
o]
ct
o
.
}-
-
;l
[72]

of ligating all the branches of the choracic and a
was best done 'inm situ', in a freshly killed animal. A powerful lam

(Photospot D x B General Llectri ) and suction were useful adjuncts to

LSsuUe

rt
Fe

the dissection and ligation procedure. The surrounding fatty
was first separated from the vessel at the level of the diaphragm and
then the intercostal branches were systematically tied with No. 6

)

surgical silk, working proximally. All branches from the arch to the
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femoral bifurcation were eventually ligated, and then the aorta removed
from the body and placed in a bath of saline.

As shown in Fig. 29, the aorta was then tied onto a glass
cannula (0.4 cm diameter) at one end, and a needle (size 15 Ga) at the
other. The glass cannula had a small constriction in it and the needle
was fluted, to ensure a tight fit. The glass tubing was joined to the
male end of a luerlok stopcock with scaling wax (Pyseal). The luerlok
sat in a saddle at the end of the plexiglass scline bath (leagth 50
cms, width 6 cms), which kept it in a fixed positibn. The needle was

D) b3

1 arm so that the artery could be stretched

attached to a moveable sid

(&)

to any desired length. A three-way stopcock was attached to the end

[o}

of the needle to facilitate ejection of air from the system. Originally,

in

[ &N

the system was attached to a water manometer, but this was abandone
favour of a strain gauge manometer (Statham ZSDd).because of the pro~
blems conmected with capillarity and corrections required for water
entering the coluan.

The square wave infusion apparatus was connected to the glass
cannula. Controlled amounts of saline were added to the gortic speci-
men by slow manual rotation of the long thread on the transmission
carriage. With the three-way stopcock at the end of the needle turned
so that it blocked any exit of saline, static pressure-volume studies
could be performed. If a needle of smaller‘gauge, acting as the
equivalent of the peripheral resistance in the animal, was actached

to this three-way stopcock, and the latter turmed so that it allowed
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frec passage of saline out of the zorta and through the small needle,
then a dynamic study could be performed. In effect, this represented
a2 model of the systemic arterial circulation, and its response to a
square wave infusion, should be similar to that of a living animal
(see later).

Two problems were generally encountered with this technique.
The first involved removal of ell air from the system, and was resolved
by flushing the attached specimen with saline in the vertical position.

The sccond was that most of the specimens had a slow leak, because of

the long length of vessel used. An attempt was made to overcome this
problem by flushing the aorta with citrated blood. The outside medium
in the bath contained a calcium chloride solution, so that, on xeaching
the exterior of the vessel, the blood would clot and theoretically seal
the leak. It was necessary to use fresh blood (and it was found that
that of the investigator himselfwas generally given with least reluc-

tance). This maneuver had some effect in sealing -leaks, but was not

entirely able to stop them at high pressures.

7. APPLICATION OF THE SQUARE WAVE INFUSION TECHNIQUE TO THE EXPERI-

MENTAL ANTIMAL

> im o 3 3 ERN - Eod > PLgeey el - -
Rabbit was the animal chosen for this investigation. Rats were

used in the early pilot experiments, but therealter rabdits, weighing

&

PO |

F
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approximately five pounds, were uscd for the following principal
reasons: (1) rabbits of any desircd weight were readily available,
(2) the response to vagus nerve stimulation was sensitive and allowed
the heart beat to be stopped for an interval of 2 - 3 seconds with-
out ill-effect, and (3) feeding of a high cholesterol diet readily
produced pathological changes in their large arteries ( IGNATOWSKY,

1908). A further rcason was that it was planned to perform some

experiments on the isolated carotid sinus, but these did not materia-

T

lise. There are, however, as is well known, disad?antages to using
rabbits for live experiments of any duration. Chief amongst these 1is f
their extremely fickle response to anacsthesia. It was a continuous
concern to keep these animals in good condition for the duration of

2 - &4 hours gererally required for each experiment. A hypotensive
response to positive pressure respiration was not infrequently noted.
It was found to be of great value to ventilate the animals with a 100%

oxygen mixture on account of their sensitive response to hypoxia.

I

However, in spite of these difficulties, the rabbit proved to be an

adequate, if not obliging, experimental animal.
Initially, in terms of anacsthesia, nembutal in a dose of 30

mgms p. Kgm. was used. This was given into the marginal vein of the

ear, the site of injection for all parenteral anaesthetic agenst ub-

sequently uscd. Mortality was

chloralose solution in 2 dose of & ml p. Kgm was substituted, but
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with relatively little improvement. Finally, a 2% chloralose and

20% urethane mixture was used in a dose of 2.3 ml p. Kgm. This gave

a relatively light ancesthesia, which would sustain spontancous
breathing for a period of 2 - 3 hours. Initially this was supplemented
with subcutanecous injection of 2% procaine solution at the incision
points in the neck and other canmnulation sites. However, a disadvan~
tage arose when cardiac arrest produced by vagal stimulation was xe-
quired. The procaine solution sometimes leaked into contact with the
vagal nerve and was probably responsible for some of the experiments
that failed because the vagal nerve would not stimulate properly. Once
this was realized, all ‘'chloralose-urethane! anaesthetics were sup-
plemented with ether (E.R. Squibb Co., Montreal), administered to the
animal with a cotton wool pad. This latter anaesthetic technique with
expericnce worked reasonably well. It was also found useful to starve
the animals before the period of experiment.

A further point in the general care of these animals, is that
tracheostomy was found to be useful as a routine. timulation of the
peripheral end of the vagus nerve occasionally resulted in violent
respiratory movements in animals without tracheostomy. It was probable
that these resulted from laryngeal ecffects (closure of glottis, etc)
caused by coincidence stimulation of the recurrent laryngeal nerve.

Thereafter, even in the early experiments, tracheostomy wos periormed

as a routine.
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position (see Fig. 19.
Having completed the preparation of the animal with the square
wave infusion apnaratus fully attached, and the nerve placed across
its electrodes, calibration of the phase plane plot on the tetronix
oscilloscope was then made. The right femoral artery cannula wa
momentarily disconnected from the pressure transducer by a three-way
stopcock and the pressure transducer exposed to atmospheric pressure.
The filter switch (a) on the pressure preamplifier of the E for M
recorder was turned to the 'mean' position, and the calibration

Hg. position. The position o

e

th

resistor switch turned to the 80 mnm

the beam on the Tetronix oscilloscope was then put at exactly the

e of the screen. The calibration resistor switch was then ro-

0O
¢}
3
ot
H

tated up to 160 and down to 20 in steps and a Polaroid picture then

taken of this calibration procedure. This picture served as the

calibrating medium for the phase~plane plot (i.e.: 98/dt 2cainst P).
) L3594 N - 41 . 3 Wl o+ T 11 ER
The filter switch (a) was then turned back to the '‘normal position,

was recorded once again.

The motor was turned on acain
o

curare solution down the central venous catheter.




Thus the animal was finally 'primed! for the injection of a
square wave infusion. This was given, after slow withdrawal of 5 =
8 ml. of the animals own blood into the infusion apparatus. The

ng in the sguare wave infusion t

(=N

sequence oi events culminat
place after turning the !preparatory' and master'! switches on, have

already been described. A series of these square wave infusions

t & variety of rates

joi}

singly or in duplicate or triplicate, were given
during each experiment. The results cbtained will be discussed in the

next section. The experiments generally lasted for a period of 2 - &

hours.
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Chapter III

RESULTS

The general objective of the experiments performed, was to
see if the simple theory outlined on pPp.83-89, could be anplied in

a practical manner to the circulatory system. The equation of the

proposed model for the systemic arterial circulation was:

épP

F=(P-P%) . 1+0C. %/, R ¢ 1-)
:n\— at

o

This equation describes the 'transient ' behaviour of the
system to a sfep function. When the pressure response no longer
continues to vary with time (i.e.: dP/dt = 0) the equation is
then reduced to the function below, which thus describes :the
'steady-state! of the system:

F - (p-P%) .

I ¢ 10D

4
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1. STEADY-STATE RESPONSE OF THE SYSTEMIC CIRCULATION TO A

SQUARE WAVE INFUSION:

The original objective of this investigatiocn, as already
mentioned, was to make a direct study of pressure flow relations
across the whole systemic circulation. A4 particular barrier to do-
ing this lay in finding a suitable technique of giving a square wave
infusion to the systemic circulation, without the complicating pre-
sence of the animal's own heart beat.

e first attempt to solve this problem lay in giviang the

m
-

"J'

square wave infusion at such high rates that t
eject its contents against the high pressure levels suddenly deweloped.

3,

With this technique, pressure flow relations in a higher th

)
&)
o}
]
B
[

.

range could be studied zcross the whole systemic arterial circulation.

An attempt was next made to study these relations in 2 more normal

range, by giving the square wave infusion between heart beats. However,

the time interval of 250 msecs. or so, between heart beats in a normal

e quite insufficient for any steady-state response

o

rabbit, proved to
to be adequately assessed. The £final solution to this problem there-

fore, lay in stopping the heart beat for a2 period of 2 - 3 seconds and

giving the square wave infusion during this time. Using this technique,
the s dy-state pressure response could easily e established, and

£ 7 , caydiad

pressure flow rclations studied over any desized range. These experi-

ments will now b2 described.

e e ey T

pme et i




o v} o 2} i
~~ < a . orf (@] K UE| ’
1 . 0 Kol [J} ] 1 4 4 13 .
o4 0n m et 14 3] o ) 12
. o] 13 9] LD 0 V] 9] V) ey 1) ) I ol
' %) 1) ) o = Y] i » o] o] ] R o) ' ] 3] A 3] ¢y
o " 9] Ko L) £ 9] ~—l J i ] A [aRt -4 o h 0] 13 i »
— 0 Iy] I3} c3 8} ol -4 0 3 Q ¥ [ I 19} H Y4 o) [53]
Q 4} ¥ 13 o} 3] W 1) ol ...\ (9] [ > V] [ 4 9] i
i [J] = Y [e} 19 [e} te 4 o3 S 31 = —1 58] o s ©§ }E] B
: 5 o] 13 [+ 4] o] V] 5] 4 ) 4] 9] (%] 13 - L Kot )]
: 3 3 ol V) (W] [ ) . 5] g3 < i8] |91 Q +3 td 1
i . [ e (] o & n ) ) 0 I3 (& f: ey 9] A3 ] td
; J 5] ol ) b} @ of) Y] m“ € e o s} Y] . 9} & [} .1
0 > [V] jao] Kl f\ o) 3] o Q Q . Q) ) S o} i s =
[o} 32 =3 ot Y 44 £ Q . 3 Yq [0} 43 12} bE B
+ o] U-g &H > m 4] [U] 1] [0] ] h U4 K ted [9)
4 [#f 3 &4 T fi 13 Q 0 ) o3 %] [o] o Q Uy ) K41
(9] o [ ] Q ) ) [o} &) Y [} 1) > +3 U4 ' o o [J} o 9
; [0} [ 4 o} o o, 4 + ~ i it 43 Q %) 9]
| 18] 19} y) &} o) 0 13l n o) o [J] ! ] 0} [o} “
; o . > . = 0] ™ > ) o4 9] ix [8] SO a ~ 4 [x] ed
; I . — )] 3 o} ~ I 9] eed [0} o] 4 0} 9} o} O
; ] —~ & ~ (o) i3 8} U 13 13 @0 $ J 0] Y] B "
= o « o3 8} 1%} 14 %] o 3 7] o) (o} 9} [#] E8] 9] o] )
: (o] [ e H =] ot ] 9] 3] 0 « W3 iy i o = i t
i 1 [J] S} <} [oN Kol (@} 3] P I¥] 3 3 0] (o] 9] “ A3 ol
] K1 o i8] (] (@] X 9] 0] V] v U ) ] (0] 9] {4 o 9]
Q (@} 3 ol [o} Kal H ud Ko o] [ [J] [J} W 13 o} 13
L [J] 12} @] o wy ey V) 1) 1) 5] o + K1 14 - B
[ R} (7] Wy . SR ] Ug 1 o [0} e} (4] o J 1) 3 (3] . “J O
ol k8] [J] [} ’ [e} 1) 3 1) 43 5] 0 3] 3 5} 13 2)
= o o] 181 [#) 0 rd o U] 151 ] 0] " Ly 0] T} ™
Yy o 13 od aj o] P U4 = 8] 2] Kel © 19 1 0] | V] L ) el
42 (o} H g 13 Q wd o} (o] [»} 13 O] © H 43 4 13 H L
5] g O 4 I P Q o o 1 N = e £ [a¥ Is) 9] s
[ e (@) o3 o] 18] i 3 8] 0y R U4 0 [o] 9] Y] [J] S0 [$] bS]
“ul o] <F Q 3 Uy [#] o4 3] [} 3] ~ Q = Q I3 Ko a0 9} J}
fof e Kt =3 i g . @ el - 3 = 9] ol 12 (3} [B) 3 D) I
o] k) Q [s5)] o o 3 o] 1) 3 1) ) “n w0 0 o [>) 9]
o J i =} 3 15} 0 0 o =8 9} o] ; 9] o o e 18] (% : Lo
] 03 O ot +) o] ] o} [o} K o 3 tn o = =} 0 . o} 08 V)
3 ] = 2 ¥ ot @ Q -4 4 [v] @ o 4 0] ! &) 8] Y [J]
G 5] [ S o] Q 43 IV} 9] o3 + ~ 1 el ) el 0 Q a
: o =} ~ rd o (8] 5] Y] > 9] 19 0] (0] 0] 9] 42 "3 N IS} [} L £l
: el o) 0 V) 3] 1% - a [} L £ ol (¢} [+ [ 9] o}
: Q + = + In] ot 9} 9] o] ¢t )] 3] . Kef 9} 9} v} [e} ot - 82
: ] [ 131 L3 2 =] I3 o ot [0} o 3} = 9 x} 3 e o} 2
: > O 1] 1S B en 4] 9] e - L K Q o] n iy Y o KH 9]
; 3] ord £ H L) - 12 o 4] o] ] 0] 4+ - e A ~i 40 ¥
= £ d [o] 34 4] »l ~ 191 V] = (@] = —~ £ 1) U4
2 = H (o] o) 1) o] ~ 9] K&l 1 r r Q ord 0 ol R
[0} — o 9} @ %} o) o v} = 4 [0) 3 19} 5 IN) 1% o] = 3 o
1] [e] o, =4 £ - Q8 o] (43} [} J EN] L] o U [ 4 [
[P > - o o 43 [0 w3 o ] ) 4 sl [ 2] — = Ko [0} P
3 [o} [} 1+ R io) ty 14 1 [ 3 J o 5} (v} < 43 = 9] [
[#) 5] < L §5] - [ o o w o4 0 0, 9] ord [ >
w ot [J} ) Y cn 3 wd ~ “ [0 Kol [a R i) 3 “ 9] 1) i +
2] W 3 3 o o) 2] n [J] = 5] o U 3 o] o} [§] ]
~ 9} 4 o] [o] ot 0 Q O (9} o 2] ~ 3 1) [ 2, 3 R 3 jo] 8]
o o) o] Y4 8] o [ e [J] Q4 [N [0} et 1} Uy L2
~ [ u4 Kel 9] 3 et Q {1 S] 0 8] %} % [ ] ) = £+
~ [} 3 9} H Q o 4 3 [} « 2] e le} o of e
9] L8] H 3 0} 9] « 1) [} (3] Rt g 2
[aN — o) [0 . 0 . o ol [o] ord o 3J . [J]
[J] o} %) o o 9] 2] 4 4 o) 18] 0 0 tn go] R
9} a £ %] > 3] % o o o 3 £ 3 £ ) jab] ) 9]
N ~ ot V] [J] — o (oW 43 o L chH U4 Q ol [e]
o} £ o H L 1< Q Q @) 15 [a) b rd o b o] & e yg
- + 8] [oN 13 > 1 [at AL < 5] o - i Uy 9] 1 Ksl o]




N

TaRAgi

i
Tratitd €300 = ‘ FOUL 0T Py

DOETBYEDT 1O

o

rrouuwnet sTUL ut wd Qo A
s

an gqer wo pauzogaod ogsn sau

BAS

4

561

\Z
ey

i

WLt o

)

rnp axassoad oy

2099

«
334
£

T MOTHENIUT aortad amzsoxd usoy

29 !

ausmtasdxo esTd Ly,

T HIdv




W [V]
Io L2 [5]
w &n [e] 8]
£ 0] 1 1 ko) 1
] £ 1 e 1 o X ] ]
B 13 %] [9] @ o] [} 9]
w . ) ) ISEE | H H S S B )
o] —i e = £ +3 [al} ] 2] ] + ]
N 1 © [« VRS o « uy o3
wl_ > 19 0] [ o~ [ 9]
— [} o 183 4} [2] I o] [} L8] gt
oy — &0 19} I ) = o) ¥ 3} 13
o Pl [a ¥ o} K& - o] %] V]
[o] (o o D 3] e o] 13 J 8] 3 ]
ot 4 3] 3 o 3] 1) — =
13 3 3 @ ord o3 V) 4] 6] e}
N bS] 5] b (9] st . 4] 1) K ol > L1
Q 1] + £ 33 V] [ et 13 0 12}
] o, Ps) -~ ] o] 5] [t} ]
3 (e} ~ 0] 13 3 44 ()] k2 ] -1
S 1 2, — 5] o} (o] Q : 5]
& jaX < : Ee] @ [A S J 0 o}
] a e Py 3] Q >~ 1J 4} 18] [ 4
E 9] ()] ot had o] o] ¢} o] 0] ol
o = & [0} © $4 (0] ¢ s H o
4 B o 9} [« PR > ¥ 9 [a T 1
Kol Q Q [ [ H o] 8]
i Q 5] L3 (5] %] 5] o) - &1 iy [J]
m o X + o 3 2l ot 0 13 »
2 el EN J V) A3 2 & N a ~~
5 e} oed A (8} e > 1) 3]
~ 1] [of Fa] ~ Ne) - n N
V] [5] o o -~ J [o] 9] !
[V] = e I3 Ep] Q 18] >~ 5] ) o
[ o] o 5] [¢] 9] 4 3 s} o}
= — ™ 9] J ) o Kal o] 3} i
3 12 I8} 9] 3 8} o 1) 3} 49
ja N [0] 9} 43 el [3} =1 34 W (D) 13 (6]
ol e ] o) el 3] (5] od 5] -3
o [ 9] [sh} Ko 3 [J] [o] [%)] o
o] 8] sl [&] 3 * (a7} [} (0] ") [J]
o o] ial J 4 O 12 o2
9] . go] Kol — 9] ~ 13 9]
o] ~ ol [} 2 [} V) [5) 4 ]
U4 o3 L A4 1 B [0} 9} 5] U4 O
=} 0 o] 3 3 9 ] ) 1N o H
sl [} H [o] 13 0 1 3 ) 4
o a3 & 3] i 9] 3 {3 K] (o] [}
[J] 8] (@] O 4 — o a3 ord [aN o
£ @ ] 3 =] e i) )
) 0 8] Gy ~ (5] i) [J) 9] o e
41 thg [] wd < Kal (9} 9] 15} k)
e [5} J o o] + > 0,
[o] 9] — 9] 2] 13 (o] R [J} o]
Kei v’ S 4 BRI} U4 -1 <3 i
>~ 2 V] 121 9] o] [o A [o] 3 1)
49 Ko o] KO ] o 1) )]
ol Nl [5] [3] + ot [J] 2] EN) [o] = 3]
(9} L . 9] 2] ®] 43 o]
o] 1 £ 2] 4 [J] [V] ord [v] - 18 @)
— = O [e} it e 43 [%] U4 32
(U] st 0] 4. 1) Q (o] [J] o
> 9] Uq —~ [&] W] Kol e 3]
o 0] [} B io] oy g & @
13 X o > 5] o] 0] o (o] 12 [+
o £ 9} 19} I o 5} o
4} 4] —~ Q) g v Re) — ot
1J (3] &4 3 L2 H ~ o] o] n
%] — [o] [J] 8] 4 v} 8] o (3] 3
o &n 9] ¥ > — £ 5 — Uy
o] o o] 3 0 e} o]} V] o1] 5} [*]
J (5] ~ 0 e H 43 9] [a¥ 3] d

-

showad a very
1y poor at
oo races

CLoN

o

-

fus

pived

a

g

o S
il e e

S
o

Peens

-

1 was relative

o e b

-

~

ity ©

vV
SCOS

s

Fd

curves
g%

flow
Zusion
=~ the v

pressure

ctual
sary for the in

s

A
&




178.

| ',i
§

13

—_— i

I on ot P L N v /\!4'.._..7’\\-&' \__)_' Pt o Ca g

L nd e e ! ;

1 secon

e oo - e e ?
FIGURE 32: Blood pressure response in rats 1o

square wave infusions at high flow rates ;

j

P_= pressurec monitored from right carotid artery ?

ct
pe
[a¥
[\
51
ct
(]
]
~

P_= pressure monitored from left caro




) S
~ 9] 11 I3 R >~ ord )
> 0 - “ n 13 4t v} = 0 L
i o o3 ) ~~ —l v} o | Q Ka} 42
—t [ Q [p] K= (V] 12 (9] %] V] 3 e af [0
. o > o} . A3 [ 1 O o & o] t 2] uy st 0] &0
O~ o o] 9] (%} o ¥} Q = o] ] (5] RS 84
o~ + 2 9} L v} = oot el 0 V] o J} = o
— sl M o} K] ’ i o4 © 9} 9] (9} K 9 Kot 0
=} o] 13} 1) v} {i 3 o] % I I3} [a 1) 1) o 8]
L] H o} £ 49 & U4 o} Q 3 B . -
[0 L 0] o] 8] i o« 4] J a) V] {3 9] ~
o] 3 ol 5] 0 9] Q [ el (%] e} L 0 o] ) 43
18] . [+ 0 H 3 i o)) 3 9] ] 8] ) 1 6] 0}
53} & 0 5} (8 16 &1 O ¥ 4 (33} o Ko U4 %)}
o = 9] 9 Q 0 —d K [} s} IS 3] ) Q o)
. O i [ L kel 9] t i8] 1] 44 0 18} 9] : o3 -
oL [a 9 L ) 9] 1 ige’ — Ks] U4 o o (a5
43 o] [ ] - [oN 9] ol il [0} a (o] 3 rJ
H 2 3 83 8} n A3 @) o] (o} 0] o} o) H ! 0}
(o] H K=} 43 £ 13 0 £ a 4 [0} = 13 19 "J o &
Q o] 33 o 1} o 1) [ BN m 0 9] o £ Q =
el o + o ~ [\ o M n « ] 43 o3 14
o [} % [ [J) 2] 19} o (9] © - o} oed o 13
—i 3 (9] U [J) fia} jon} (U] . = of (9] e o et
gy - N £ e [o] " S| =y 14 9] ] Ne!
m 0 [} o] 9] 43 Q 43 9] ord (S| %] V] Lol [¢] ~ i
3 3 S 9} (&) = ] s} 4 o o £ 0
e} o o I3} 53 = ~F o o} o Iu] £ 3 +) [l e el 4
« o o 13 14 5] (@] R Y 54 0] [o] [o] o]
o fod [0} [d} Ko Q ot 13 3} v} [ 4] e S 1) &)
o ot e 0 49 12 [=H et [J} 9] 4 [} 21 K
[J] e} Q 8} [0} o ) i) + [¢] ~ red J
o] & 3] ~—t i (@} 11 9} RS o =N [oh} o] 9] o}
= (5] 43 ~ [ as (@] ] §3 I8} ] 13 0 2] B 0
IS > = £ oy 191 ed ~ [o] 0] o] L1 el = 1)
[o)] ] [J] 4 1= N o 3 H 11 o] &) ty < £
Eal b A2 o~ (o] o 1) +J =] 0] ] 2] (o] v d R J ¥ i
[o] 4 3 1) [ 0] 18] 3] 3 Q 5] — 18] ood [o] ]
9] 5] ) = 2] H o m jv] o] ~
[l 2] [0] ord 9y o [J] 1 1) -1 0] v d J
[¢] > < (6N @ vt L0 1) . 9] Kol of 1 )] £ . 3
] ~— o4 o . &0 [ VRN =] [5] =) 0 4 . 49 (9] {3 0
] 0 > £ 3] ¥ 5] o] 1) A Q =S 3 Y- U]
=} o] o) 9] o3 H [ oo © 12 £ " [=f Q 49 Lo
L e 3] o 14 — [J] 3 19 V] 0] Q wA ) n 3]
= 9} o2 o =] o 0 U 3 o [} ¥ Eu] 4 1 o 2]
ot o £ o] ] 0o o 3] en I+ o Y o o fi ) 3
Py P o 19 < D o o 1 12 o3 —4 [ u4
[O] 0 =] wny 0] (9] o3 3 L1 3 '} (0] [#]
> o] = @ ot 5} 4] 1 0 9} (e} [<5)] 4 o 9] 0 ot
[ o] Hal > o] [ - 43 [J] [ i8] o [ = el >N o]
= [8] Dal ) [o] = —~i > 3 ] ot [ Kot — IN] 0]
I & Ko Kot 4 > 94 J Ko 8] 13 [V] 1 0
9] « ot + [3} 1 oS o ol ~ 5} 9] 9} ] =)
St ] 9] 9} 3 ¢} 0] e K¢ 4 [ LR o [e}
o 7 o N [=} [o} 4 43 Q 9] g [$) + I Q 5 & > Y]
=} o] 2 ot ] 8] [ ¥ Rs ord o) 0 o ot ~
¢ 3 o K] o » — 43 o © = w o} b 3 0
(4] (5] — 1) > —~ > a3 8] [¥] [o] I8} 3 [e) (o] 9] [¢]
0 o s} o 9 5] Uy 18] 4 g U4 ] e N =
-~ ord = o} = [ IS} 0 o) o} 3} 4y @ =4 9 o v}
el el [§] 0 e} 0 o] el — e o} ) 3 gel
~ = @ ol 0 I8} o8 e} 18 e+ 9] ao) 13 . <1 (o]
= o Q) ] e W 9] 3 Q o] 9] o) I8 0] o)
ot [o] H 8] 4 ] U 4+ 1S o N b [=] S e~
43 oA [ ] o] + 9] =] 9] o] 13 4 Q. Q) 9] Q0
9] 8] ol ot 2] ol 2] 13 o] ot
Kol =] 9} [0} 0 o o3 ol & £ @ o] o) [}
Q 4y [ 7] 4 Ko 4 3 (=} [= o] Q 44 0] 8] st
3 [~ Q o] o [} Q [J] (e} Q & - [&] 12} o 43
£ A ) 3 “ “ Y4 % o] IS Y 1%} o &n o e

i

Vs
[298

-~

-~

- AT
o he e
e

1o .

[
T
RS
P
A

PRI SRS

.
NG

)
L=

by

AT
SLLd

g

(o)

-

Cosso

lex

RS comp

the @




of) ford o o
[o31} W Mo M o1 (1)) o el (o] [ ud
[#] o] 1 5] o} )] Nal el e &
o 1 [O] 1 3 0 [0] Q) L1 5] v 44 {4 o)
[§) 9] m “ [0} I3} [3) D2 | @ 0 s = ] i 3 3] ® £
af - 1 L of 1] [o] 4 L4 — o o [aR 31
M o} [v] e EB) Y] 9] o] o (o] [} A 4+ oo . Q v .

B 44 0 i ¥ H i 3 E] 4 4] 13 15 L o3 9] 13
(@] =3 5] ~ [6)] 0] 4 3 0 Kol %] « e ] 3] 51
) [a 9 Ke) ] 5} &) ) ~ [0} L o 9} « 9] [ Q 90 L] o [J]
~—~ Q 19 L 9] w3 > 4 ¥ b (o] o ) ! U4 ) le] oA 4

12l LS ] 9} o [0} a3 o] [ [aN L1 n ~no 0 o ~ "3 X & [N
o - — 9} s S 3 1) 9] 0 e 3 « n K o}
Q o] n &% 9] 9] 2] 1 o] ] 9] +) . o o Q Q
. e [0} vl > L Q = o 3 " 6] [+ (%] @] « o) o o) 9]
() + s 4 L3 ] 4 ] jabl o] Nal 4 o 0] o] 3] k8] 31
~ [0} [ 13 o) o] 3 V] 3] O ] o £ 2 @) !
13} kel o} 3} 4y %) £ Q L3 Q) n o] §e fi T Y

. [O] ] [0] a) £ [ 0] +J 4 4 1] b V] [9] M N
(32 3] le] Y] 0, WA. @ » e ] = o [= ~ [ 1 > 5] O 3
(4] o] 4 X 0] 4 [} 3 £ o KAl [J} M (& N [$} 2] £ 3}

T [oN Q o] 0 o] (o} (V] w0 ot 9] S Al 0 (9]

» 0 o] [ Y U4 o Ko 0 ] (e} 9} y &) 44 13 «$ o3 ty
(s} =} [9} “ +H (5] 43 1} 3 4+ ad 3 o IS ol oy > g8 o)
Nz o & 4] V] w 3 L3 o - wm (o) & 3 ) &2
fry 18] ] 0] c) Ko (o] U 2] Q 0] [0 —i e 9] ) 0t

ER) )] el p) 8] [ o] 0] =t O] (o] ¢ 9 i3
) @ ] u —4 ool > Al 0 5] -~ [ 0] <3 <
i = 0 i c) 1) [0 kS o] [ o o} o] —i [ 1] 9]
ES) Q) L} « U4 Q = o 9] fas] 0 ' o]
] ord o « 13 K &0 9] [J] 9] H 9] 3 £ (] 8] V]
= Q & 1 9] 9] 1) i Yy J ko [o] o] [7;] - d &) 9] £
o Ps) QJ 13 DY 2) Gy 9 [¢] [ > o O] [ e bl A3 0] 1)
e -4 1 i8] " £2 V] 1) 1y = o] Ty « o o] 13 el
9] 9] oS3 o] |9 J i o @] V] ord 9] L it s e v &0
> (s} = 41 [} le} 13 5} © 13 Q0 9] L Uy [} U4 [0} [
7] el 19 o] Uy 3} [ 4 3 ] o} 3 #} 4 Q o + el
i wu R E] o ) o [} 03 o 44 [5)) [e) T tq Q e 3]
] 3 13 o )] ] 3 s W [o] 9] [§] (o1 o o 3 o3
9} Q - ¥ <3 8} [0} 8] J 2 el 0 [ s S ed 3] U
12} o ) V] 13 9] 3 ] ] V] ()] C £ ) >

4 o fa)] |91 3 H &) U4 i8] (V) [0] 3 ot A - ) ) 5] o] o1
o 4 o 2} P v o o o} o0 o Q o e 4 .3 —~ M [¥]
2y il ] 3] Baj 5] ved vl ] > 3 V] 0] 5] e ) ] 3 a9 >
0 o} 4 £ [ 4 [#] e el 9 o, 13 4 o) € A
o] L2 ™ [l 4 $1 0] 03 0] 3 4 9] “ 9] ) o 8] o ™ &)
H I 12} o V] & Nel Ko 1 o ) ] o)) il (&N . 1 1

] Ko 0, 8] o] 3 2 0] 0 iS} (%] o1 [9)}

e & J] . Kol 13 1) 4 = 8] 0 o 1) 90 o] o

(o] [e} L5 [ Q [o] —l 4] ] [} od [ [d EN) = Ko 3] : b =
(9] 1= 12 o] 4] [S] 9} ) 1) Q = el %] [ 13 p . Q

el 4 o 13 o ot e} [9] 0] ) 3 ¢ 2 H o £ =}

[l U 9] Q [¢] Kl [oF (9] [o] [E] ho] ~ 0] v} o [} [J] ]

~ 1 ] 3 o J 9] O] 0] J (o] 8] K& [ 0] ol tH ol

8] [ U4 [9] Q 191 V] @ n (o} ord (] H 5] 9] 4 (4]

o o] o A £ - o) 0 0 “ > o} ’ ¢ D] 3 (3} [0} o]

<% &0 O *rd 1 k< Ks) o) [ o 3 ) 4] 1] T = 3 i 1) o Y

En ol ., 5] 1] + Q = o [a¥ e 9] o Cy H < 0 e ]

0 1) [ 4] I [0} 43 @ &) O 2 e R~ N o] ot

. Q > o Uy R o 1o} 0 & [} =] o 13 8] @ %} - 3}

o [} |1 < 123 ] 13 4 [J} O o [} Q ~ o Q w3 [J} 19}
43 K] e U4 o) %] QO ~ ~1 ot Q =] [¢) Ko Q o >
o +) V] U] ! et th A2 0 5] . ~/ [ e K 9]
v} st Q (5] £ . > (%] =] [o] [0} =] e~ —t =} f8] Q =
Kol [0} 4 H &0 0 ~ o] [} s 15 o Uy ~F [ 3 < 0] @)

o] [0 e oA H o3 Q ) [o R Q o1 ™ W U4 s} = H )
1) 8] 0 3 ord o} U] [J] o, - o o 0] 5] - £ 4
5] Q J o ge) £ kS ] 13 [o] %] [ . V] 0] [ (S} [
o] 9] “ [0} S [} 14 9] k3] ] ord al 0] th [N] 3 o] o] oo
o] [U] (o] [o] i (v 9] 9] el 0 : il [ h¥] L3 ey (Ve
Lo 18} 9] 5] Q 43 — [§] = 11 5 o 12 % Bl 4} ) 1 [o} 0

mencs,

Xperl

&

resnponse.

carly e

pressure




—t

[§

T 33
o

|

(




Mu//u~ -
[9]
. b ' >
b ]
Nm =
: 3
. RS @]
! i ' .
; S 1 oW
: AF ' S
; b [
H pes L2 <)
H bl i Kol
: s N o
F : 1)
I : €3 P
33 I .
4 o0
I L
: .F ’
: - : ch ey
i w ; [ 8]
H . : o a
! - ; 0o
: it =3
| & BT
H 3] 12 -
: (9]
i [T
o)
N =
i |5 IS
B
[
i 0, 0
0w =
" ' £y ed
£ ! U €
Q i
) ! o
5] O
7] o
H %]
: -t 3
4
i .
; o
: wd
B : LK}
i <
: - : 1
. : 48]
: SO a4
o
4 1 [
: ! [
: H 1,
- O :
i .



Y

S G A0 IMEUAAAA Ly SMNOsSNANL HO

SAUAS VOl HSHOMSIY UNSSAMd FUVLS AGYILS =

ﬂo
/A//////IlliL/%/7A, 7/1ﬁ///21111/;/7L/ ,J<ﬁ//lll;l///s/7a/ R

\ , | | | "

Pa

.

puooss |

—

ooce
- Uiy

; —— A0
— ! l ofs ) 0

Sy HuNOL




"

18L.

the simple, linear steady-state expression of the equation (2) could
be assessed over any range of pressure and flows,

A typical experiment is shown in Fig. 35. The top tracing

represents a series of square wave infusions at increasingly greater
flow rates. The bottom tracing represents the pressure response mea-
sured from the ?ight femoral artery. The steady-state pressure res-
ponse during the time of each infusion is represented by the constant
pressure level obtained. In three animals, this pressure was also j
simultaneously measured from the brachial artery bu# there was no
significant difference in the nature of the response. There were
several occasions in which the pressure remained at a steady-state
value for a relatively long period (2 to 3 seconds), until the square
wave infusion was discontinued. This suggested that the circulation
was in a steady-state during this time period and that stimulation of ;

the peripheral end of the vagus nerve was having no effect on the cir-

culation, at least for the initial period (see later). :
Fig. 26 gives an example of a plot of flow against steady-state
pressure across the whole systemic arterial circulation under these cir-

cumstances. Each point represents the steady-state response to a

single square wave infusion. The example shown has a positive linear ;
correlation coefficient of r = 0.85. Furthermore, if this line is

extrapulated to the ordinate at the point wﬁere flow through the system
is 0 ml p. min., there is found to be a positive pressure axis inter-~ ;

cept of 15 mm Hg. Table II shows the various values obtained in a
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FIGURE 36: Pressure-flow plot determined from the steady-state responses to
a series of square wave infusions
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typical experiment on a four pound rabbit.

Table III shows the values obtained in a'group of seven
rabbits fox 'total peripheral resistance! (choxd resistance) measured
by this direct method. Plots of flow agéinst steady~state pressure
across tﬁe whole systemic arterial circulation had roughly linear cor-
relations . « In each case, at zero flow, there was a posi-
tive pressure axis intercept with value varying between 15 to 50 mm Hg.,
with a mean value of 27 . These values were mostly obtained by extra-
polation from higher flow rate recordings, but on oné occasion it was
possible to give a flow rate of 40 ml p. min. {instead of the normal
200 ml p. min.) and so give experimental justification for the validity
of these extrapolations.

All total peripheral resistance values calculated were chord
resistances, which ignore the effect of the positive pressure axig
intercept. Bearing this in mind, a sudden haemorrhage of 15 mi (in
addition to the 5 to 10 ml withdrawn to prime the infusion apparatus)
caused an increase in resistance from .39 to .51 P.R.U. within a period
of two minutes in a 2 Kgm rabbit. The mean blood pressure fell from

70 to 40 mm Hg. as a result of the rapid blood loss.

4]

A ractical point concerning the accuisition of this data fo
: 3 q

v

H

the pressure flow plots is that the controlled system must Dde in a con
stant state during this time. The average time taken to obtain 6 points
on the plot would be about 15 - 20 minutes. Not every square wave in-

fusion given was satisfactory because it was difficult to judge the
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precise infusion rate required to rapidly reach a steajy-state pres-
sure level. TFurthermore, it was noted during the course of the experi-
ments, that respiratory activity had a definite effect on the arterial

pressure response, during the periods of cardiac arrest. Central

venous pressure showed a similar and practically coincident change to

that found in the arteries. This effect was more fully investigated

later, but it became apparent from these experiments that the square
wave infusion had to be given in a particular phase of the respiratory
cycle, as well as in the cardiac cycle. Modifications were then made
to the circuit controlling the timing of the square wave infusion to

account for this factor, as previously discussed under 'Methods!.

These studies on the steady-state pressure response of the
whole systemic arterial circulation to 2 number of square wave infusions

at varying rates, thus demonstrated the following points: ]

(1) high infusion rates can be made to cause isovolumic con-

traction of the heart.

i
i
£

N
o

) direct pressure flow studies across the whole systemic

arterial circulation show a significant positive pressure

intercept of 15 .- 50 mm Hg. at zero flow rate. This throws i
the whole question of measurement of 'total peripheral resis-

tance', which is a chord resistance, into doubt.

(3)In so far as these studies are unavoidably time dependent,

direct pressure flow relations a2cross the wooie systemic
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arterial circulation are roughly linear (see Fig. 36 ).
(4) Respiratory activity had a definite effect on the
arterial blood pressure. During inspiration, there was

j a decrease in arterial blood pressure, and during expira-

tion there was an increase.

i
)
i
¢

As a result of these steady-state studies, further refine-

]

ments were made in the technigque. The investigation then turned to
a study of the combined transieant and steady-state response of the

vascular bed.

;
i
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2. TRANSIENT RESPONSE OF THE SYSTEMIC CIRCULATION TO A SQUARE

WAVE INFUSION:

Study of the transient response of é system is usually, by
implication, a combined study of the transient and steady-state res-
ponse of the system. In terms of the working hypothesis that the
systemic arterial circulation bechaves as a simple linear first order
system (as first proposed by Frank in 1899), it is a study of that

vascular bed in terms of the following equation:
) T €D

The transient pressure response, which precedes establishment
of the new steady-state response, is thus a2 function of both resis-
tance and compliance.

In the first group of experiments performed to analyse the
transient pressure response to a square wave infusion, the resistance
of the whole systemic arterial circulation remained the primary object

of interest.

(1) Trensient pressure flow relations across the whole systemic

arteriel circulation.

Consider the elctrical anzlogue of Franks Windiessel model of

the systemic arterizl circulation (see Fig. 7 ). Thus:

* modified to account for critical closing pressure
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Thus F = fp + £, c.ovevvvininnnnnenn. (D)
Then fg= " L1 (P-PT}eeeviiiioaiiii.. (20)
R

D

CC‘/dt feeeecaccreeenanaeaa. (21)

Hy
]

3

sient

[0

Thus equation (7) is an alternate way of considering the tr

I

jat

response of the system to that shown in equation (8).
The resistance of the system, by manipulation of eguation (20

becomes:

e ceeeeee... (20)

When the steady-state pressure response is reached, £, = 0, and equa~
tion (20) becomes:

R = (E-P‘)
Fy

tif

Now ¥, the total flow rate into-the system is measurable, but

fg is not. Eg. (10 only applies when the pressure response has reache

)5

PR
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a steady-state level. During the preceding transient state, eq. (20)
applies and the value of the unknown fr changes every moment, as the
pressure gradient across the system varies exponentially. It is pos-
sible to test the linearity of pressure flow relations across the 5ys=-
tem as stated in eq. (20) without actualy knowing the values of fR or
R, by the following method.

Consider, as in the plot shown in Fig. 38 | 2 square wave
infusions given at rates of F; (for example 160 ml/min) and Fy (for
example 220 ml/min) such that:

Fl = le + £

F2 = fRZ -+ fcz

At any time 't' (for example 160 msecs) after the beginning of each
infusion, the total pressure across the system will have

risen to values of Py and Py, respectively.

Furthermore:
le fRZ ) )
_ = Let this ratio be 'a!
Fl Fy

Now, if the resistance across the system is linear:

(P1-F) _ (2y - 2

—= R ¢33
fry fry
But £y, and fR2 are ummeasurable. However, it has been seen

*1j
N
I3
Py
i

that F; is related to fr; by a factor of

[3)
14
.
tef
N
ct
[o}
Fh
5]
o
o
<

r
)
N
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a factor of T1 ] fry
£
Ry

Therefore, eq. (22) can be stated:
ole

(P1-P7)  _ (Py - P e
aFl an

Thus a plot of Py and Py against Fy; and Fy at any constant
time after the beginning of the square wave infusion (e.g.: 160 msecs,
or 300 msecs, etc. ... as shown in Fig. 38 ) should give a straight
line relationship if the resistance (and compliancei across the system

o™ -
2

is linear. The ratio of Py¥*to Fy, or Py*to o must be modified by the
unknown constant fa' to give the proper value for resistance. The
value of 'a' continuously increases from !'0! to 'l' from the time of
the beginning of the square wave infusion intil the steady-state res-~
ponse is established. This method requires that all square wave in-
fusions begin from the same pressure level.

Application of this theory was made to study further the
linearity of direct pressure-flow relationships across the whole sys-
temic arterial circulation. The same broad technigue as used in pre-

q

vious sections was used, in that the square wave infusions were given

during a period of transient cardiac arrest. The further refinement

was made that the infusions were given at a constant phase of the res-
o s

piratory cycle (as can be seen from Fig, 37). The top tracing ia Fig.
37 shows that a series of sguare wave infusions of increasing flow

rates were given to the rabbit . The bottom tracing, which records

W -

erratum: 2ll cymbdo

sty

ol g P N |
s designated

of P* eg: chould not read P?_,but P;-P
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Solving for P g:

P Py - P

. 137 "2

SS = eecescsses e rerssnsen (2[0’
P4+ Pp - 2P,

Thus the steady-state pressure response of the system to
an infusion at 220 ml/min. can be calculated. In a similar fashion,

the steady-state pressure responses at other infusion rates can be

calculated, and a predicted steady-state response of the system {as
shown by the dotted line in Fig.38 ) drawn. Thus analysis of the
transient response of a system can give information.about the steady-
state response also. 1In practice, this method is semsitive to the
slightest inaccuracy of measurement, particularly of P. However,
such calculations allow a reasonable projection of the steady-state
response of the system

The transient state plots gave an indication of the limnearity
of the system, according to eq. (22). The projected steady-state
plots allowed the positive pressure axis intercept ('critical closing
pressure') across the whole systemic arterial circulation to be deter-
mined. This allowed a comparison of chord and slope resistance, as
shown in Table 4 . All chord resistances were determined at a parti-
cular flow rate (200 ml. p. min.) which presents this me&hod of cal-
culation in its best possible light. It can be seen that ghe chord

resistance was approximately twice the magnitude of the true slope

resistance. It can also be seen that the chord resistance can vary

in the opposite direction to the slope resistance. Greater discrepancies

e
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would be shown between the chord and true slope resistance, if the
chord resistances were measured at a variety of flow rates, as is

commonly done in calculation of 'total peripheral resistance!.

2. Calculation of compliance values from the transient pressure

response data.

Reference to equation(IS) shows that the transient pressure
response to a square wave infusion is a function of compliance as well
as resistance.

F Pl o+ oc. 9y . (18)
R

Two different approaches can be made to calculation of compliance

values from the transient pressure response data.

1.
Consider again the electrical analogue of Franks Windkessel

model as shown on page and the basic equation where,

Hh

F = "R s c L A A O R (7)

Now, at t= 0

2
P= 0 therefore fR = 0
therefore 7 =~ £
c
Compliance (C) is defined as:
c - AQ Where 4Q = change in volume
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pressure at that time can be determined. A typical plot is shown in
Fig. 39 .

The rate of change of pressure was directly determined from
the transient pressure response recording at 100 or 200 msecs. inter-
vals. It was then plotted on semi-log. paper as shown, and the best
fitting line extrapolated to t = 0 msecs. The projected rate of change
of pressure at t = 0 was then divided into the infusion rate to give
a value for the compliance of the system, as shown in eq. (25).

It was difficult to get good accuracy afte? the first few points,
because the rate of change became so small. A passive differentiating
circuit was built in an attempt to overcome this but the technique (see

Method) was not yet sufficiently developed for it to be of any prac-

tical advantage.

2.

The second approach to calculation of compliance values from
the transient pressure response involves the same analogue. It uses
data from the estimated steady-state pressure-flow plot,

Consider the transient pressure response to a square wave in-

fusion of rate F ml/min., as shown below:
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FIGURE 39: Semi-logarithmic plot of rate of change of
pressure vs. time
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This time constant / can thus be read directly from the type of plot
shown in Fig. 41 . It is the time taken for the pressure |Py - Pgg

to fall to 36.7% of its initizl value. Table & shows the time con-
stants of 32 curves from & animals determined in this manner. It will
be noted that the. time constants for the curves where pressure is
increasing (i.e.: the vessel is being inflated) are significantly

shorter than for curves where the pressure is decreasing, (i.e.: where
the vessel is being deflated).

RIGGS (1963) has pointed out, that in fitting data to expo-
nential functions where neither the time constant or asymptote are
reasonably good fits can be obtained with a number of combi-

nations of time constant and asymptote. In analysis of these curves,

a good fit within the mensuraticn error, could be cbtained for

asymptotes 3 - 4 mm Hg. different in value.

The second approach to analysis of these curves, was by a phase
plane plot, as already discussed in the introduction (see Fig. 8 and 9 ).

The general equation of a lincar first order system is again stated be-

low. Thus:
F - P¥1 4+ ¢.dP/at R 1D
R

mdm e Tt

.. - - 3 o oy - - - - .
On thz other hand, it requires accurate measurement o obicin rates of
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change of pressure.
Initially, the phase plane plots were measured by hand,
directly from the E. for M recording. In the calculation of P, the

pressure difference at 200 msec. intervals was generally used. This
was referred to the arithmetic mean pressure of the two points, but
the error ih nbf using the more correct geometric mean was negligible.
The type of manual phase plane plot produced is shown in Fig. 42 .
The deviation of the upper line (which corresponds .to an increasing
pressure curve, as the plot 'a'!' in Fig. 9 ) from Iineariﬁy in this
particular plot is deliberately shown in reference to another matter
later. Thirty-six curves were analysed in this hanner and results
were similar to those found in the first approach. Plots obtained
when the arterial pressure was increasing (as 'a' type curves, see
Fig.9 ) were all linear, (the plot in Fig.42  is excluded, because
the deviation was due to respiratory effect). Those obtained when the
curve was decreasing (as 'b' type curves, see Iig.9 ) were mostly
linear until a pressure of 40 to 60 mm Hg. was reached. Thereafter,
the linearity either continued, or was followed by a gentle curving
of the plot in such a direction as to increase the time constant. P‘}“able~
7 shows the time constants of these plots obtained from the ratio dP/qc,
It can be seen that the time constant of the upgoing pressure curve
(type 'a') had a mean value of 714 msecs and for the downgoing pressure
curve (type 'b’)'a mean value of 1014 msecs.

The measurement of the rate of change of pressure directly from

the pressure recording was a slow laborious process, requiring painstaking
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FIGURE 51: Pressure
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The general concl.:’an was reached ..t vagus nerve stimu-
lation, or any other of the factors previousiy mentioned, did not
have an immediate effoct on the systemic arterial circulation. It
may well be that these eficcts do occur, but they are not immediate,

so, that the response to a square wave infusion can be measured, in

this initial period, without their disturbing influence.

(vi) Linearity of the system:

Evidence for the linearity of pressure - fléw relations
across the systemic arterial circulation has already been considered
in reference to Fig.36 and 38 . Both the steady~state and transient
state studies suggest that over a physiological range, these pressure=
flow relations can reasonably be approximated by a linear function.

The treatment of the transient pressure response in Fig.38 ,
in reference to eq. (22) suggests. that pressure~volume relations in
the system, are also linear too, over the range tested. This is
supported by much of the work in the 1i£erature on excised vessels
(see, for example, Fig. 3 ).

Further evidence concerning the linear relations éf pressure,
flow and volume, in the system, over a limited range, is furnished by
the finding of an exponential pressure response to a step function.
The original derivation by Frank of this response (equations (1) to

(6)) was based on linear equations (equations (1) and (2)). There-

fore, if a single exponential pressure response is generated to a




22,

square wave infusion, it must mean that the system is behaving in
a linear fashion over that range. As the transformation of this
exponential pressure response yields a straight line on the phase
plane plot, the straightness of the latter becomes an index of the
linearity of the system. Any deviation from a straight line on the
phase plane plgt, does not necessarily mean that the system is non-
linear. However, if it can be proved that the system is in a steady~
state during the time of testing (for example, by superposition of
% .

2 successive negative phase plane plots), then it is strongly
suggestive tha; any non~linearity of the phase plane plot, is due
to a non-linearity in the system.

In practice, the phase plane plots were used as an index
that the two major conditions of (1) linearity, and (2) steady-state
of the system, were fulfilled during the time of each square wave
infusion. If a straight line was found on the phase plane plot, then
both conditions were considered to be satisfied. If 2 successive
negative phase plane plots could not be closely superimposed, then it
was assumed that the system was not in a steady-state during the time
of testing. If 2 such plots could be . superimposed, but the plots were
not linear (e.g.: in the cholesterol fed animals - see 1ater), then it

was assumed that there was a basic non-linearity in the system.

This section has considered some factors potentially capable

of modifying the system response to a square wave infusion. The effects

*
Positive phase plane plots refer to type 'a' curves : negative phase plane
plots refer to type 'b' curves (see Fig.9 ).




of pressure recording at various sites in the system, aortic valve
malfunction, turbulence, and possible artefacts, have all been con=-
sidered to be negligible or not present. The linearity of the phase
plane plots have been suggested to be a good index for fulfillment
of the two principal conditions of linearity and steady-state,
required before application of the theoretical analysis as already

discussed.

_L3.
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4. RESPONSE OF THE SYSTEMIC ARTERIAL CIRCULATION TO THE DEFINITIVE

SQUARE WAVE INFUSION TECHNIQUE

The technique finally developed for the square wave infusion
method was as follows. The infusion was givén to the animal through
the right carotid artery. The pressure response was measured from the
right femoral értery. During the time of the infusion, the heart was
arrested by vagus nerve stimulation, and the respiratory activity of
the animal was also arrested. Because sudden respiratory arrest was
sometimes followed by a brief period of blood pressure fluctuation
(see Fig.49 ), periodically throughout each experiment, a trial of
respiratory arrest alone was performed and the blood pressure response
monitored. If a period of fluctuation in the latter was noted, the
g8iving of the square wave infusion was delayed to beyond this unsteady
phase.

The pressure response of the systemic arterial circulation to
a square wave infusion under these controlled circumstances is shown
in Fig. 52 . There is a period of initial oscillation lasting approxi-
mately 100 msecs. which is probably associated with inertial effects
(see later). The transient pressure response then settles down into a
smooth exponential curve with a time constant that is normally in the
range of 500 msecs. If the square wave infusion is continued for a
sufficiently long time, then this exponential curve finally reaches

its asymptote, or steady-state pressure response. On terminating the
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square wave infusion, a similar, but inverted, sequence of events
takes place.

Analysis of such a pressure response on an oscilloscopé
phase plane plot is shown in Fig.44 . Familiarity with this trans~
formation is best gained by comsidering this figure in company with
those of Fig.8 ~ and ¢ . The flow rate of the infusion was ob-
tained from the primary recording (as in Fig.52 ) by
measurement of the deviation of the linear velocity transducer re=-
cording (top line) from the zero line. The time cénstant of the
system was mea$ured from the oscilloscope phasé plane plot by the
tangent of the acute angle which the plot makes with the ordinate
(i.e.: P/dP/dt ). The slope resistance of the system was cal~
culated as shown in Fig.44 , where A Pgg is the difference between
the ﬁwo steady-state pressures. In this instance, which is typical
of many, steady-state pressures were not quite reached, and extra-
polation of the linear plot to the abscissa where dP/dt = 0, was
required.

The angle which the straight line plot makes with the
ordinate is a function éf the time constant of the system. It can
be seen in Fig. 53 that the two plots are not parallel with each
other, meaning that the upgoing curve has a different (smaller) time
constant than the downgoing curve. As the time constant is the pro-
duct of the resistance and the compliance of the system, it could be

changed by alterations in either, or both, of these parameters.
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This is not a time dependent phenomenon, as the effect
occurs whichever upgoing or downgoing curve is monitored first, and
it also occurs when two infusions are given in rapid succession.
Fig.53 also demonstrates that the systemic circulation is in a
steady-state during this time, because careful examination of the
phase plane plot reveals that two downgoing curves are superimposed
on top of each other. When 2 successive downgoing pressure curves
are given, as in Fig.54 it can be seen that they have a very similar
slope. All this suggests that the system is undergoing a hysteresis
phenomenon. This idea is well supported by work in the literature
on excised vessels (see, for example, Fig.4 . BERGEL 1961,
REMINGTON, 1967). 1In these studies, as in Fig.4 , compliance
values are greater during deflation of the vessel than they are
during inflation. This is the most likely explanation of the greater
time constants obtained from the downgoing (deflationary) pressure
curves. A good example of this presumed hysteresis effecf is shown
in Fig. 55 . In calculation of the results, after taking proper
precautions that the system Was in a steady-state during the time of
testing, any difference in'the slopes of the positive and negative
phase plane plots was assumed to be due entirely to hysteresis in the
compliance element. This lead to the calculation of separate com-
pliance values for the upgoing (Cy) and doﬁhgoing (Cp) pressure

responses.
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SR T T A A

Sequence of values obtained from a single normal rabbit

B Y M B I A S G A S D A SR A B RS A S CHE M A e

4

R
iR

P l.Rate T “i .
We. mm Hg p.min. D u Rg P Cp Cy
7.8 1ps. | 105 280 1400 - - - - -
105 270 1320 - - - - -
102 270 1260 N - - -
o 83 | 280 812 384 .15 28 .09 .042
B 86 270 758 334 14 36 | .09 .040
80 270 633 452 14 35 | .075 .054
- 7 | 270 640 516 17 28 | .062 .050
70 270 | 640 576 17 | 28 .062 .050 i
27 270 - 314 .12 18 - .043 20 ml haemorrhage
70 | 255 614 - .14 31 .073 - 20 ml returned
63 270 727 478 .15 30 .058 .053
N 23 mwo .l!w0b 364 1t 18 .076 .055 20 ml haemorrhage
59 240 573 534 .15 29 | .057 .06 20 ml returned
P = mean arterial pressure. Other symbols as before.
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Calculation of mean parameter values from a series of normal animals

TABLE 10

w | T v . 2 5

1bs. msecs S.D. R S.D. mmn Hg | S.D. mmtg S.D. mmHg S.D.
7.71 614 +180 .15 +,01 23 +3 .058 +.00h .03k +,002
7.5 729 * .16 +,02 23 +7 .050 +,002 .037 +,006
1.7 802 +330 .1h £,02 27 5 .071 +,012 .0h5 +.006
.mmm 659 $116 .22 +,01 26 +3 .06 +.011 .027 M.oow.
Am.o‘ 61k +95 .29 +.06 19 +l .036 +.006
6.k 795 150 .22 £,01 15 £ .052 +.00h | .026

5.9 639 +148 AT +.01 27 12 .0k49 +,00h .037 +.003
6.7 q::. 93 .22 +,02 25 +3 .05k +.005 .026 +,001
‘q.m 780 £187 AT +,01 28 +6 .006 +.017 .048 +,01
1.5 890 *175 .21 +,035 | 18 +h .065 +.015 .0k

5.9 922 +106 .22 s.02h | 24 +6 .070 +,012 .0k3 +.007
m.m‘ 1010 272 .26 +.046 | 23 £} .053 +.006 .052 +,008
5.0 937 +88 Rk} +,0h 2k 5 .036 +,001 .022 +,001
6.2 453 3 17 +,02 19 +2 .02 +,00h .039 +,002
6.3 518 75 .16 +,02 19 £3 .053 +,004
6.8 T80 93 21 +.05 23 th .064 +,008
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Table 10 shows the mean values for a variety of parameters
obtained from 16 norﬁal animals. The mean value for the whole group
for slope resistance was 0.21 mm Hg/ml.p.min. The mean value for
the 'critical closing pressure' was 23 mm Hg. The mean value for the
time constant of a pressure curve during deflation (qu) was 743 msecs.
The mean value for compliance of the system measured during deflation
(Cp) was 0.054 ml/mm Hg. + .0028: when measured during inflation (Cy),
the mean value was 0.037 ml/mm Hg. *+ .0026. This was a significant
difference between Cp and C, (t = 4.5, for 27 deérees of freedom,

p < .001). | |

Table 9 show typical values obtained during a single experi-
ment.

It is difficult to assess definitively the accuracy of the
values obtained, because this depends largely on the accuracy of any
extrapolations made to the phase plane plot. In most cases, this was

not a problem and the values obtained for the time constant andlﬁ.Pss

were accurate to two significant figures. It follows as a consequence

o

3

%

g of this, that values for resistance, compliance, and 'critical closing

zx 4
i pressure' were also accurate to this level. In instances where the

? phase plane plots were curvilinear, as in the rabbits fed cholesterol,

accuracy was slightly less than this.

Fig.56 shows the results of a phase plane plot of the response

to a square wave infusion while the heart was still beating at a rate ;

of 180/min. (vagal stimulation caused brady cardia, rather than arrest,
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in this instance). No calculations were made from this plot, but it
is presented here to indicate the possibilities that may occur for
giving the square wave infusion to animals with much lower heart rates

than the rabbit (see 'Discussion!').

(a) Consideration of the inertial factor:

The experiments of PETERSONv(1952, 1954) showed that when a
square wave was imposed on the systemic arterial circulation, there
was an initial pfessure peak (see Fig.b ) which he called an
'acceleration transient'. The initial oscillation on the transient
pressure response to a square wave infusion in these experiments,
suggests that it is of the same nature.

The square wave infusion apparatus has a constant build-up
time of approximately 30 msecs. Therefore, with progressively in-
creasing flow rates, the blood in the systemic circulation is sub-
ject to progressively increasing accelerations. The top half of
Fig.57 shows the pressure response when the system is subject to
102ml/sec/sec. acceleration. The bottom half of the same figure shows
the response when it is subject to 139ml/séc/ sec. acceleration. It
can be seen that the height of the initial oscillation over the pre-
sumed backward extrapolation of the smooth curve that follows it, is
greater when the acceleration is greater. '%urthermore, the time taken
to reach the peak of the pressure oscillation is equal to the build-up

time of the square wave infusion i.e.: 'the period when acceleration is
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occurring. The time lag between the beginmning Qf the square wave
infusion and the beginning of the pressure résponse is due to the
transmission time of the pressure wave down to the right femoral
artery.

Fig.58. shows a plot of the‘height of the initial pressure
oscillation against infusion rate (which is a direct function of the
acceleration of the blood). The smooth exponential curve which
follows the initial oscillation is extrapolated backwards, and the
maximum height of the initial oscillation measured above this. It
can be see that the plot taken from a sequence of upgoing (infla-
tionary) pressure curves, and the plot of a sequence of downgoing
(deflationary) pressure curves, are approximately linear. All re-
cordings are taken from the same rabbit. The linear plots obtained
are highly suggestive that the initial oscillation is the result of
an inertial effect. The height of the oscillation on the deflationary
plot is less than that of the inflationary plot, and this may refiect
the hysteresis effect of the vessel wall (see discussion).

An approximate calculation of the magnitude of this inertial
component can be made in the following manner. Acceleration of the
blood is not constant dﬁring the 30 msec. build-up time. Therefore,
the pressure generated due to the inertial component is not constant
also. The total pressure developed during aﬁy build-up time (dt) is

v{;ﬁ‘Pdt, where /A P is the extra pressure developed due to the inertial

component at any moment. This value is given approximately by
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FIGURE 58: Plot of the height of the initial pressure oscillation against infusion rate,
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TABLE 11

Inertance Calculations

F
Wt. Pyax ml.p.min. L
1bs mm Hg. 30 msecs. gm.cm. ™4
6.2 1.3 62 25.3
4.0 97 - 49.8
5.3 161 39.8
8.0 224 43.2
11.9 320 45.0
6.1 1.6 82 23.6
2.9 159 22.0
4,0 218 22.2
4,0 317 15.3
6.7 4.0 153 31.6
5.3 218 29.4
8.0 326 29.7
5.1 3.6 195 22.3
4.8 278 20.9
3.6 213 20.4
5.8 6.9 280 29.8

Ppmax = maximum pressure increment of initial
oscillation over backward extrapolation
of expomential curve.

Mean value for L = 29.4 gm.cm.™%

Pyax x .5 x 1330 x 60 gm.cm.™%

L =
T 33
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multiplying half the maximum extra pressure developed (a Pyax X 1/9)
by dt. The average acceleration of the blood dﬁring a build-up time
of 30 msecs. (dF/thV) is calculated. The time that this is opera-
tive is also dt. Therefore, the inertance (L) of the systemic arterial
circulation then becomes:

aBax X 12

dF/ thV

Where Byay is expressed in mm Hg., and dF/dt in ml/min/sec,
the conversion factor to give a value for L in gm. cm.-% becomes
7.98 x 10%. A series of values calculated for L are shown in Table
11 . The mean value for the whole group was 29.4 gm. em.~%. In terms

of vessel dimensions, inertance is expressed in the following way

L = i‘zz P = density of blood (1,055)
r x = effective length of mass
accelerated

If the mass of blood to be accelerated is considered to be
that contained in the whole length of aorta (which is assessed as a
cylinder 23 cms. long with a radius of 0.2 cms.) then inertance, from
the above expression, is calculated to be 194 gm. cm.”%. Thus it can
be seen that the effective mass accelerated is considerably less than

this (i.e.: 29.4 to 194 gm. cm.~%4).

(b) Correlation with the Fick method for measuring cardiac

output.
From the phase plane plot of each square wave iInfusion, it

-

was possible to calculate the slope resistance (Rg) and the critical
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closing pressure (Pt), as previously discussed. 1If the mean arterial
blood pressure (which was taken as the diastoliﬁ pressure plus one
third of the pulse pressure) is also measured, immediately prioxr to
giving the square wave infusion, then the cardiac output (F) of the
animal at that time can be calculated according to the following
equation:

erial blood

> . pt - _ .
ﬁg__;;_l Where P = mean arc
Rg pressure.

o]

Cardiac outputs of the animals were also measured by the Fick
method, immediately before the relevant square wavebinfusion,'as dis=
cussed in the 'Methods!' section.

The :esults of plotting 21 determinations of cardiac output
in 15 different animals by both methods against each other, are shown
in Fig.59 . Calculation of the correlation coefficient between the
two yields a value of r = + 0.80, where N = 21, The standard error
of estimate of Y on X (Fick method) is 35.7. Changes in cardiac out-
put in any one animal showed good correspondence between the magnitude

of the changes as measured by either method.

(c) Correlation with compliance values measured by other

methods:
As described in the 'Methods' section, compliance values were
obtained on as long a length.as possible of the excised aorta, by
performing pressure-volume studies such as that showa in Fig.s0 .

The apparatus used is shown in Fig.29 . The average lengzth of the
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FIGURE 59: Plot of cardiac output measured by the Fick method, against that

calculated from the response to.a square wave infusion,
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Compliance values of the excised aorta

We. Length of aorta Cy

1bs tested ecm. ml/mm Hg. Range
6 19.0 .039 .035 - .043
5 19.0 .030 .025 - .038
6 19.0 .046 . .035 - .054
5 18.5 .045 -
6 19.5 044 034 - 052
5 19.0 .032 .030 - .035
5 20.0 .031 .029 - .034
5 18.5 .026 _
5 20.0 .028 -
5 19.0 .038 .037 - .040
5 13.0 .028 .024 - .030

(1) Mean compliance value of group

(2) Mean compliance, from Table 10

.035 + .0022

'in vivo!
= ,037 *+ .0026

Statistical inference between (1) and {2)

= 0.6 - 0.7 H,

t = 0.44

P
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aorta from the aortic Qalve to iliac bifurcation was 23 cms. Generxally
the excised specimens (held at their 'in situ! iength) were a little
shorter than this, as shown in Table 12 . It was not always entirely
possible to make leak-free specimens of this length, but it was
generally possible to obtain results such as that shown in Fig. 60 ,
vwhere breakdown occurred at a pressure of approximately 100 mm Hg.
Under these circumstances, it was only possible to’make an adequate
assessment of aortic compliance during inflation of the specimen.
Values obtained in 1l animals are shown in Table 12 -, The mean value
of the group was 0.035 ml/mm Hg. The mean compliance value during
inflation of the vessel found in 13 live normal rabbits by the square
wave infusion method was 0.037 ml/mm Hg. At 't! test performed on
these 2 groups, with 22 degrees of freedom?‘yielded a value t = 0.44,
which gives a statistical probability of 0.7 to 0.6 that the 2 groups
belong to the same population. Therefore, there is good correspondence
between compliance values obtained by the square wave infusion method
and those obtained by an alternate method.

The mean pulse wave velocity of normal animals was 5.3 metres/
second. Using the Bramwell-Hill formula, a value can be calculated for

Cinc in the following manner:

1
5.3 = 0.9 x 0.357/__L_} /2_
Cinc

Note: The formula is modified by the factor 0.9, which accounts for

the viscous effect (see 'Introduction' and BERGEIL 1961).

B e
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Soivring for Ci£c gives a value of 0.0037 ml/mm Hg/V, where
V equals the volume of the aorta at which the pulse wave velocity
was measured. This corresponded to a pressure of 80 mm Hg. Approxi-
mate aortic dimernsions at post-mortem are 23 cms. length and 0.2 cms.
radius. This gives a cylinder of equivalent volume of 2.89 ml. The
normal mean compliance value during inflation is 0.037 ml/mm Hg.

Therefore, the total volume of the corta wihen discenued To & pressure
of 80 mm Hg would be approximately 2.89 + 2.96 = 5.85 ml.
Now Cipe is related to compliance (C) in the following fashion:
C = Cipe xV

.0037 x 5.85

LI}

.022 ml/mm Hg.

L}

Thus compliance values calculated in this manner from pulse
wave velocity measurements are consicexrably smaller than those

measured by the square wave infusion mz2thed.

It is also possible to calculate = value for compliance of the
system from knowledge of the dimensions cf :he vessel, and its incre-

mental modulus (Einc).

Thus: d (2.x)
a _ E- - al{?.r) x 27r
. = inc a 2%dr
2 Tdr. -
2 7wr.
Wnere r = radius of vessel
a = wall thickness
P * transmural pressure

dr, dP, are small increments in r and P respectively.
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Solving for dP:

ap = (Eincd ). g4

2/
(ad P.dr is negligible against r. d?).
Now:
dv = 27mrl.dr

. . =} -
Hence compliance (¢V/dP) is:

av - 2m31
dp Ejpca

The incremental modulus of a length of thoracic aorta wall
was measured by holding the specimen at its 'in situ' length (usually
about 10 cms.). Longitudinal increments were caused by addition of
weights to a long lever which was attached to the other end to the
vessel. Typical values for Ejp. were 2.6dyneg/cm. x 10% and for
wall thickness 0.058 cms. (derived from the density of the specimen).
It has been seen previcusly that the volume of the aorta at 100 mm Hg
pressure is approximately 6 ml. Substitution of these values in the
above formula yields a value for C of 0.021 ml/mm Hg.

Again it can be seen that this value is much smaller than
those measured by the square wave infusion method. However, this
calculation and the one based on pulse wave velocity values before it,
can really only be expected to give an order of magnitude for the com-
pliance value. This is due to the difficulties in properly assessing
the initial volume, V, (which may be somewhat greater than that of

the aorta alone), and the incremental modulus.
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The qﬁestion of 2 hysteresis phenomenon occurring in the
vascular bed has already been discussed. It was found throughout
the investigation, that compliance values varied during the cause
of a single experiment. In some animals, the range of variation in
the values measured from the downgoing pressure curve was as high as
0.09 to 0.05 ml/mm Hg. This is a significant difference, outside the
limits of experimental error. It is suggestive that smooth muscle
contraction is having an influence on the elasticity of the vaécular
wall. A moderate inverse correlation of r = -~0.57 was found be-
tween the change in slope resistance and the change in compliance
value: ‘'t! value for this group was 3.44 which (gives-a value

- v atp < .01,

(d) Observations on the 'eritical closing pressure! of the

system:

All varieties of techniques used in this investigation have
shown that a 'critical closing pressure! exists across the systemic
arterial circulation. At zero flow rate, there is a mean positive
pressure axis intercept of 23 mm Hg + 3.7. The lowest and highest
values recorded in this -iavestigation were 9 and 52 mm Hg, respec~
tively. If the flow rate is kept at zero for more than 2 - 3 seconds,
the steady-state pressure ('eritical closing pressure') gradually
begins to fall, presumably from the effects of hypoxia, as can be

seen in Fig. 61 .
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TABLE 13

Correlations between Ry and 'critical closing pressure!

. N Rg Pt Range of P+ tr,! P (r,) g,
9 14 27 .28 -~ 18 +.63 >.05 +.75
7 .16 23 34 ~ 12 4,82 <.05 +.75
8 .14 16 24 - 9 +.86 <.05 +.85
5 .11 18 21 - 13 +.88 <.05 +.75
5 .21 18 22 < 14 +,84 >.05 -~.08
4 .22 26 30 - 21 -,08 >.05
4 .29 19 24 + 17 +.62 >.05
4 17 32 34 - 26 -.84 >.05

'ra' = correlation coefficient between Rg and P* o ywhich
'ry' = correlation coefficient between Rg and P

P = mean arterial pressure immediately prior to infusion
N = number of determinations
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The importance of this 'critical closing pressure! in the
determination of the true resistance of the system has already been
discussed in reference to 'chord! and 'slope! resistances and Fig.

2 . The chord resistance is approximately twice the magnitude of
the slope resistance and can give ambiguous information concerning

the state of the vascular bed. Table 13 shows a series of correlation
coefficients between the slope resistance of an animal zad its
'critical closing pressure'!. Further evidence that changes in
leritical closing pressure! of the animal are assnciated with changes
in its resistance are seen in reference to the phase plane plot of
Fig.62 . Here a change in chord resistance occurred during a square
wave infusion and was associated with a fall in 'eritical closing
pressure'. It is not possible to say whether there was a decrease

in slope resistance, at this time. Table 13 shows the correlation

coefficients of slope resistance, and mean arterial blood pressure,

immediately prior to giving each square wave infusion.

(e) Hydraulic, electrical, and mathematical models of the

systemic arterial circulation:

Foregoing sections have considered correlation of the various
property values (resistance and compliance) obtained by the square
wave infusion technique with those ob*ained-by standard methods.

This section will consider porrelation of the behaviour of the sys-

temic arterial circulation with various physical systems. In other
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words, simple models will be built to match the behaviour of the
systemic arterial circulation.

The original working hypothesis of this thesis was that the
systemic arterial circulation behaved primarily as a linear first
order system. This cannot be strictly true, because of the initial
oscillation which occurs in the response to a step function. This
suggests that the system is behaving as a higher oxrder system. In
order to clarify this point further, hydraulic and electrical models
were made of the system.

The hydraulic model used is best followed in reference to
Fig.29 . The peripheral resistance of the animal was represented
by a 2.5 cm. length of 22 G needle. The compliance of the animal
was considered to be represented by virtually the whole length of
the excised thoracic and abdominal aortz (aortic arch to iliac
bifurcation). They were connected together as shown in Fig.29_ .
This then represented a simple hydraulic model of the systemic
arterial circulation.

The response of such z model to a square wave infusion of
saline is shown in Fig.63 . t can be seen that the general
character of the response is very similar to thét obtained in the
living animal. The initial oscillation lasts for the 30 msacs. or

so during which the saline solution is being accelerated. It t
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the curve shown in Fig. 63 was 2,200 msecs. The slope resistance

presented to outflow from the aorta was 1.12 mm Hg/ml.p.min.
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FIGURE 63

RESULT OF MODEL STUDY OF SYSTEMIC ARTERIAL CIRCULATION
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is higher than the resistance normally presented by the rabbit and

accounts for the long time comstant of the model. From these figures,
a value of 0.033 ml/mm Hg. was calgulated for tha cemmlisnce of the
aortic specimen. If the initial oscillation is assumed to be entirely
due to inertial forces,then the value for inertance of the model is
calculated to be 756 gn. em.™%. It was not possible to maintain
entirely leak-proof specimens of sufficient length to repeat this
study adequately. The downgoing curve, after cessation of the square
wave infusion, was of a similar nature, although it was not possible

4

to examine it quantitatively for any hysteresis effect, because a
slight leak developed. This study was very valuable, however, in
helping to crystallise ideas concerning a definitive model of the
systemic arteriazl circulationm.

The above study, and the response of the living animal to a
square wave fuaction, suggested that an electrical analogue model
of the systemic arterial circulation should be composed of the com-
ponents shown to the right of Fig.64 (see system labelled 'output!).
It can be seen that when this system is subjected to a simiiar type
of input (shown on the top tracing of Fig.65 ) as that given to the
animal, the response (shown on the bottom tracing of Fig.65 ) is of
the same character.

The input to fhe animal was not a periect sgquare wave in-

fusion, but had a build-up time of approximately 30 msecs. This

type of function was generated electrically by 'clipping® pure
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FIGURE 64: Electrical circuitry 1) to simulate the exact form of the square wave infusion

2) to provide a model of the systemic arterial circulation *
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FIGURE 65:Input and output response of the electrical model of the
systemic arterial circulation shown in the previous figure.
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triangular waves witl . operational ampli . - (D-12, Data Device
Corporation, Hicksv’ ., N.Y.). The circu: used is shown in
Fig.64 . By thir .ans, a 'square! wave pu... with a build-up

time of 30 msecs. could be given to the electricil analogue model.
Component val. . were matched to thosc == the living animal

in the followiné man: I:

Let 1 volt be equivi .nt to 100 mm Hg. Hence, :ic current (I)

through the circuiv at a steady state pressurc . 100 mm Hg is:

;
I = -—= = 1 x 10~% amps.
10 x 103

Let 1 x 10=% amps. e equivalent to a flow of >UJ al/min. in the
living animal. Therilore, (1) an electrical resiozance of 10K be-

comes equivalent to & resistance of 199, or 0.31 “RU.pin in the
300

living animal.
. . LA
The time constant of the circuit (1)

)
e\

<= T x 10% x 25 x 10~6
~  .0042 minutes

As the resis..... is 0.33 PRU. .45, the compli..... (C) becomes:

.0043
0.33

= 0.013 ml/mm He.
Therefore (2), an electrical capacitance of 25uTF becomes

Ty

equivalent to a compliance of 0.013 ml/mm dg. in the living animal.
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Let the extra height of the initial oscillation associated
with inertial effect be 5 mm Hg. This then becomes equivalent to
0.05 volts. The average rate of change of volume flow is 300 ml/min

in 30 msecs, or 33 x 10-% amps/sec.

Then, 2s: L = AR o 5 x 1077 165 Henries
dl/g¢ 33 x 10-%4
This value then has the equivalence of _35 2 1330 | or 40.3 gn. cm. "%,
| 300 .. 33
50

The calculated inductance value is higher than the value actually used
in the circuit. This probably occurs because the maximum rate oi change
during the 'build-up' time for the actual square wave infusion is
greater than the average value used here.

This model does not take account of (1) the hysteresis effect,
and (2) the 'eritical closing pressure'., The former can be éccounted
for by placing a resistor in series with the 25 uF capacitance (Rj).

The critical closing pressure phenomenon can be accounted for by plac-

ing a diode on the negative side of the circuit (P+). Thus:

|

rg
N
/\/\/\w.__.y.,,
y
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Classification of analogous .systems is usually made in terms
o

of their mathematical description. The behaviour of the above model

is as follows:

(1) P = DF.L+ P Where D = the differential operator,
d/4de.

Consider Pj:

2) P Lfe. L
@ 7 - L

On differentiation

(3) DP; = fc .1l + D . £ .Ry
c
Now: fe = Pp .l : or Df. . Ry = DPp
Ry
Therefore, frém 3
fc = C .DP; - DPy
(4) F = .+ £
= ¢ .DPp -DPy + (PI-PT)%{.
Substituting (1) in (&)
F = C.DP-CLD?2F-DPy +P1L1-LDF-.2r
Y R
Rearranging:
(5) CLD2F+_T£_DF+F= C.DP=-D2 + (P->P)1
R

Equation (5) is a non-hemogenous linear second order equatiocn

in terms of F, A number of solutions for F in terms of P, 21, and P2

are possible. The hichest order of any of these is a third orxrder omne
p-4
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in terms of P and P2 (from double differentiation of eq. (4). The
system is classified, accordingly , as a third order system.

It can be seen, that when the first and second derivatives
of F are zero (i.e.: when flow through the system becomes constant),
and the contribption of DP, (which is minor) ignored, then eq. (5) re-
duces to that of eq. (18)and the system behaves as a first order
system. Therefore, this system behaves very like a fitst order one,
in the absence of acceleration.

This model does not describe a perfect ana?ogy with the
controlled system in the systemic arterial circulation, for it con-
siders the vascular bed only as a2 'lumped'! system. In the real sys-
tem, spatial coordinates are also importaﬁt and this leads to the
development of a system of partial differential equations. Howevex,
the lumped system shown above, is a useful approximation, particularly

when pulsatile flow is not considered.
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5. THE EFFECTS OF VARIOUS STRESSES ON THE CARDIOVASCULAR SYSTEM.

Previous sections have dealt with the development and
assessment of this method of analysing the systemic arterial circu-
lation. This section will consider changes in property values in-
duced by common stresses onvthe system, as measured by the same
method. All pressure responses discussed below are to square wave
infusions of identical rate (for each set of experiments). The

time marker shown on the tracings is at a one second interval.

(a) The effects of high and low CO0, concentrations on the

systemic arterial circulation:

Fig.66 refers to an experiment in which a rabbiif was ven-
tilated with a mixture of 10% COy and 90% O2 for three minutes.
Analysis of the phase plane plot shows that this caused a consider-
able increase of the slope resistance of the animal (from .22 to >
.30 mm Hg/ml.p.min.). The plot also shows that this was associated
with an increased 'critical closing pressure', from 24 to 40 mm Hg.
As a result of the increase in slope resistaﬁce, the time constant
of the downgoing pressure curve increased from 580 msecs. to 1250
msecs. The extra oscillation at the beginning of the lower pressure
tracing is almost certainly due to an unsolicited heart beat. This
makes exact calculation of the slope resistance not possible zs the

total imput into the system is not known. However, if the stroke
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THE EFFECTS OF HYPERVEHTILATION
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volume is estimated to be 1.5 ml., the slope res?stance still under-
goes an increase to 0.30 units. Of interest is the fact that the
second oscillation at the beginning of the lower tracing is much
higher than the first (which is due toc the square wave infusion).
This indicates that the rate of cardiac acceleration is greater than
the square wave iﬁfusion acceleration.

A low CO, concentration in the expired air was induced by
hyperventilation at a rate of 40 - 50 breaths/min. for a periocd
of 10 minutes, or so. The CO02 content of the expired air was mea-
sured with a LBl. Bechman Medical Gas Analyser. In the experiment
shown in Fig.67 | this caused a fall in expired air CCy concentra-
tion from 5.5% to 2.8%. However, as can be seen from analysis of
the phase plane plot, this had very little effect on the slope resis-

tance, or 'critical closing pressure! of the animal. This experi-

ment was repeated in three different rabbits with the same result.

(b) The effects of asphyxia on the systemic ax

culation:

Fig.68 shows the effect of three
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caused by clamping the inflow to the “racheal cannula. In the lower

D)

group of pictures, the animal is not in a2 constan
time of the square wave infusion. This is shown by the marked de-

viation from linearity of the positive nhase plane plot. Now with-
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standing this, however, it can be
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THE EFFECT OF ASPHYXIA

@ TR .7

0.1

mratlyg /\ o m»/uw

Y
X

40 mm :m\ﬁ:m,oo

“t | _ ,; nod

NORMAL BREATHING (100% O;)

0 160 e Hg

Q.-
+

mra Hg Ll 0 mm Hyg/msec

° 0.1

4— * s ’ 5

i

nmv. 100 mm Hg
AFTER 3 MINUTES ASPHYXIA




288.

in slope resistance and some increase of the 'critical closing
pressure! (from 39 to 52 mm Hg.). There is little change in sys-
temic blood pressure under these circumstances, which suggests

that the cardiac output is decreased.

(c) The effects of haemorrhage on the systemic arterial

circulation:
Rabbits were subjected to sudden arterial haemorrhage by
withdrawal of 15 to 20 ml of blood into a glass syringe attached
to the infusion line in the right carotié artery. This volume was
removed, over a period of 10 to 15 seconds, after 5 - 8 ml blood
had already been removed to prime the square wave infusion apparatus.
A typical result is shown in Fig.69 . It can be seen that

30 seconds after removal of 20 ml of blood, there

e
'

s a fall in exr

Hle

tical closing pressure from 30 to 18 mm Eg. This is accompanied
by a decrease in slope resistance from 0.15 to 0.11 mm Hg/ml.p.min.
Upon returning the 20 ml of blood, these parameters return to their
previous values (i.e.: 29 mm Hg andé 0.15 mm Hg/ml.p.min.). Calcu-
lation of the chord resistance changes in this case yields a quite .
different pattern. Upon loss of the 20 ml of blood, chord resis-
tance is calculated to increase from 0.29 to 0.51 mm Hg/ml.p.min.

On returning the blood, this value falls to 0.30 mm Hg/ml.p.min.

again. With such a significant 'critical closing pressure', tais
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chord resistance pattern is readily understo
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FIGURE 69

THE EFFFECT OF SUDDEN HAEMORRAAGE
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TABLE 14

The Immediate effects of sudden heamorrhage

290.

nt. P Rg R, Cp p*
6.8 87 .22 .31 Mol 26
' 65 .19 .29 .080 22 10 ml. Hama ¥
7.5 69 .16 .32 .070 3k
59 .19 .3k .0L6 26 25 ml. HARM,
7.2 86 | .22 .37 .052 35
54 .22 48 .0h8 29 152
84 .2k Lo .054 34 15 =1
T.4 L3 .10 .17 .060 18 '
26 .08 .16 .060 13 21 ml. EARM.
L3 .13 .23 .051 19 21 ml. RETURNZD
7.6 50 .16 .28 .075 21
22 .12 .20 .05k 9 20 ml. FARM.
29 .13 .21 .092 15 20 ml. RETURNED
7.8 70 .17 .28 .062 28
27 .12 .36 18 20 ml. HA®M,
70 L1h .25 .073 31 20 ml. RETURNED
63 .15 .29 .058 30
23 .11 .51 .076 18 20 ml. HAEM.
59 .15 .30 .057 29 20 ml. RETURNED
7.5 59 .18 .32 .048 26
25 .12 .23 12 20 ml. HAEM,
28 .15 .32 15
52 .18 " .33 .0k6 2k
63 .16 .29 .051 238 20 1. RETURNED
T.1° 57 .15 27 .057 25
27 L1k L7 19 10 =1. HARM,
51 .16 .33 .063 26 20 w@1. RETURNED
P = meen arterial pressure mm Hg
PT = critical closing pressure mm Hg
Ry = slope resistance mm Hg/ml.p.min.
R, = chord resistance mm Hg/ml.p.min.

[
(e
i}

"t = weight of animal in 1bs.
* DPrecedes measurements of Rs, Cc, Cg and PT by 2-3

compliance calculated from down going pressure curve

cases

mincces in all
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Fig. 2 - This is a further example of the ambiguities in inter-
pretation of haemodynamic data that measurement of chord resistance
(which is the common practice, particularly in regard to calculation
of 'Total peripheral resistance') can cause.

This type of experiment was performed on 9 rabbits. The
results from eiéht of them are shown in Table 14 . It can be seen
that in only one case was sudden haemorrhage foliowed by an increase
in slope resistance. It was followed by an increase in chord resis-
tance in five cases. There was also an increase in:chord resistance,
without corresponding increase in slope resistance, in the experiment

not shown (for reason of space) in Table 14. The linear corelation

coefficient between Rg and Rg is calculated to be r = + 0.55
(t = 3.6, p < .0l that Hy correct). The same coefficient between
ARg and AR is calculated to be r = = 0.15 (p > .5 that Hy correct).

These results show that there is no simple linear correlation between
Ry and Re.

Blood was normally returned to the animals within a period of
three minutes, because of the marked hypotensive response which the
manoeuvre often caused. However, in one experiment, in waich the
animal was bled 20 ml, blood was mnot returned for a period of eight
minutes. After the initial drop in slope resistance and critical
closing pressure, these values began to rise again towards their pre-
haemorrhage level, This suggests that the early drop in slope resis~

tance and critical closing pressure is only the first phase of the
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response of the animal to haemorrhage.

(d) The effects of nor-adrenalin infusion on the systemic

arterial circulation:

Fig. 70 shows the effects of a ten minute infusion of nor-
adrenaline, in a:dose of 8 ngm/Kgm, into the femoral vein of a
rabbit. The most marked effect was an increase of She cricical
closing pressure from 29 to 51 mm Hg. This was associated with a
significant increase in mean blood pressure of the aﬁimal from 71 to
102 mm Hg. Three minutes after stoéping the infusion, this critical
closing pressure returned to normal. During the nor-adrenalin in~
fusion, slope resistance decreased from 0.25 to 0.15 mm Hg/ml.p.min.
Three minutes after stopping the infusion of the drug, slope resis=-
tance was still low at 0.16 mm Hg/ml.p.min. As 'critical closing
pressure' of the vascular bed had now fallen to normal levels, the
net effect was to decrease the chord resistance level to below normal.
This effect could act as a mechanism for development of the well-
known phenomenon of post nor-adrenalin infusion hypotension (see, for
example, MAZURKIEWICZ 1967). Ten minutes after stopping the infusion,
all parameters returned to normal. This same general pattern was re~
peated on giving a second infusion to the same rabbit. These results

are summarised in the table below.

a
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Rg R P+
.25 .39 29
.15 .39 51 During N-A infusion
.16 .29 27 3 mins., after N-A infusion
.22 - .37 32 10 mins. after N-A infusion
J

An attempt was made to repeat this experiment on two other
rabbits, but a sufficiently long heart stoppage could not be obtained ,

'y

presumably because of the nor~-adrenalin effects on cardiac irritability.

(e) The effects on property values in the systemic arterial

circulation, of long term cholesterol feeding.

Twenty-four, 6 week old, 2 1b., male rabbits, were divided
equally amongst a control group, and a group that was fed 3% cholesterol.
The cholesterol (NBC Corp., Cleveland, Ohio) was thoroughly mixed with
the rabbit chow (Purina, Montreal). It was not found necessary to dis-
solve the cholesterol in ether. Experiments were performed on both these
groups after a period of feeding of 51/2 to 7 months. Control and cho-
lesterol fed rabbits were alternated as the experimental animal during
this time. Cholesterol fed animals were even more fickle to anaesthesia
than their normal brethren, . and it was only.possible to obtain results

from 7 of them.




e

]
i
|
P
i

295.

A typical phase plane plot of an animal fed 3% cholesterol for
a period of 6 months is showa in Fig.'7l . Comparison with that from
a normal animal (Fig.72 ) shows that there is a marked ceviation from
linearity on the negative phase plane plot. This occurred in 5 out of
the 7 cholesterol fed animals. As steady-state pressure-flow plots in
these animals weré‘linear, the assumption was made that the deviations
from linearity in these phase plane plots were a function of the com-
pliance element in the vascular bed. A tangent to the curve at any
particular pressure level would give the time constan# of the system
at that point, and from this the compliance value could be calculared
in the usual way. Using this method, it was found that in a pressure
range from 20 to 80 mm Hg. there was a significant increase in the com-
pliance value (during vessel deflation) in the cholesterol fed animals,
Results are shown in Table 15 . This also shows that there was a sig-
nificant increase in compliance value during inflation of the vessel
over a pressure range of 60 to 100 mm Hg. Two static compliance studies
were performed on 50% segments of the aortic length, over a pressure
range of 0 to 100 mm Hg. These specimens had a slow leak, but were
suggestive of an increased compliance value in the excised specimen.
A paper by NICHOL (1955) gave good corroborative evidence for these
findings in the excised thoracic aortas of cholesterol fed rabbits,
over a range of 0 to 70 mm Hg. )

There was no significant difference in the measured pulse wave

velocity of these two groups. There was a significant difference of
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TABLE 15
mw Comparison of control and cholesterol fed animals.
Serum Pulse Wave Serum Pulse Wave
Cholesterol Velocity Cholesterol Velocity
Wt. Rg Cp Cy mgms % Metres/sec We. Rg Cp Cy mgms % Metras/sec
7.1 .15 .058 .034 120 . 5.2 7.45 .11 .088 .062 595 5.1
7.5 | .16 .050 .037 126 5.2 7.6 .14 .071 .051 318 6.2
7.75 14 .071 +045 59 5.2 7.2 .21 .077 .065 750 6.4
6.4 .22 .052 .026 41 5.0 7.6 14 .078 .095 611 5.3
6.8 .22 .054 .026 37 - 7.4 .09 .073 071 566 5.3
7.5 .17 .066 .047 26 4.8 7.1 14 .096 - 735 5.3
7.5 21 .065 | .045 36 6.4 7.6 .12 .054 .095 680 5.2
mc = .037 + ,003 Cy = .073 + ,007
Cp = .059 + .003 Cp = .076 + .005
Ry = .18 + .01 Rg = .14 + .01
Control Animals (A) . Cholesterol Fed Animals (B)

Statistical Inference Between (A) and (B)

Cy: r=b.4 p < .01
Cp: r=2.84 p>.01<.02

2,35 p< .05> .02

=l
w

=

"

e e i o o i e 0 4 o o i e et st gt




LV

- 3:Control (left),and choX.:

299.

v<evol-fed rabbit aorta.
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FIGURE 75:Incidental finding,in a cholesterol-fed rabbit,showing

remarkable localisation of the atheromatous process to
the points of intercostal branching.
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the serum cholesterol in the two groups. The mean value for the
control group was 63 mgms %: for the cholesterol fed group iﬁ was

607 mgms %. Fig.73 shows the macroscopic difference in appearance
of the intima in the two groups. All cholesterol fed rabbits showed
the same gross thickening of the intima as that to the right of Fig.
73 . Microscopic examination, Fig.74 , shows the destruction of the
elastic lamina of the aorta, which probably accounts for the increased
compliance values found. TFig.75 1is shown, because of the regular
pattern of distribution of cholesterol deposits about the branching
points of the intercostal vessels. This incidental finding is re=-
corded here because it is suggestive that local haemodynamic conditions

can be important in the genesis of this disease.
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DISCUSSICN

This approach to analysis of the circulatory system has, to
the writers knowledge, only been used once before. In the study of
PETERSON (1954), a number of rapid square wave infusions were given
in between the normal heart bezts of a dog (see Fig. ¢ ). Pressuxre
was monitored in the region of the ascending zorta by a catheter in-
troduced through the femoral artery. Althouzh some calculations were
performediconcerning the height of the 'acceleration transient! (see
later), the infusions given were generally not of long enough dura-
tion to perform the type of analysis undertaken in this study.
Cumulative infusions of saline were given and velocity of blood flow
was measured by high speed photography.

Apart from Peterson's study, there has been little attempt to
study the circulation in terms of a transient analysis, as shown here.

In 1960, McDonald wrote in his monograph, in reference to Peterson's

3}

experiments, that '"the technique of using an artificial injection of
known parameters is clearly an important advance, but difficulties

in interpreting Peterson's results emphasize the difficulties irherent
in the analysis of transients'. This investigation, unwittingly at
first, has been an attempt to enlarge and develop further these ideas.

- The mechanical system finally developed to give and monitor

the square wave infusion of blood woriked well. It used a differen

[¢]
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principle than that of Peterson. One advantage of thc
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technique is that the animals own blood was used as the infusion
medium in alternate withdrawal-infusion cyclés. In Peterson's
experiments, cumulative infusions of saline were given which might
lead to undesirable viscosity and blood volume effects. Furthermore,
monitoring of infusion rates by a linear velocity transducer is pro-
bably more coﬂ?enient than the photographic method which Peterson
used.

One source of set-backs in this investig;tion was that rabbit
was chosen as the experimental animal. It was frequently difficult
to keep them in good condition for the 2 to 3 hours or so of the
experiment. This accounts for the generally low blood pressures
throughout the study. In any future experiments, small dogs would
probably be more suitable because of their better tolerance to
anaesthesia, and the fact that vagus nerve stimulation can produce a
reasonably long period of cardiac arrest (EADIE and McCRAE 1934). The
cat also may be a very suitable animal, provided a longer period of
cardiac arrest can be obtained.

A major development in this technique has been the attempt to
isolate the system from distufbing influences during the time of test-
ing. Stimulation of the right vagus nerve proved to be a satisfactory
method for nullifying the effects of the heart beat on the system.
Originally, it was felt to be dasirable to évoid this, in view of the
fact that stimulation might have an effect on the vascular bed, as

other parasympathetic nerves (chorda tympani, lingual nerve, pelvic
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visceral nerves) are well known to contain vasodilator fibres

(LOVATT EVANS 1956). However, good evidence is provided by the

double infusion pulse of Fig. 57 and other functions already dis-
cussed, that the system is in a steady-state during the time of test-
ing. Provide§ that the central end of the nerve is transected (and
provided the sympathetic chain not included) vagal stimulation is a
suitable method for causing transient cardiac arrest.

Effects associated with the respiratory activity of the ani-
mal proved to have the most potent disturbing influence on the system.
It is well known that gn increasing intra-thoracic pressure, by means
of a Valsalva manoeuvre, there is an immediate rise in blood pressure
(SHARPEY-SCHATER 1965) which is approximately proportional to the rise
in intra-thoracic pressure. Similar effects were noted with positive
pressure ventilation in these animals. As this effect occurs immediate
(Fig. L6 ), a mechanical cause is most likely. With an increased intra
thoraéic pressure, there is a decreased effective compliance of the
vessels. This results in a greater proportion of the total flow into
the system occurring in an axial direction. This then has the effect
of raising arterial blood pressure. Further evidence that this is due
to a mechanical effect comes from the fact that it is azbolished on
opening the thorax widely.

This effect was circumvented in the present technique by stoppi
ventilation for a period of 2 to 3 seconds to allow the infusion to be

given, whilst the rabbit was kept under neuro-muscular blockade. As

ly

I
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stopping the positive pressure ventilation brought its own problems,
in any future investigation, the technique of choice would probably

be to open the thorax widely at the sides (rather than through the

sternum) with self-retaining retractors. There would then be no

need to stop ventilation and the giving of neuro-muscular drugs could
be avoided. Opening of the abdominal cavity to equalise pressures
there, would probably not be necessary unless violent respiratory
movements were:being made.

Givinglthe rabbit positive-pressure ventilation in a closed
thorax had a variable hypotensive effect. The presumed mechanism of
this is that venous return is reduced to the right side of the heart
by the increased intra-thoracic pressure. This results in a diminished
inflow into the left side of the heart and ultimately in a reduced
stroke volume — hencehypotension. On stopping the ventilation, as in
Fig. 1,8 , there is a fluctuant rise in blood pressure before it finally
settles out at its normal level. This correéponds to the 'overshoot!
of blood pressure seen on releasing a Valsalva manoecuvre (SHARPEY-
SCHAFER 1965). The latter has been explained as being due to both
increases in stroke volume and vasoconstriction (SEARPEZY-SCHAFER 1955).
It can clearly be seen in Fig. .8 that the initial overshoot of blood
pressure on stopping positive pressure ventilation is terminated by a
fall in slope resistance. This most probabfy results from a baroreceptor
reflex. Fig. L9 also shows, on stopping ventilation, the presence of

the so-called Traube waves, which are said to be due to oscillations of
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the vasomotor centre at the rhythm of the respiratory centre (see
DORNHURST et al 1952). However, coincident changes in stroke volume
were not monitored in the above paper, and there was no evidence in
this investigation to suggest a background of undulating vasomotor
activity at sgch a frequency.

Other disturbing influences on the system (such és the (myogenic
reflex' of Bayliss, see FOLKOW 1952) did not manifest themselves within
the immediate period of testing. This was assessed by the relationship
of two successive negative phase plane plots. If these were super-
imposed one on top of the other (as in Fig. Ll ), then was good evidence
that the system was in a steady-state. Provided care was taken to avoid
the respiratory complications discussed, this was usually the case.

Thus, after a period of development, it was found that there
were no insurmountable barriers to applicatién of the standard engineer-
ing technique of transient analysis to the rabbit systemic arterial cir-
culation. The largest problems were (1) to design equipment capable of
giving a repeated square wave infusion of blood and (2) to isolate the
system under test from disturbing influences which, it turned out, were
those principally linked to respiratory activity. As the total operation
took approximately two seconds (and could be designed to take less,
depending on the timing and rate of the square wave infusion), time
dependence was a relatively unimportant factor.

The greatest defect in the technique lay in analysis of the

phase plane plots. The latter proved to be a very valuable way of
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transforming the primary pressure response, but the extrapolations
of these plots often required were somctimes.difficult to define.
This problem could be eliminated by use of a magnetic tape recorder
and an analogue-to-~digital computer. Best fit programs could be
designed and an entirely objective assessment made of the pressure
response. It would be a simple matter of further programming to
provide direct read-outs for all the parameters, including cardiac
output, calculable from this response. In this manner, maximum

accuracy could be achieved with minimum effort.

adpplication of the general technique has attempted to ans-
wer some of the questions raised by the literature review on page

(a) Resistance:

Both the steady and transient state studies have shown that
pressure~flow relationships across the whole systemic arterial cir-
culation are more or less linear under pressures of 100 mm Heg.
Although there have been surprisingly few attempts to investigate
this relationship directly, the results of the many studies on
pulsatile blood flow, based on Womersley's essentially linear
equations (e.g.: (15)), have shown this to be a reasonable appro-
ximation (see, for example, the study of DICK et 1968). Whilsc

much emphasis is often placed on the non-linearitie

&)
o

etween

(v]

res-
sure and flow (see, for example, PETERSON 1960} that undoubtedly

occur over a wide range of
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pressures, within smaller, yet still useful, limits, a linearity
postulate remainsk reasonably valid.

This investigation has supplied abundant evidence that a
'critical closing pressure! of significant magnitude occurs across
the whole systemic arterial circulation. This modifies the effective
pressure gradient across the system, as PERMUTT and RILEY (1963) have
shown, and requires the introduction of terms such as chord resis-
tance and slope resistance to avoid ambiguities in interpretation and
communication. The reader is referred back to Fig. 2 which demon-
strates the difficulties that may arise in interpretation of chord
resistance values. Slope resistance values, as this investigation
has shown, can be of the order of half the chord resistance valugs.
Moreover, and most importantly, they can vary in opposite directions
to one another. Most haemodynamic studies are interpreted in terms

of chord resistance. Total peripheral resistance is virtually always

expressed as a chord resistance. However, this investigation has shown

that these values can be totally misleading as an index of the vas-
cular tone of the small vessels.

Physiologists earlier in this century expressed total peris-
pheral resistance in terms of a kind of slope resistance, in which
the critical closing pressure was considered to have a fixed value of
20 mm Hg. (BAZETT et al 1935, BROEMSER and ﬁANKEf1930). This practice
however, lapsed into disuse before the last war. The tendency at pre-

sent, even when the critical closing pressure is known, is to ignore
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it and calculate chord resistﬁnces. An example of this is shown in»
Fig. 1 where a plot of chord resistance vs. pressure has been made,
(NICHOL and BURTON 1951). This is very misleading. If the primary
pressure flow data are reploéted in terms of slope resistance, the

following graph is obtained.

RESISTANCE
O = slope resistance,
] A calculated from
00 - Sl plot No.2 in
**\\ Fig. 1

C?I /CM~%C' ‘ . ™ rmmrsnsat

9 C NN G

» ” A -

o 50 L

0 £. = chord resistance
a, of same plot

G

N

{14

=

g : ;

0 50 100 mm Hg.

This gives a truer interpretation of the situation in terms
of the vessel tone, which it can be seen, has changed relatively little.
It has been difficult to express pressure-flow relations across the
whole arterial circulation in terms of slope resistance because of in-
adequate knowledge of the critical closing pressures. It is one of
the advantages of the technigue described in this investigation, that it

provides a rapid, simple method for assessment of slope resistance across

v BRI




R ——

311.

the whole arterial circulation.

The study of the effects of nor-adrenalin infusion in Fig.
70 , has shown a situation in which a rise in critical closing pres-
sure (CCP) has been associated with a fall in slope resistance. This
suggests that the vessels primarily responsible for the slope resis-
tance (presumaﬁly, the arterioles) are not, at least in this case,
responsible for the critical closing pressure phenomenon. If that
were the case, one would expect a close positive correlation between
slope resistance and CC?. Table 13 shows that while this commonly
does occur, it is not always so. In the paper of NICHOL, BURTON et
al 1951, they show that there is little change in CCP until the re-
duction in flow across the rabbit ear is greater than 70% of its
value at maximum vasodilation. There is then a rapid increase of
CCP with further reductions in flow {caused by a variety of vaso-
constrictive agents). This evidence suggests that the vessels res-
ponsible for CCP are different from those determining slope resistance,
as the author s of the paper initially point out. However, they then
proceed to transform the data and find a highly positive linear corre-
lation coefficient between CCP znd the logarithm of the reciprocal of
the percentage reduction in flow. The conclusion is then &rawn that
the vessels determining CCP and vascular resistance are mostly the
same. It can be argued, however, that the data prior to this trans-
formation provided a more accurate reflection of the situation, and

did not entirely support the author's later conclusion. In a further
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paper from the same laboratory, GIRLING (1952), showed that increas-
ing frequencies of electrical stimulation to tﬁe sympathetic supply
of the rabbit ear, caused an increasing CCP until a critical fre-
quency of 30 cps. was reached. At frequencies greater than this,
CCP abrubtly returned to its no-stimulation level (presumably ‘from
refractoriness); but, interestingly, slope resistance continued to
increase until higher frequency levels of stimulation were reached.

The simplest explanation of all these results is to assume
that the vessels responsible for vascular tone are .not necessarily
the same as the ones responsible for the phenomenon of CCP, This
is the conclusion, in essence, reached by FOLKOW and LOFVING (1957),
who suggest that the activities of the pre~capillary sphincters are
primarily responsible for CCP. The muscular, thick-walled arterials,
which BURTON (1951) admits may have difficulty in complete closing
for reasons of bulk alone, are then presumably responsible for the
slope resistance of the animal.

Recognition that the functions of slope resistance and CCP
may reside in different types of vessels is not entirely an academic
matter. It may have some bearing on the different effects of adrenalin
and nor-adrenalin on the circulation. Fig. 70suggests that nor-
adrenalin infusion has had a dilator action on the muscular arterioles,
(which principally control the slope resistance) yet a comstrictive
effect on the vessels which control CCP. These latier vessels may

indeed be the precapillary sphincters, which have been observed
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microscopically to undergo complete closure in an all~or-nothing
fashion (CHAMBERS and ZWEIFACH 1944). The activity of these sphincters
are, in part, mediated by nervous action as NICOLL and WEBB (1955)
found in direct microscopical SCUdiés on the bats' wing. Under these
circumstances,.the effect of catecholamines on the vascular bed could
be the net result of both nmervous and direct smooth muscle action. It
could be postulated, for example, that all three primary substances
(nor-adrenalin,’adrenalin and isoprenaline) have a direct dilator action
on the smooth muscle of the arteriolar wall, but that nor-adrenalin has
a more pronounced effect in stimulating the nervous activity of the net-
work controlling the pre~capillary sphincters. The net effect of the
nor-adrenaline would then be to cause an increase in chord resistance.
It is of interest to note that NICOLL and WEBB (1950), in testing the
direct effects of nor-adrenalin and adrenalin on the bat wing, found
that both these substances caused an increase in the frequency and
strength of contraction of the pre~capillary sphincters. They were not
able to estimate, however, which was the more potent of the two. They
also found that breathing a mixture of 90% oxygen and 10% carbon dioxide
caused a similar increase in activity of the sphincters. In this con-
text, note the increased CCP of Fig. 66 .

This scheme, is of course, quite conjectural, but evidence could
be provided for it, if it was found experiméntally that all three pri-
mary catecholamines caused a decrease in slope resistance, yet nor-

adrenalin caused a much greater increase in CCP (as suggested by Fig.70).
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The nervous network which controls CCP, is presumed to be more sen~-
sitive to stimulation by nor-adrenalin than By adrenalin. This is
somewhat supported by the experimental results which show that nor~
mal doses of adrenalin have a vaso-dilator effect, but that higher
ones, particqlarly when given intra-arterially, have a vaso-cons-

trictor effect (YOUMANS et al 1955, BURN 1957).

Perhaps the single most important finding'in this investi~
gation has been the lack of correlation between slope and chord
resistance. The experiments on the immediate effects of haemor-
rhage (see p.288. show a net dilation of the small vessels as a
first response, which would not have been recognized by the conven-
tional methods of calculation. A reassessment of the body response
to haemorrhage and shock, considered in this light, could provide

@ more penetrating insight into these processes.

(b) Compliance

Lack of a good index of the elastic properties of blood

vessels in the living animal has been a serious barrier to the

development of physical theories for the circulationm (MCDONALD 1960).

The only methods commonly in use at present (measurement in excised

tissues, or from pulse-wave velocity measurement in the living ani-

mal) are subject te difficulties in interpretation as previously

discussed (p. 20). The square wave infusion technique developed

RS Sy
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here presents a direct wéy of assessing compliance in the living
animal. |

Results of the phase-plane plots are suggestive that a
hysteresis phenomenon is occuring. This fits well with the data
obtained by BERGEL (1961), REMINGTON (1967) and others. According
to Remington;'this is not entirely a rate dependent phenomenon
and therefore, is not strictly represented by a combination of
capacitor and resistor in series as on p. 28Q However, the latter
is a useful approximation to the real situation.. If the hysteresis
effect is marked, then it will disturb the linearity of the whole
system, but this did not appear to be the case in rabbits.

Results indicate that the compliance value in an individual
animal can change significantly during the course of an experiment.
While the investigation was not designed to assess this, it is
suggestive that smooth muscle activity can affect the elastic pro-
perties of vessels, a long debated question (REMINGTON 1963). This
finding would support the evidence of ALEXANDER (1954), COPE (1961)
and WIGGERS and WEGRIA (1938).

The results of the long term cholesterol feeding experiments
were similar to those found by NICHOL and BURTON (1955). The latter
found, histologically (as in this study) destruction of the inter-
nal elastic lamina and a rise in the compliance value of the larger
vessels in the lower pressure range. Cholesterol feeding is often

thought to give rise to Thardening of the arteries', but these

/
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studies show tha, in the rabbit at least, this is not the initial
process. Hardening may occur later as the result of subsequent
calcification.

Fig 75 shows an interesting finding. It has long been
known by pathologists, from dissection of human cad vers, that
atheromatous'piaques tend to occur particularly about the branching
points of the aorta (see MUIR, 196%). While rabbit and human athe-
romatous disease are not quite identical, Fig. 75, with its high
and uniform localization of the disease process to the intercostal
branching points, presents further evidence for this view point
It is highly suggestive that local haemodynamic factors are impor-

tant in the genesis of this disease

C. Imertance

There is virtually no attempt at quantitation of this pro-
perty available in the literature. (FRaANK 1905) was the first to
point out its theoreticzal importance, but because of the unknown
nature of its magnitude, the inertance factor was geénerally ignored

in attempts to calculate stroke volume from the pulse pressure, an

endeavour of considerable interest in the 1930's (e.g. WEZLER &
BOGER). Peterson's studies (1954) were able to give a practical
demonstration of the importance of this factor. 1In the present

study, the height of the initial oscillation on the curve

(equivalent to Peterson's acceleration transient) was directly

/
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proportional to the speed of acceleration of the blood (see Fig. 58).
- No measurements were made in this investigation of the
pressure in the ascending aorta. For a correct measurement of
the inertance presented by blood in the systemic circulation to
the heart, this is necessary and one would expect the height of the
> .
initial oscillation to be much higher. The average figure presen-
A -A 3 3 L
ted, therefore, of 29.4 gm cm for the inertance is too low.

However, it does provede an approximate order of magnitude value

useful for insertion in a simple model.

2. COMPOSITE’PHYSICAL BEHAVIOUR OF THE SYSTEMIC ARTERIAL CIRCULATION
The 2nd half of the literature review was concerned with
the composite physical behaviour of the sytemic arterial circulation.
In essence the goal here is to have such a complete understanding
of the behaviour of the system that an analogue model can be built
which will produce exactly the response of the living circulation.
Beginning with the proposition of the glassical 'Windkessel!' theory
by Otto Frank, in 1899, knowledge in tgis area has gradually evolved
so that many experienced physiologis;g and engineers now believe
that the circulatory sytem must be represented by a highly complex
model. Typical of these are the electrical models developed by

NODERGRAAF 1962, VAN TWEEL 1957, and WARNER 1959. These contain

I

a large number of sections, basically arranged in a transmission

line pattern as originally proposed by LANOEZS (1949). There is

i s e T AT R
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good experimental evidence to support the transmission line hypo~
thesis (REMINGTON, LAWION, 1950) in that physical properties have
been found to be distributed in the systemic circulation (BERGEL
1961). What place, then, has the rather simple model proposed on
p. 280 7

The answer lies in the rather restricted statement that the
model on p.280adequately represents, in the rabbit, the response
to a step or square wave function. There is good experimental evi-

dence for this in the preceding pages. Calculations of cardiac

th

output based on the above model give a correlation coefficient o
0.8 with those determined by the standard Fick method. The model

is essentially that ultimately proposed by Frank with the addition
of the resistance (Rl) to account for the hysteresis effect, and

the Zenner diode with a breakdown voltage, whose importance has
previously been discussed. As the imposed function is not periodic,
the analytical problems related to wave reflection are avoided, and
the model is accurate within the configes of its purpose. It is
only when one is studying pulsatile b;éod flow (which admittedly,

is the natural function) that a morefcomplex model is required.

The latter, however, by the very natﬁre of their complexity, are

Ooxr ceter-

Hh

difficult to build. There is no good experimental method
mining exactly how the physical properties of resistance, compliance
and inertance should be distributed along the !transmission line'.

These complex models are built by empirical variation of the in-




e

i

Xr e
L

319.

dividual property values until the performance of the model as a
whole matches that in the living animal. With increasing complexi-
ty there is an increasing number of 'correct! empirical models.
They are generally built about the mathematical theory of pulsatile
flow in an elastic tube (WOMERSLEY 1955). Whilst only accurate
within restricted circumstances, the simple model proposed here
allows the vélues of all of its individual components to be cal-
culated. USiﬁg such a simple model, the effects of a variety of
influences (e.g. drugs, the effects of breathing various gas mix-
tures, haemorrhage and shock) on total peripheral resistance znd
compliance, can be studied. The more complex models in current

use are generally not so tractable.

The technique of imposing a square wave function on the
circulation has not been widely used before. The preceding chapters

have demonstrated some of its applications. In corncludine th

=

s

e

themselves.
It has already been demonstrated (see Fig. 32) that infusion
the blood into the circulation at a rate of 2 to 3 times that
of the normal cardiac output will cause an isovolumic contraction
of the left ventricle. Under these circumgtances? measurament of

the intra-ventricular pressure can lead to caiculation of an index

of contractility for the left side of the heart (SONNENBLICK 1966).

ST -
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The high speed infusion could be timed to cover only one heart beat,
so that pulmonaxry oedema would be avoided. This then raises the
possibility for measurement of cardiac contractility, cardiac out-~

put, resistance, compliance, inertance and critical closing pressure

., within a period of a few seconds by giving 2 infusions, one of which

is at a higher than normal rate to cause isovolumic contraction.
Such a technique might be very useful in the elucidation of shock
mechanisms, where it is important to differentiate between cardio-
genic and peripheral elements. |

Furthermore, if the accuracy of the phase plane extra-
polations can be improved, it may be possible to breakdown the
total peripheral resistance measurement (TPR) into several vascular
segments. For example, following a TPR measurement the coeliac and
mesenteric arteries might be clamped and a 'TPR' measurement repea-
ted. The difference between the two would allow calculation of the
contribution of the splanchnic bed to the total resistance. 1In
this fashion, distribution ¢f blood fiow to the various vascular
beds in a variety circumstances, could be studied. Infusion at a
high rate into the venous side of the systeﬁic circulation with the
heart temporarily arrested, in the presénce of positive intratho-
racic or intra pulmonary pressure (or blockage of the R atrium with
an inflatable balloon) would probably allo& some estimate of venous

compliance to be made.
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The only absolute requirement for analysing the circulatory
response to a square wave infusion as outlined in this thesis, is
that the circulation be in a steady state during the time of tes-~
ting., Results have shown the rabbit systemic circulation to be
adequately linear over the pressure range 30 - 100 mm Hg, except
when diseased by the feeding of cholesterol. The following pos-
sibility exists, however, for the analysis of non-linear systems.

If pressure-flow relations are linear, but pressure-volume
relations are not, then a non-linear phase plane plot wiil be ob-
tained. However, at any one particular level of pressure (P;), the
compliance can be considered to have a particular value, C;. This
value can be obtained from the slope of the instantaneous plot of

P/ i.e. the slope of the tangent to the curve at the point -
/d®/ 4,

where P equals (P;). By taking a number of tangents to the phase
plane plot, the non-linear pressure volume relationship can be
evaluated.

If both pressure-volume and pressure-flow relationships
are non-linear, as undoubtedly they are if a wide enough pressure
range 1is considered, then it is difficult to establish them from
a single square wave infusion. However, i1f 2 or 3 sequential in-
fusions are given at different, but reproducible rates, then from

the steady state pressures reached over the required range of flow

rates, the non-linear pressure-flow relationship can be established:
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Resistance at any one level of pressure (Ri) can then be determined
from the tangent to the pressure-flow curve at that point. Using
the R; value so obtained, a value for compliance at that ievél of
pressure (Ci) could be calculated from the tangent to the phase
plane plot as previously described. In this somewhat laborious
manner, almost certainly requiring a degree of a computerization,
non~linear systems cculd be analysed by the square wave infusion

technique.

The next step which this writer would like to take, would
be the application of the technique to a more inherently stable
animal than the rabbit, e.g. dog, or possibly, cat. The use of a
magnetic tape recorder would allow analysis of the phase plane.
plots to be made in a wholly objective fashion. Ultimate applica-
tion of this relatively simple but informative method to man will
probably depend on finding a safe method of causing transient
cardiac arrest. A pacemaker which provides paired electrical

stimuli may well provide a solution.

ey
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