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~ ABSTRACT

This thesis describes an application of control system theory and
signal analysis techniques to gain more insight into the nature an oper-
ation of the human blood pressure control system under normal resting
conditions. \

Current physiological work is briefly reviewed and the control sys-
tem model due to Hyndman(1970) is described. The model predicts a spont-
aneous 0,1 Hz vasomotor oscillation which depends upon a hard nonlinearity;
the linear transfer characteristics of smooth muscle in the peripheral
blood vessels and a time delay in the con%rol loop. The dynamic operation
of the model raises the possibility that the spontaneous 0.1 Hz oscill-
ation can be suppressed by the selective entrainment of the component by
respiration.

Experiments have been performed further to elucidate the charac-
teristics of this oscillation. Bléod flow measurements (shown to reflect
blood pressure) made at three sites together with a simultaneous ECG re-
cording showed that the oscillation only lasted for short intervals of
time and that its frequency could vary between 0.05 Hz and 0.15 Hz. These
properties were most easily observed in the cardiac interbeat interval.
The results are considered in the context of Hyndman's model and it is
shown that both the time delay and the low pass filtering action of the
arteriolar smooth muscle are necessary for the presence of the oscillat-
ory component. Changes in system time delay are shown to be a more like-
1y cause of the variation of frequency in this oscillation than are
changes in the smooth muscle characteristics. It has been sh&wn that the
transient nature of the oscillation is not explained by changes in the

‘time delay, smooth muscle characteristics or the entrainment effect of



" respiration.

A change in the structure of Hyndman's control system has been
proposed which suggests that the time delay element is likely to be in the
neural elements of the blood pressure control system and most probably
in the brain before the afferent-efferent iﬁterface. A mechanism which by-
passes the time delay element wpuld more readily account for the tran-
sience of the oscillation than would the selective entrainment of the comp-
onent by respiration under normal spontaneous conditions.

Finally, the continued use of the techniques developed in this the-

sis and their application to pathological situations is encouraged.



CHAPTER 1

THE PHYSIOLOGY OF THE BLOOD PRESSURE CONTROL SYSTEM

1.1 Introduction

The blood pressure control system represents a sophisficated
interaction between a complex hydraulic circuit and an equally complicated
neural network. These combine to supply all tissues of the body with a
sufficient and reserve supply of oxygenated blood carrying the necessary
nutrients to maintain life at the lowest level. An investigation of the
blood pressure control must therefore include a discussion of the important
features of each system to provide a basis for understanding their combined

behaviour.

1.2 Anatomy and Functional Characteristics of the System

The hydreulic system can be anatomically and functionally divided
into two distinct circuits as shown in Figure 1.1 Oxygenated blood is
pumped under aﬁ average pressure of 120 mm from the left heart into the
aorta and hence into the systemic circulation where it supplies the
various organs, muscles and other tissues which constitute the vascular
bed. Oxygen and the necessary elements required for normai metabolism
are removed from the blood in the capillaries of the microcirculation
and exchanged for the waste products of the chemical reactions.

The blood is then returned to the right heart vhere the pressure
is built up to a sufficient head for passage through the pulmonary circuit.
De-oxygenated blood leaving the right heart passes through a network of

fine tubes or capilliaries situated close to the inside éurface of the
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lungs. A large surface is pfovided here for the maximum efficiency
in-exchange of carbon dioxide for the oxygen of the inhalated air. The
oxygenated blood then returns to the left heart where it is again pumped

into the systemic circulation.

103 The Heart
The heart forms the functional centre of. the cardiovascular system.
It can be looked upon as a four-chamber muscle pump which imparts to the

blood sufficient energy to overcome the losses incurred in the flow path

through the systemic and pulmonary circuits.

The anatomy of the right and left ventricles emphasises the
difference in pumping pressures which each must sustain. The left
ventricle is a very thick-walled structure which supports the thinner-walled
right ventricle.

The contraction of the heart is initiated by the active depolarisation
at the sino-atrial node, a mass of specialised tissue in the right atrium
near the entrance of the superior vena cava.

In the absence of external neural or hormonal influencgs, the S-A
node depolarises spontaneously at a rate in excess of 100 per minute.
Simulation of the ﬁode bf the vagus nerve slows the heart down to the
normal 70-80 beats per minute. Through the reciprocal innervation by both
sympathetic and parasympathetic systems, the heart rate is ﬁodulated to

meet a variety of demands made upon the circulatory system.

1.4 The Systemic Circulation

Oxygenated blood pumped from the left ventricle passes into the
arterial side of the systemic circulation and then by a number of branching

arteries into the small arterioles and finally into the capillaries.
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A schematic representation of the principle parts of the systemic circulation
is.shown in Figure 1.1,

The systemic circulation can be divided into three basic parts:
the arterial circulation, the microcirculation and the venous circulation.
The distinction is made to underline the functional and structural
differences which eiist between the three sections;

The systemic arteries, which have thick visco-elastic walls, serve
as a large pressure reservoir for the systemic circulation. Blood ejected
into the arteries by contraction of the left vehtricle distends the
arterial walls, particularly in the aorta. During the relaxaticn phase,
‘the aortic valves close and the potential energy of the extended elastic
vessels is expended in driving blood through the peripheral vasculature:

The pressure in the arteries drops between heart beats but never falls to

zero. Thus the periodic injection of blocd into the arteries is converted

1
into a steady average flow.

The pressure gradients in the arterial system are small, flow
being facilitated by the elastic properties of the arterial segments.
Thus little energy is lost in the flow of blood from the heart to the
peripheral vessels which constitute the microcirculation.

Only 20% of the total volume of blood in the systemic circuit
resides in the arterial segments which emphasises the fungtion of the
arteries as a flow facilitation unit rather than a volume reservoir.

Unlike the systemic arteries, the veiﬁs are excecedingly distensible
and consequently adjust to accomodate large variations in blood volume
and flpw.

The pressure gradients are low as is the absolute pressure at
any point in the system. The walls of the veins are thin, elastic and
sparsely provided with smooth muscle. The capacity of the venous

reservoir is highly variable and as such represents a very important
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element in the cont;ol of the peripheral circulation and cardiac output.
Chénge in the size of the venous reservoir, which contains about 75% of
the total systemic blocd volume, can have a profound effect on the local
control mechanisms of the heart by altering the venous filling pressure
of the right heart. The factors which can effect a change in venous
pressure and consequently the size of the venous reservoir are summarised
in Figure 1.2.

| A characteristic of the systemic veins, important in the consideration
of the postural effects, is the presence of intervenular valves and the
effect of the so-called venous pump. The presence of such valves were
noted as early as the 17th century by Harvey in his classical experiments
on the human circulation. The valves are arranged so that the direction
of blood floy can proceed only toward the heart. During orthostasis, blood
is prevented from flowing back into the capillary bed by virtue of the
gravitational forces acting upon the mass of blood in the venous s&stem.
The return of blood to the heart is further facilitated during erect or
semi-erect posture. by the compression of the veins due to tension and
movement of bodies of skeletal muscle. Every time a leg is moved or a
‘muscle is tgnsed, a certain amount of blcod is propelled toward the heart.
This mechanism is also effective in increasing the pressure throughout
the venous system.

Between the arterial and venous segments is a seriegfparallel network
of small, thin-walled vessels. It is here that local regulation of flow and
exchange of necessary blood constituents with the prcducts of metabolism occurs.
Most of the drop in pressure which cccurs in the systemic circuit is
aitributed to the drop across network of arterioles and capillaries. 1In
this context, Mellander and Johansson (1968) have proposed a functional
division of the microcirculation according to the various roles of each
element which is slightly more specific than the division‘proposed by

Selkurt (1966). They classify the small vessels as follows:
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(a) Resistance vessels are responsible for large variations of
systemic resistance. Accordingly the largest drop in systemic pressure

occurs here. Mellander and Johansson (1968) make a distinction between

.two areas which can be defined as resistance vessels; the precapillary

resistance vessels which are represented by the small arteries and
arterioles and the postcapillary resistance vessels which are composed
of the venules and véins.

(b) Precapillary sphincter vessels, which are the smallest
precapillary resistance vessels and. are responsible for defining the
regions and the extent of the capillary bed available for exchange.

(c) ‘Exchange vessels which provide the medium for érénscapillary

diffusion and filtration exchange.

The functional division proposed by Mellander and Johansson

_for entire systemic circulation is shown in Figure 1.3.

1.5 The Pulmonary Circulation

The pulmonary circulation is a low pressure circuit which shunts

_blood via a low resistance pathway from the right heart to the alveoli

where the exchange of gases between the blood and the environment occur.
Since the network is interposed between the right and left heart, the blood
flow through the pulmonary circuit is exactly the cardiac output.

Because of low pressures in the pulmonary circuit,<£he arteries
are thin-walled and distensible with far less muscle and elastic elements
than their counterparts in the systemic circulation.

Vasomotor regﬁlation is not necessary for the distribution of
blood to the lungs. Since the pulmonary circulation does not supply the
metabolic requirements of the lungs, arterioles are not present and the-

capillaries tend to be larger thamn those in the systemic circuit.
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- The bloodjpressure in the pulmonary arteries remains remarkably
constant over a wide range of infusion: blood flows. This is a result of
passive distention of the pulmonary vasculature during increased flow in
addition to an increase in the number of capillaries recruited as flow vessels.

The pulmonary arterial pressure is particularly sensitive to
oxigen and carbon dioxide tensions in the inhaled air. High tensions of

carbon dioxide or low oxygen tensions result in an increase in pulmonary

vascular resistance.

The changes in resistance of the pulmonary vessels in response to
changes in blood PH associated with abnormal gas tensions is due to the
reaction of thq'vascular elements to the chemical constituency of the

blood flewing through them.

1.6 Neural Flements of the Blood Pressure Control System

The neu?al.circuit employed in blood pressure control can be
divided into four functionally distinct elements:

(1) The Receptors

(2) The Afferent Nerves

(3) "The Central Control Centres

(4) The Efferent Neural Network

Each unit has special characteristics which are significant in
the control of blood pressure.

_A receptor can be defined as any specialised body of cells which,

when stimulated by any change in the nature of circulation within normal

physiological limits, modulates the pattern and extent of efferent activity

to maintain the necessary flow of blood through the organism. This includeg
the baroreceptors, chemoreceptors and cardiac stretch receptors but
excludes pain receptors and others which, when stimulated in extreme

conditions, produce characteristic and often dramatic changes in circulation,
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Research into the control of blood pressure was revolutionised
when, in 1924, H.E. Hering discovered the role of the carotid sinus in
the reflex control of circulgtion. The presence of a dilated area at
the bifurcation of the common carotid artery into the internal and external
#rteries had been known for a long time but the purpose of the group of
specialised cells was not realised until Hering (1927) demonstrated the

vascular responses aroused by mechanical stimulation of the sinus wall.

Since that time interest in the baroreceptor areas in the carotid sinus

and other locations in the body has accelerated at a phenomenal rate.
Béroreceptors have been identified at several other locations.
Green (1967) discovered baroreceptor areas in the aortic arch, along the
Innominate artery and its bifurcation into the right Subclavian and i
common carotid artery as well as in both common carotid arteries at the

origin of the superior thyroid artery. Other areas were also jdentified

along the length of the common carotids.

. Other iﬁvestigators, Gammon and Bronk (1935), Coleridge and Kidd (1960),

located baroreceptor areas in the mesenteries as well as in the pulmonary
arteries .and some parts of the pulmonary bed.

Important baroreceptor areas have been located at variéus positibns
in the heart. Receptors at the junction of the vena cavae with right
atrium and the pulmonary artery with the left afrium were reported by
Paintal (1953a)and Coleridge et. al. (1957). The purpose that these
receptors serve is not known conclusively although stimulation of a majority
of them causes reflex inhibition of sympathetic tone and an increaée in
vagal activity. Henry et. al. (1956) were able to provide evidence which
indicates that the left atrial baroreceptors, at least, might be responsible
for the reflex control of blood volume. Receptors around the apex of the
left ventricle have also been identified which,when activated by a strong

ventricular distension,cause reflex bradycardia and sympathetic inhibition.
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All of the baroreceptors discussed exhibit a cémmon functional
prﬁperty; they all respond to the degree of distortion of the tissue.in
which they are embedded. For this reason they are often referred to as
stretch or distortion receptors.

The rate of change of wall stretch has also been reported to be
very significant in determining the response of the baroreceptors;

Green (1967, Zad et. al. (1952), Spickler, Gesdi and Geller (1967) and
'Bronk and Stella (1935). 'while a great deal of attention has beeﬁ devoted
towards the careful investigation of this purticular point, no hypothesis
has been advanced which might explain the functional significance of the
observed phenomena.

A large body of information exists about the location and structure
of the individual receptof‘elemeﬁts: De Castro (1929), Sunder-Flassman (1933),
Abréham (1967). It seems generally true that as far as the carotid sinus
and aortic baroreceptor areas are concerned, no discrete element can be
identified. The receptors appear to be end arborizations and end organs
of the sensory nerve fibres. O©On the other hand, receptors identified by
" Gammon and Bronk (1935), were iargely Pacinian corpuscles, a general stretch
sensitive receptor found in many species.

Very little is reported about the structure and characteristics
of the afferent nefves which carry the information from baroreceptor areas
to the brain. The carotid sinus and aortic receptors which seem to play
the most important role in the reflex cont;ol of'circulatiég are exceptions,
however.

Landgren (1952) was able to-show that each sensory afferent in
the carotid sinus had a definite 'recording range' over which a rise in
pressure induced an increase in discharge frequency. He found that the
larger fibres showed a lower threshold and fired at a higher frequency £han
the smaller sensory fibres. Paintél (1953b) showed that the conduction

velocity in the larger fibres of the aortic afferents was greater (53 m/sec)
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than that in the smaller ones (12 m/sec).

The principle afferent of the carotid sinus is the sinus nerve.
(also called the Hering nerve). It is a branch of the glossopharyngeal
nerve, the IXth cranial nerve'originating from the medulla oblongata.

A majority of nerve fibres were small and unmyelinated while others

(Folkow and Neil, 1971) have ;émarkea that several hundred myelinated

fibrec were also to be found (Douglas et. al., 1956). Landgren (1952)

has hypothesised that on the basis of this constitution that some functional
differentiation might exist between the th kinds of fibres.

It has also been noted (Heymans and Neil 1958, Green 1959) that the
carotid sinus and carotid bifurcation is innervated by sympathetic nerves.
Reis and Fuxe (1968) have recently shown that the sinus region has a
rich supply of adrenergic fibres in some species. The possibility
therefore exists that efferent symp&thetic innervation exciting the
baroreceptors by muscle contraction in the sinps walls could alter the
effect pf baroreceptor activity. Resetting of the baroreceptors has been
a popular toric of discussion (Kezdi, 1967),- especially with regard to
hypertension (McCubbin, Green and Page, 1956). The possible existehce of
a servomotor control mechznism which could be tied up with baroreceptor
sensitivity in a variety of different circumstances has been and continues
to be a much debatéd subject. There is a large body of evidence which
indicates that at least the 'hardware' for such a mechanism is there;
however, no conclusive evidence exists so far to verify tha£ such a system
is possible.

The first experimental evideﬁce that the brain exerted a considergble
influence on the performance of the cardiovascular system came between
1851 and 1853 when Claude Bernard noted that transection of the spinal
cord in the lower cercical region caused a profound fall in blood pressure.
From the work in the 1870's of Dittmar, Ludwig and Owsjannikow, the cardio-

vascular centre responsible for vasoconstriction



and cardiac acceleration was located in the medulla. Since that time, the
work of Wang and Ransom (1939), Monnier (193%9) and Alexander (1946) had
resulted in the isolation of local areas of the brain responsible for
specific changes in blood circulation. They succeeded in defining the
vasomotor area as a diffuse arrangement of cell in the reticular formaticn
of the medulla oblongata.

The traditional view to date is that the medullary cardiovascular
centre is the fundamental unit which is integrated in a rather complex
manner with higher control centres in the brain. »Peiss.(1965) summarised
the current concepts of central nervous control and in doing so defined
four major features of central cardiovascular control which are summarised
in Figure 1.4. A -

The autonomic nervsus system forms the efferent pathway linking
the cardiovascular control centres with the effector organs, in particular
smooth muscle. Unlike somatic efferents, the autonomic pathway has one
synaptic junction interposed between outflow from the central nervous
system and the effector apparatus. In detail, however, the two systems
are funcfionally similar. The preganglionic newrons of the autonomic
system may distribute, by connection with several ganglia, pospganglionic
discharge in the same manner as the interneurons of the somatic system do
by interconnections with motorneurons.

The autonomic system can be divided anatomisally and functionally
into twp separate divisions, the sympathetic and the parasyspathetic
nervous systems.

' The sympathetic nerves leave-the central system from the thoracic
and upper lumbar sections of the spinal cofd. The nerves are made up
of a preganglionic and postganglionic segment. The preganglionic nerves,
myelinated and fast conducting (315 m/sec) synapse either in the .

sympathetic chains which run down both sides of the cord or terminate in
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Figure 1.4. Schematic representation of central cardiovascular
control (from Peiss, 1965).
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peripheral ganglia a% different places removed from the central system. The
postganglioﬁic fibres, on the other hand, are very small (0.3-1.3 microns dia.),
unmyelinated, and characteristically very slow conducting (0.7-2.3 m/sec).

They are however very resistént to asphyxia (Ruch and Patton, 1960).

The sympathetic nerves can be divide@ into two functionally
different kinds of fibres, thg vasoconstrictor nerves and the vasodilator
nerves. |

Sympathetic vasoconstrictor fibres are most important in the
control of circulation since they provide the only neural pathway for the
maintenance of systemic blood pressure. Most of the influence of the
fibres is on the blood vessels of the skin and splanchnic bed although
there is abundant innervation to the kidney, gu£‘and spleen as well,
Considerable alterations in the blood flow through the cutaneous, skeletal
muscle, renal and splanchnic beds can be effected by a relatively small
increases in vasoconstrictor activity. In addition to constriction of
the resistance vessels, sympathetic vasoconstrictor influence is largely
responsible for reducing the compliance of the vascular system by
constricting the capacitance vessels.

Under normal circumstances, the sympathetic constrictor nerves
méintain a‘tonic discharge of 1-3 impulses per second which is generated
in the medular cardiovascular centres. Maximal vasoconstriction occurs
at rates as little as 10 per second and even leés for venous constriction.
Inhibition of the basal tone results in widespread vasodiléfion.

A further important contribution of the vasocontrictor nerves is
in the innervation of the heart. Sympathetic activity has the rather
important effect of increasing myocardial contractility as well as cardiac
.acceleration by acting upon the SA node. The release of norepinephrine‘
and epinephrine from the ends of vasoconstrictor fibres incfeases the |
vigor of myocardial contraction with the consequent effect of increasing

the cardiac output and effectiveness or the heart as a pump.
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The sympathétic vasodilator nerves are not widely distibuted,
innervating only skeletal muscle, the external genitalia and possibly the
coronary vessels. The most important function of the dilator fibres,
howevef, is the preparation of the organisms for voluntary exercise. The
fibres dilate the vessels in the skeletal muscle beds thérebyincreasing flow
through them even before metabolic demands are made by tbe activation of
the muscle.

The nerves of the pérasympathetic division branch from the cranial
nerves and the second, third and forth sacral segments of the spinal cord.
The role of the parasympathetic system in the control of circulation is
relatively minor with the exception of its effect on the heart rate.
Parasympathetic nerves passing to the heart via the vagus exert a powerful.
influence on the slowing of the heart through the release of acetylcholine
from nerve endings at the S-A node. A large difference exists between the
action of the sympathetic and parasympathetic divisions in the control of
heart rate. The heart responds to parasympathetic stimulation almost
immeﬁiately;reaching full response within-the first 1-2 seconds. The
response to sympathetic stimulation however is slow, several seconds elapsing
“before a;y effect can be detected and generally 16 to 20 seconds passing
before the full effect is reached (Rushmer, 1961).

Hilton and Lewis (1956) have found evidence of other parasympathetic
effects which can initiate indirect vasodilation. Glandular cells activated
by paraéympathetic fibres release bradykin into the tissuesﬁwhich acts on
proteins to split off a polypeptide which produces vasodilation of peripheral
smooth muscle. The full extent of the process in causing circulatory
adjustments other than that observed in vasodilation of the skin during
profuse sweating is still under investigation.

Frequent reference is made in the literature to adrenergic and
cholinergic fibres. The distinction is made on the basis of the transmitter

substance released at the ends of the nerve fibres. Cholinergic fibres
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release acetylcholiﬂe while adrenergic nerves release norepiniphrine
and/or a small amount of epiniphrine. Epinephtine, incidentally,is another
name for adrenalin, hence the reference to adrenergic fibres.

On the basis of the distinction, therefore, all preganglionic
autonomic fibres are cholinergic as are the parasympathetic and sympathetic
vasodilator nerves. Adrenergic fibres include all the sympathetic
vasoconstrictor nerves. The breskdown ié shown in Figure 15 to clarify

the classification.
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CHAPTER 2

SPONTANEQUS OSCILLATICNS AND NONLINEAR CCNTROL SYSTEMS

2.1 Spontaneous Oscillations - Historical Survey

That fine control of arterial blood pressure is a fact of life
in the complex living organism has been known for a long time. Direct
measurements of arterial blood pressure confirmed that under normal
conditions the average pressure remains relatively constant. At the
time these measurements were being made it was noticed that, iﬁ addition
‘to the ordinary blood pulse oscillafions, much slower periodic variationms
in pressure could be detected. These variations were slower than those
attributed to respiration and were loosely referred to as "Traube-Hering"
waves althogh strictly speaking, the oscillations observed by Traube
during animal experiments were synchronous with respiration. Oscillations
of this nature can be observed and are.mofe easily recorded in the
variations in blood Qolume measured at the extremities ofithe human body,
‘using an instrument called a‘plethysmograph.

The earliest recordingé of fluctuations in blood volume at the
extremities were made with a pneumoplethysmograph. Burton (1939) noticed
two distinct types of fluctuations other than that attributed to the
heart beat pulse. The first of these was related to respir;£ion and
received some attention by two investigators, Bolton and Starup (19326).
The second type of fluctuation was slower with a period which varied
between 15 to 120 seconds. Hertzman et. al (1937), using a photo-
plethysmograph, also characterised two similar types of fluctuatiéns,
those synchronous with and.which they felt were due to the mechanical
effects of breathing, and slower fluctuations of 10 to 60 seconds in

period. Burch et. al. (1942) exhaustively explored the phenomena



related to the blood volume variations. They suceeded in characterising

-the fluctuations by fitting them into one of five categories (see Figure 2.1);
The Pulse ¥aves were those occasioned by the heart beat. The Respiratory
Waves were those consistent with the ones noted by prewious investigators

and caused by respifation. Interesting is their grouping of oscillations
into Alpha, Beta and Gamma catégories. The Alpha Waves, less frequent than
the Respiratory wWaves, were further classified into one of three subcategories
according to amplitude. One‘consistent factor remained, and that was that
the frequency of the fluctuations lay somewhere between 5 to 15 per minute.
'The rhythm of the Beta Waves was found to be irregular but characteristically
in the range of 30 to 60 seconds in period. The Gamma Waves, attributed

to very slow shifts in blood volume, were large periodic deflections

occuring at the rate of cne to eight per hour.

2.2 Early Hypotheses of mechanisms behind fluctuations

The éarly investigators who were interested in the phenomena
surrounding spontaneous variations advanced some useful h&potheses concerning
the underlying mechanisms eliciting the observed>responses. In'the first
place, all were convinced that the responses were vasomotor in origin and
ﬁediated by the syﬁpathetic nervous system. Burton (1939) supported this
idea by showing that slow variations in flow were dependent upon the
integrity of the peripheral sympathetic system. The idea wgs also given
credibility by the universality of the activity in the peripheral vascular
bed.

Burton (1939) felt that the variations recorded were due to the
activity of the vasomotor system in the regulation of skin témperature.

He maintained that the fluctuations could be caused by hunting similar to
that seen in certain on—off control processes (the regulation of the

temperature of a water bath by a simple thermostat for example). The
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observed frequency éependence of the slow variations on environmental
temperature further reinforced his convictions.

Burch et. al. (1942) felt that their Alpha, Beta and Gamma waves were
somehoﬁ connected with the facilitation of the distribution and mixing of
extrayascular fluids as well as the flow of fluids through capillary and
lymphafic walls while Hertzmann et. al. (1937) felt that the waves observed
were due to an overshooting in vasomotor regulation.

In observing the spontaneous variations in blood &olume at the-
extremities, investigators could not ignore the p;s§ibility that these
fluctuations were related to the so-called "Traube-Hering' or "Mayer"
waves observed in blood pressure. #ilson (1936), observed in rabbits and
dogs that the slow variations in blood flow in the ear were synchronous with .
those observed in corresponding recordings of blood pressure. In addition,
it was noted that the waves observed in both cases were suppressed by the
same anesthetics.

If one accepts the logical connection between the slow variations
in blood volume and blood pressure, and if one is prepared to accept the
evidence which suggests that the fluctuations are the result of vasomctor

‘activity, then it is worthwhile to examine those hypotheses advanced
concerning £he mechanisms involved in effecting the variations in blood
pressure.

Green et. al. (1943) presented some evidence to suggest that
Traube-Hering waves were due to rhythmic variatiocns in vasé@otor tone and
were able to quantize this effect. Guyton and Harris (1951) observed and
investigated slow oscillations in blood pressure accompanying sudden changes
in pressure which were found to be abolished following denervation of the
pressoreceptors.' These investigators hypothesised that the slow variations
observed in the range of 11 to 40 seconds period were due to an oscillation
in the pressoreceptor-autonomic system caused by a delay\in the negative

feedback system. In a later paper, Guyton and Sutterfield (1952) clarified
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the results pertaining to the production of similar variations under
conditions of cerebral ischemia. They suggested on the basis of fﬁrther
experiments, that the spontaneous fluctuations evokéd following cerebral
compreésion and hemorrhage wére elicited by a different mechanism than
that causing the co@monly observed slow oscillations. They were able to
show that pressoreceptor denervation did not block the res?onse. They
further found that hemorrhage was the initial cause of the oscillations;
returning the-blood to the animal caused the waves to qiminish in size
and cease abruptly to be replaced by the ordinary low amplitude waves
observed in normal conditions. Killip (1962) was also able to show that
the oséillations caused Hy cerebral ischemia were Mayér waves and bore no
connection to the pressoreceptor-autonomic reflex. Sagawa et. al (1962)
were also able to calculafe and describe oscillations which could only be
eliciﬁed by cerebral ischemia.

Dornhorst et. al.(1952) observed and identified slow variations
in blood pressure occuring at the rate ofA6 per minute during apnea.
Although the fluctuations did not occur regularly, they were reasonably
constant in frequency. The researchers felt that the oscillations recorded
" could be attributed to some mechanism which caused rhythmic variations in
vascular tone and which they termed a "Traube Oscillator'. They maintained
that, although the exact form this kind of oscillator might take was beyond
hypothesis, it did exist and was remote from the mechanism involved with
respiratibn. They did, however theorize that, on the basi; of records which
clearly demonstrated the presence and interaction cf the respiratory and
slow components in blood pressure, the respiratory rates could entrain
harmonics of this free running oscillator over a short range.

The conclusions to be drawn can therefore be stated as follows.
Very slow vasomotor oscillations can be identified in.peripheral blood
flow which are connected with tempreature regulation. In addition, however,

there appears to be a élightly faster component in both systemiec blood
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pressure and pefipheral blood flow which is not related to cerebral ischemia.
Hyndman(1970) recognised the presence of such an oscillation and successfully
modelled the effect as a manifestation of the nonlinearities of the blood

~ rressure control system. This proposal, having profound implications about
the dynamics of blood pressure control, must be examined in detail to isolate
the important factors in formulating a clearer description of the system.

533 Current Hypotheses

A very complete explanation of the origin of a particular vasomotor
~oscillation of period about 10 seconds was presented by Hyndman (1970). The
- patrainment phenomenon observed by Dornhorst et. al. (1952) suggested that

this éscillation implied the existance of some kind of nonlinear oscillator.
Accordingly, Hyndman (1970) using a digital simulation of the uncontrolled
human cardiovascular system together with the experimental results obtained
by Scher and Young (1963), proposed that the oscillation was due to the non-
linear blood pressure control system. The essential characteristics of the
cﬁntrol éystem are shown in Figure 2.3. The peripheral resistance control
loop consisté.of a hard “on-off" nonlinear_eleﬁent to describe the afferent-
efferent interface in the brain stem. A linear transfer function G(s) ac-
counts for the response characteristics of the efferent sympathetic system
and vascular smooth muscle.

The output P (arterial blood pressure) results from an interaction of
cardiac output (CO) and total peripheral resitance (R) according to the
following relation:

P=COxR

The two inputs to the control system include a defined reference,

P}ef**’ and respiration. The respiratory input arises by way of the feedback

loop through stimulation of aortic baroreceptors and thoracic stretch

receptors in response to changes

** It is poosible that P is chemically encoded at the cellular or molecular
level for the purpose of °' short term control. However, since this is an adaptive
.control system, the systemic pressure is most likely a consequence of the sys-
tem maintaining an optimum value of cardiac output.
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in intra~thoracic pressﬁre during normal breathing.

An attractive feature of Hyndman's model is that it is capable of
sustaininé a stable oscillation (in nonlinear control systems known as a
limit cycle) provided the characteristics of G(s) are suitable. For this
model, G(s) is composed of two parts, a time lag term (e-Sto) and a linear
transfér function H(s) to account for the frequency response of the oren

loop peripheral resistance control system. That is:

-st

6s) = Hs)e ©

(1 + 7.955) -st,
(1 + 20.05)(1 + %.03) © seeee

(2.1)

The analysis of the osciilation of such a nonlinear system is most conveniently
approached by replacing the hard nonlinearity by a linear apyroximation ‘ -
called a describing function Kuo (1962), Gibson (1963). Accordingly the

element can be replaced by an equivalent linear transfer function, Keq. The-
basic perirheral resistance control system (withéut a respiratory input)

is shown in Figure 2.4. Such a system is capable of oscillating when the

open loop gain is equal to -1. That is when

Keg . G(s) = =1 Cececeaeseans (2.2)
or 1-
: G(jw) = =~ =— cesteseeseaas (2.3)

In the comple§ frequency plane, the trajectory of - K%H is a
straight line along the negative real axis. The point of intersection
of the G(jw) and the - K%E loci defines the point at which eqﬁation 2.3 is
true and oscillation occcurs. For this simple system the oscillation
(according to Gibson, 1963) will be stable and its frequency will be the
value of w at that point. The‘complex-frequéncy plane trajectory of G(jw)
(obtained by replacing s in equation 2.1 by jw) gnd - K%a for an on-off
element (Gibson, 1963) and Hyndman, 1970) with no time delay is shown

in Figure 2.5. Since no intersection of the two loci occurs for a finite

value of w, the system is incapable oi oscillation. The effect of adding
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a time delay is shown in Figure 2.6. An intersection now occurs for some
finite value of W and a stable 1limit cycle is possible.

The effect of adding a time delay is dramatic with regard to the
determination of a limit cycle. This observation immediately raises the
question of the sensitivity of the oscillation - frequency, especially to
changes in system time delay. 'Consequently, it is appropriate to examine
the response of the open loop resistance reflex and the peripheral vascular
beds, as obtained by other investigators besides Scher and Young (1963), to
see how valid equation 2.1 proves to be in deseribing the characteristics
of the peripheral vasculature. If other workers find differences in the
frequency response, it would follow that equation 2.1 represents perhaps
only a rough approximaéion to thé true state of affairs. In that case we
would need to questicn if the functioning of the overall control system

depends on the characteristics of the peripheral vasculature.

2.4 Frequericy Response of the Peripheral Vascular Bed

The response of the open loop carotid sinus - blood pressure system,
which is particularly.important in the current study, has been a matter of
gonsiderable interest éince the classic experiments of Scher and Young (1963)
and techniques havé been considerably improved. ILevison, Barnet and Jackson
(1966) performed similar experiments and found, like Scher and Young (1963)
that the response of the system was highly nonlinear for stéﬁ inputs.
Sinusoidal mechanical stimulation of the baroreceptors elicited a pressure
response similar to that of a low.pass filter wi£h a corner frequency of 0.04 Hz
A model developed which described the behaviour rather well, took account of
the nonlinear characteristics of the vascular by including a second order
response af a natural frequency of either 0.042 Hz or 0.019 Hz depending

~

upon the direction of change at the input.
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The most coéprehensive experiments to evaluate the frequency respohse
of the vascular beds were performed by Rosenbaum and Race (1968). They
observed a typical nonlinear response of the vascular resistance of the
Splanchnic bed to a step chaﬁge in neural stimulatién. The response to a
step increase in stimulation had a 3 - 15 second time constant with a mean
of 9 seconds, indicating the presence of a first order pole at 0.018 Hz.

A step decrease in stimulation however suggested a second order system with
a natural frequency of 0.034 Hz. The response to sinusoidal stimulation was
that of a first to second order low pass filter (phase lags of 90°.to 180°
were recorded) with a corner frequency of 0.017 Hz.

Other investigators have made equally detailed contributions to the
determination of the response of the open loop baroreceptor system.
Hatakegama for example, identified a firstlorder pole at C.05 Hz and a
second order pole at 0,032 Hz. In developing a model of the blood pressure
control system,Grodins (1963) found that representing the vascular bed as a
simple first order system with a pole at 0.016 Hz gave the best results.

All experiments performed either on the open loop baroreceptor system
or on pa?ts of the vascular bed indicate that the response of the vasculature
" to nervous stimulatién is hiéhly non-linear. Others , Folkow (1955),

Barcroft (1963), have ﬁade similar observations in different situations and
Folkow (1952) has suggested that the unusual response associated with a
decrease in stimulation is likely to be related to a degree of automaticity
in the beds themselves. -

Most investigators agree that the open loop baroreceptor-peripheral
resistance reflex has the characteristics of a low pass filter with a second
‘order pole at 0;04 Hz and/or a fifst or second order pole a£ 0.02 Hz.

Since conclusions reached by Spickler et. al. (1967) indicate that the
responses\obtained for the open loop.system are dominated by the filtering
éffects of the smooth muscle in the vascular bed, the results obtained from

the open loop system in all likelihood apply to the response of the peripheral
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vasculature. The precise determination of an accurate transfer function at
this point is complicated by the nonlinear characteristics described.

Some researchers have commented on the presence of a time delay in
the bbserved responses. Scherland Young (1963) found delays in the range
2 - 4,5 seconds while Hatakegama .(1965) remarked on an observed 2.0 second
delay. Rosenbaum and Race (1968) made references to a time delay but no
values were recorded.

It therefore appears that,on the basis of results from other
investigators, the transfer function H(s) (equation 2.1) used by Hyndman (1970)
does not entirély account for tﬁergehaviour of the vascular bed. He was,
however, able to produce consistentrand reasonably accurate results f{Pm his
modél by a judicious selection of an appropriate time delay. But in the
light of the discussion abdve, the possibility must therefore exist that
the Slood pressure control system as prorosed by Hyndman is only weakly
dependent upon the characteristics of the peripheral vasculature as defined
by the locayion of the poles and zeros of the linear transfer function.
Consequently, it is now necessary to inveétigate the relative importance
.of the smooth muscle characteristics and efferent time delay in determining

the characteristic frequency of the stable limit éycle in the proposed system.

2.5 The Effects of Time Delay and Filter Characteristics on the Spontaneous

Cscillation of the Blcod Fressure Control System.

To evaluate the relative effects'of time delay and the position
of the poles and zeroé of the frequency response, the basic peripheral
resistance control configuration used by Hyndman (1970) was examined. The
system shown in Figure‘2.2 incorporates the on-~off nonlinear element and the
transfer fﬁnction given in equation 2.1. As meﬁtioned previoﬁsly, a delay

time is a neceésary prerequisite before the system can oscillate stably and

spontaneously. The question to be answered is how sensitive is the frequency
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of oscillation to changes in time delay. It is also necessary to evaluate
the extent to which the frequency is affected by the position of the poles
and zeros of H(s) (equation 2.3).

To answer these questions, a general expression for G(s) was

formu}ated;
(1 + T,s) -st
Gs) = T )(11 T.s) °© °
+ 28 + 3S
or '
(1 + quw) ~jwt .
G(jW) = tovsecnense (2.4)

O+ w0 + jTjw) ©

The frequency,w, which satisfies equation 2.3 was evaluzated for

~

all those conditions in which the parameters to’ T1, T2, and T3 were changed

separately from between + 50% of their normal values taken as follows:

to = 2.0 seconds
T1 = 7.95 seconds
T2 = .20.0 seconds
T3 = 4,0 seconds

Figure 2.7(a) shows the relative effects of a + 50% change in time
delay and an equivalent change in the time constant T3 (equgtion 2.4).
A 25% change in time delay centred about 2.0 seconds produces a 21.5 ¥ change

in 1limit cycle frequency whereas the same degree of change in T,, centred

3
about 4.0 seconds, causes only a 5.4% change in the oscillation frequency.
- The same effect can be observed for changing the fime constants
T1 and TZ; éelatively large changes in either time constant produce very
small shifts in the family of curves. The effect is considerably less than
" that introduced by altering the time delay. (Figure 2.8 through to Figure 2.9 ).
In Figure 2.10, ‘I‘2 has been changed extensively from 20.0 to 4.0 seconds

with only a relatively small change in the position of the curve. It must
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therefore be concluded that the time delay is a much more important
consideration than smooth muscle characteristics in determining the dynamic
operation of the peripheral resistance reflex of the blood pressure control

system.

2.6 Conclusions

The spontaneous oscillations which occur'uqder normal conditions in
systemic blood pressuré and peripheral blood flow have been investigated by
éeveral teams of researchers and found to be vasomotor in origin. Hyndman
has proposed a system which accounts for some of the observed spontaneous
behaviour and reproduces certain kinds of responses which occur under forced
conditions (Dornhorst et. al. ,1952 ).

Hyndman's basic c;nfiguration of _the peripheral resistance reflex was
examined carefully and its functioning was found to be highly sensitive to
the dead time delay in the effegent system.

In contrast to Hyndman's.general idea about the properties of his
model, t#e model was found to be insensitive to the characteristiCS of the
‘vaséular beds for a time lag‘between 1.0 and B.OAseconds.

No explanation has yet been offered which can expléin the origin of
a system time delay as large as 2.0 seconds althcugh such delay has been
observed often. It seems unlikely that the delay occurs in the afferent
baroreceptor pathway since,as pointed out in Chapter 1, tﬂé baroreceptors
respond rapidly to mechanical stimulation and the information is carried to
the vasomotor centre via fast—COnducfing fibres. This means that the delay
must occur partialiy or wholly in the brain stem or in the external
sympathetic ganglia.

It is necessary to find more pointers to the origin and location of
such large time lags. It would be interesting if they result from a

mebhanism in the brain or peripheral ganglia because it would then be
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conceivable that a selective innervation of different parts of the vascular
bed could involve slightly different time delays and therefore partially
account for the observed nonstationarities in the frequency of the 0.1 Hz
sponténeous oscillation in peripheral blood flow. The research in this
thesis has uncoﬁered a means of evaluating roughly the relationship between
spontaneous oscillation frequency and time delay and will be discussed later

in Chapter 5.
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CHAPTER 3
DESIGN OF EXPERTMENTS

The purpose of the expériments was to monitor the peripheral blood
flow simultaneously at various locations in the body and relate the
behaviour of certain vasomotor components between these locations to
heart rate and respiration.

The measured locations included one of the finger digits, one
of the small toes and one ear lobule. These were chosen because they
are richly perfused with blood and, since they représent areas largely
concerned with the dissipation of heat from the body, are abundantly
supplied with arterioles and small blood vessels. Furthermore, they
are sparsely provided with skeletal muscle, particularly the ends of
the digits and lobule of the ear. This is particularly relevant as
a photo-electric plethysmograph was used fo detect blood flow and the
tissues which contain less skeletal muscle and bone are less opaque.

The detection of bloé@ flow at the locations cited is assumed
to represent the pattern of blood flow which exists in the whole of the
region under studj. This has been confirmed by Burton (1939) who was
able fo demonstrate that the blood flow measured in one toe or finger
was a good representation of the blood in the other digits-éf the same
1limb. |

In the ensuing analysis of the blood flow records, particular
attention was directed towards the study of a narrow band of spectral
| components in the range of 5 to 15 seconds periodicity which frequently
manifest themselves in peripheral blood flow. Notwithstanding fluctuations

in blood flow in any of the locations due to local influences, components
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have been identified by others, Burton (1939), Hertzmann (1937a, 19375),
Burch (1954), and Hyndman (1970), which were connected with fluctuations
in vasomotor tone in the arteriolgs qf the peripheral locations. The
detailed examination of the éxperimental results was therefore directed
towards describing the behaviour of these narrow band fluctuatidéns and
comparing the activities in the respective locatiqn§f
In some experiments, the electrocardiogram (ECG) and respiration
rate and depth were recorded concurrently with the blood flow from either
" one or two of the peripheral cites. Certain narrow band activity has

been reported to exist in the slow fluctuations of cardiac iﬁterbeat
interval. The approximate period of this modulating influence is
characteristically in the range of one cycle every 10 seconds, Sayers (1972),
Kalsbeek and Ettema (1965). Thus it is desirable to investigate any
relation between the fluctuations in interteat interval and those observed
in peripheral blood flow.

The role of respiration in influencing the behaviour of vasonotor
oscillations has been investigated in the‘past1 Dornhorst et. al. (1952),
Hyndman (1970). Also, the behavicur of the vasomotor component in the

-cardiac interbeat interval has been referred to by Sayers (1972) who
hypothesed ﬁhat the observed rather unusual pattern of activity displayed
by this 10 second component might be related in some way to the pattern
of respiration. The pattern of respiration depth and rate under conditions
in which vasomotor influence could be detected in either biéod flow.or

interbeat interval was therefore studied.



46

CHAPTER 4

METHODS

4,1 Experimental Arrangement

Five groups of experiments were performed using eight different
subjects. The experiments lasted 20 - 30 minutes each and were conducted
in conditions of reasonably stable room temperature which did not vary more
than 1°C during each experiment.

In the first group, a total of five experiments were performed using
three subjects. The experimental arrangement is shown in Figure L4.1. The
subjects sat in an upright position and were in a relaxed state while blood
flow was recorded at a finger, toe and ear lobule using a photoelectric
plethysmograph (described in Chapter 7).

The second group was comprised of three experiments performed on one
individual on different occasions. The eér lobule blood flow, finger digit
blood flow, respiration and Electrocardiogram (ECG) were recorded on-line
to an IBM 1800. The arrangement is shown in Figure 4.2. The wide range of
activity observed in the experimental results made it necessary to record
the same parametefs using a larger population of normal, healthy subjects.

In the third group, therefore, the same experiment (i.e. subject
seated upright, relaxed at normal room temperature) was pefformed on each
of six different individuals. ZEar lobule blbod flow, finger blood flow,
respiration and ECG were recorded using an arrangement similar to that shown
in Figure L.1.

In the fourth group, the same experiment was performed on the same
six individuals but this time warm air was directed onto each using a 2 kW
fan heater. The intent was’to increase the temperature of the air around

the subject to 39°C - h5°C and hence determine whether ralsing the
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environmental temperature altered the behaviour of the vasomotor activity.
A comparigon of the results of the third and fourth group of experiments
confirmed that no difference in vasomotor activity was apfarent.

In the fifth group, a total of three experiments were performed
using two subjects. The four parameters mentioned above were recorded. The
subject was instructed to breath at a normal depth and to synchronise the
breath rate with an oscilloscpe trace which was made to move from the top
to bottom of the screen by voltages from a low frequency signal generator.
In this way the vasomotor oscillations could be examined for breathing rates

at 0.10, 0.20, 0.225, 0.275, 0.30, 0.35, and 0.40 Hz.

4,2 Recording Technigues

In the first group of experiments, recordings were made with a
Precision Instruments PI-6100 10-track F¥ tape recorder. The tape speed
used was 3.75 in./sec. The records were simultaneously monitored on an
Airmec 279 IC -éoupled, L chanﬁel display oscilloscope.

The recorder had a rated signal-to-noise ratio of 30 dB at the
_maximum input (for slow fluctuations) of + 1.5 volts. Slow fluctuations
in blood flow over 20 - 30 minutes were often larger than the magnitude of
the individual beat to beat pulsations and care was needed in the recording
process. To achieve the best signal-to-noise ratio it was necessary that
the peak-to-peak magnitude of the very slow fluctuationsin blood flow ccver
. as nearly as possible the full range of + 1.5 volt. From experience gained
in the first group of experiments, it was found that the best results were
obtained if five to ten minutes were allotted at the beginning of each
experiment for adjusting the-bridge amplifier to set the magnitude of the
blood pressure pulsatiqns to within 250 to 400 millivolts with a minimum D.C.

offset,
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Following the re?ordiﬁg of the data, the signals were re-recorded
at 37.5 in./second onto a second similar recorder running at 3.75 in./sec.
At the time of re-recording very slow drift variations below 0.01 Hz were
filtered out using a simple first-order RC high-pass filter.

The final step in the recording was the Analog-to-Digital conversion
of the data and the'storage of the sampled sequences on the digital tape.
The three channels of data were A-D converted using the facilities of an
IBM 1800 computer. The data was digitised and stored with a resolution of 1
bits onto the standa:d IBM 7-track digital tape. dJust prio; to digitising,
each channel of data was passed through an Allison low pass filter to remove
any unwanted high frequency spikes or transients which may have occurred during
the initial recording or subsequent re-recording of the data.

The re-recorded dafa.was read into the computer at 37.5 in./sec, thereb
digitising the data at 100 times its real time rate. The cut-off frequency
of the Allison filters was set at 100 ﬁz. (=1 Hz real time). Their
characteristic-of a 30 dB per octave roll-off ensured that components in the
signal above 400 Hz had négligible power. The data was sampled at 4 kiz
per channel which represents a sampling rate of five times the Nyguist rate
for the following reason.

A study of the detailed nature of the A-D conversion by the IBM 1800
reveals an intereéting point with regard to multi-channel ADC, in that each
channel is digitised sequentially as shown in Figure L.3. If the three
signals were each sampled at the Nyguist rate of 800 Hz thé—apparent time
delay between the first sample of channel 41 and first sample in channel 2
would be: -

1

1365*5737 seconds

which would represent a delay Of'%ﬂ sec. Furthermore,the apparent time delay
between the first sample of channel 1 and first sample of channel 3 would

be about-%i second. In terms of the 5 to 10 second components to be analysed
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3 Channei
Sampling Period
and Delay
__._l le—
Channel 1
Sampling : o
Sequence . Channel 2
Channel 3

Sampling Period
per Channel.

Figure L.3. Digitising sequence for a three channel ADC.
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in the data, it was felt tha? a.%z - %E-second delay between different
channels would present difficulties in the visual examination of the final
records agd in the interpretation of any cross correlations which might be
applied between any of the records. Thé sampling rate was set at 5 times
the Nyquist rate to minimise these phase differences between the three
channels of data.

For the secénd group of experiments, it was found that,\in terms of
hardware and‘initial manipulation of the data, an improvement could be made
if the experiments were digitised on line, by-passing the tépe recording
sequence. The basic constraint on the sampling rat; of the signals was set
by the fact that one of the channels to be recorded carried tﬁe electro-
cardiogram of the subject.

It has been noted previously (Sayers ,1972 ) that the magnitudes
of the vasomotor fluctuations in interbeat interval were of the order of
60 to 100 mSec. Therefore, fo achieve a reasonable degree of accuracy and
resolution, it was decided thatAthe meaximum time between samples of thevECG
should be no more than abéut mSec. The'sampling rate was fixed exactly at
240 Hz per channel to facilitate data reduction at a later stage.

It was further felt that low pass filtering of the blood flow and
respiration signals would be unnecessary at the sampling rates used. The
previous sets of experiments indicated that nearly all the power contained
in the blood flow signals resided in the low frequency énd of their spectra
(below 30-40 Hz). This was verified by selecting at rﬁndoﬁ-some portions of
the digitised blood flow records which showed a large high frequency content
and célculating the spectra. & typical result is shown in Figure 4.4, It
vas quite clear from the spectra of these samples that the original
assumptions were valid, components higher than about 20 Hz contributing
negligible power to the spgctrum of the blood flow signals. Consequently,
it could be safely assumed ?hat digitising the blood flow signals on-line

to the 1800 at the sampling rate of 240 Hz would not result in significant
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aliasing. The high sampling‘rate was also ‘suitable for the respiration
recordings which contained even less high frequency power.

In the third, fourth and fifth group of experiments, the four
paraneters under consideration were recorded on a PI recorder at 3.75 in./sec.
The four channels of data for all experiments performed in these three groups
were plotted using an Ultra-Violet recorder and the ear blood flow, finger
" blood flow and ECG of the third and fourth group of experiments were
digitised at a sampling rate of 240 Hz. Respiration, ECG and ear lobule

blood flow of the fifth group of experiments was digitised in a similar ..

manner.

k.3 Detection Techniques

Detection refers here to the measurement of certain physiological
parameters using suitable transducer and amplifier unit. It basically
applies to obtaining an electrical representation of the true physiological
parameter which would constitute a suitaﬁle signal for later obervation

and analysis.

4,3,1 Plethysmograph

Blood flow was detected usiné a multi-channel photoplethysmograph.
" The method has been used extensively in the past by Stead and Kunkel (1928),
Hyndman (1970) and Hertzmann (1937a, 1937b). Hertzmann (1937a) was sble to
show that the results obtained using a photoelectric plethysmograph were in
agreement with those recorded uéing a volume plethysmograph. The volume
plethysmograph measures the difference between the blood flowing into the
region of interest and the blood flowing out (Burch, 1954 ).

Basically the same quantity is measured using a photoelectric
plethysmograph but certain advantages are gained. In fact, what is being

monitored by the photoplethysmograph is the blood flow past certain discrete
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points marked by the 1ocatio% of the light sensitive pickup. Since the area
under the pick up is relatively small, the difference between the blood flow
out compared to the flow into the region is small and the signal obtained
is a more accurate representétion of the blood flowing into the region..
Certain problems were encountered with fhe photoplethysmogrephic
technique which were not dissimilar to these encountered with other kinds
of plethysmogrephs, namely difficulties associated with the movement of the
region under study. For the sake of compactnessy, the light sources used
were physically small and were operated at low intensities éo prevent local
heating of the tissues. This, together with tissue opacity yields quite low
signal levels., This presents no great problem itself but it must be noted
that under these conditions an& slight movement of the appendage with respect
to the transducer assembly will significantly alter the total amount of light
available for diffusion or that picked up by the photo-detector. It was
therefore necessary that the subjects avoided any large movements of the
appendages being examined. The problem did not arise with the ear lobule
since the musculature of the external auricle is relatively sparse and gross
movements of the ears are generally impossible. Also the lobule, being
- rather piiable, was held securely by the plethysmograph and relative movements

between the lobule and the transducer assembly were small.

L.3.2 The Electrocardiogram -

The electrocardiograms were normal unipolar recordihgs made using
.a standard three-lead ECG amplifier. For the purpose of recording en ECG
signal which would provide a gobd measurement of the instantaneous interbeat
interval over a series of heart beats,a well defined QRS complex was required.
Accordingly, the amplifier leads were carefully positioned on the subject
to account for the orientation of the heart so that the sharpest QRS peak
could be obtained. In addition, the amplifier itself was designed to high-

pass filter the ECG somewhat to improve the shape of the QRS complex. With
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these précautions, satisfactory electrocardiograms were recorded and the

signal, sampled at 210 Hz was virtually noise free with well defined QRS peaks.

4,3.3 Respiration

The purpose of obtaining respiration recordings was to detect breath
.to breath changes in rate and depth throughout the experiment, but not to
deduce the volume of the inﬁaled or exhaled gas during the respiration cycle.

The device used was quite simple and easy to attach to the subject.
A special adjustable belt was fitted around the middle of the thorax, level

with the sternum,in order to pick up the maximum variations in rib cage

)
diameter associated with breathing. A piece of carbon-impreganted foam was
positioned between the thorax and the belt. During respiration, when the
distance between the belt and the thorax changes, the foam is alternately
compressed and relaxed, changing its resistance and thereby allowing electrical

signals to be generated which indicate the variations in rate and depth of

breathing.

" k4 Digital Computer Techniques

L.4,1 Reduction of Data

The digitised data was stored on digital tape; subsequently some
preliminary processing and reduction of the blood flow and-respiration signals
vas performed to facilitate further analyses.

As mentioned earlier (Section L4.2), the digitising sequence for
-multi-éhannel’data on the IBM 1800 used was set up in such a way that the
channels are sampled sequentially in time. The samples of the multichannel
data stored on digital tape are interlaced in the following way:

c1(1>02(1>...cn(1>c1(2)02(2)..cn(2>....c1(M>cz(M>...cn(M>

Where C (M) is the Mth sample of the nth channel.



The thrée channels of data from the group I set of experiments were
therefore separated and four out of every five samples from each channel were
discarded as shown in Figure 4.5 lowering the effective sampling rate from
40 Hz to 8 Hz in real time but retaining the most contiguous samples.

Since the methods for handling the analysis of the data were to
include the Fast Fourier Transform algorithm. (Monro ,1971 ),it was decided
 to handle the daté in blocks of 102k points. For the reduced data mentioned

above the real time length of data actually analysed was thus:.

1024 samples  _ 102k
sampling rate 8

= 128 seconds

In terms of the 5 to 15 second period components, this meant that between
10 and 20 cycles could be represented in a record of this length which ﬁas
considered to be quite adequate for most analysis techniques.

- It was noted that in the 128 second blocks the highest frequency
component in the signal was 4.0 Hz. Thus most of thevinformation about the
beat to beat flow fluctuations and vasomotor oscillations was retained.

, For spéctral analysis each block of data was tapered with an extended
cosine bell type described by Bergland (1969) and Blackman and Tukey (1958)
and shown in Figure L.6. For most cases a fen per cent taper was used as
shown.

The blood flow and respiration data obtained in all other experiments
were also reduced to blocks of the same size. However in this case the
technique used was slightly different. In the first group of experiments,
the signals were band limited at 4.0 Hz using hardware low pass filtering
techniques. In subsequent groups band limiting was performed using the zero
phase shift, five term low pass autoregressive filter described in Section A.5.
The filter cutoff frequency was éet to 4.0 Hz. As mentioned in Section k.2,
the data for those experiments in which the ECG was monitored had to be
sampled at a rate of at least 200 Hz; in fact the rate used was 240 Hz pér

channel allowing an even reduction of the data as follows.
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After digital filtering the maximum frequency contained in the blood
flow signal was 4.0 Hz butAthe equivalent time domain signal was still

represented by a 240 Hz sampling rate. According to the Sampling Theorem

this was Zaioh = 30 timFs the minimum rate required. Consequently 29 out of
every 30 samples were discarded. A block length of 1024 samples thus yielded
a block of 128 seconds which was compatible with the other data blocks
obtained. The data blocks were passed through the same data window as before
to prevent the time domain truncation from affecting correlation and spectral

analysis procedures.

L. L.,2 Evaluation of Interbeat Interval

A suitable program was written for the IBM 1800 to evaluate the
interbeat interval sequence over a chosen length of record. Basically the
purpose of the program was to display one single ECG complex at a time on
an oscilloscope in order to detect the precise location of the peak of the
QRS complex. Each QRS was detected using a software Schmidt Trigger to
avoid the lengthy procedure of having the software examine each point in
the reco?d until a QRS complex can be identified.

When a QRS was located a simple algorithm examines the three or four
samples near the peak of the QRS to deter@ine the maximum. The entire ECG
complex was then displayed with the detected peak brightened. The record was
then examined visually by the operator to check that the actual peak of the
QRS rather than an artifact had been located. A program iﬁferrupt could then
be initiated by'the operator and the index of the brightened spot stored
before the next complex is detected. When the following QRS had been checked
visually, the index of the next brightened spot was étored but this time the
number of sample intervals between the last peak and the current peak was
calculated, The interbeat interval was then calculated by dividing this
figure by the sampling rate‘and stored. The process was repeated for the

desired length of record.
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While the entire record could hypothetically be handled solely by a
software program, visual scrutiny was found to be necessary in cases where
the thresﬂold level of the software Schmidt Trigger was too high to detect
a QRS or where the ECG showed premature ventricular contractions. The
phenomena were not frequent and could be handled by marking the peak without
the trigger using a user utility subroutine designed for the purpose.

The frogram operated by reading the 240 Hz sampled ECG from the tape
into core in blocks of 400 samples. The average number of sampling intervals
between the QRS peaks was estimated to be 150 from the knowledge of average
heart rate and digitising rate. Therefore two or three comple;es were -
represented in a typical 400 sample block.

The first complex in the record was detected, the peak of the QRS
located and 90 samples on each side of the peak marked off. The sequence
delineated was then displayed on the oscilloscope and the peak determined
" visually. Following the initiation of a program interrupt the index of the
marked point was stored then the sample 90 to the right of the peak defined
the first point of the next 225 fo be préﬁessed and displayed. The next
complex could be expected to occur at some point in the sequence of 225
~ samples displayed. The peak of this next complex was then located and checked,
_the index stored and finally the interbeat interval calculated. The sequence
was repeated for all complexes in the record.

It was estimated that with the above program about 1000 QRS complexes
could be handled b& an operator in less than 10 minutes. Tﬁe program could
furthermore be generalized to handle ECG records sampled at any rate by

merely adjusting certain parameters in the program.
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CHAPTER 5
EXPERIMENTAL RESULTS

" 5.4 Introduction

. A total of 25 experiments representing fourteen hours of recérdings
were performed on eight individuals to provide a sufficient volume of
data from which relieble conclusions can be drawn regarding the observed
behaviour of vasomotor spontaneous oscillations.

The analysis of the records»concerned itself with an investigation
of some of the basic properties of the vasomotor activity. It was
necessary to establish whether a range of different frequencies exists
for particular vasomotor components, in particular that associated with
the blood pressure control system. It was suggested in Chapter 2 that
the oscillation of the blood pressure control system was highly sensitive
to the system time delay. Therefore if tﬁe time delay were not constant
i£ might be expected that the 0.1 Hz component could conceivably change
from time to time.

The purpose of monitoring of peripheral blood flow.at two different‘
sites (ear and finger) was to determine if any regional division occurs,
either in the vasomotor centre or at lower levels, in the control of
peripheral resistaﬁce vhich might be evident in a differencé in vaso-
‘motor activity at two distinctly different points in the vascular bed.

Vésomotor activity has been identified in the cardiac interval
sequence. The relationship between activity in peripheral blood flow
end cardiac interbeat intervals was therefore an important consideration
in further defining the behaviour of vasomotor oscillations.

The 10 second vasomotor component which frequently occurs in the

cardiac interval sequence has been observed previously (Sayers,1972) and
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appears to'be a %ranéient phenomena. It waé desirable therefore to
determine whether or not similar behavior could be observed in peripheral
blood flow. Hyndman was able to show that respiration could successfully
entrain the 10 second vasomotor oscillation at breathing rates below

0.1 Hz. An attempt was made to determine whether such a similar entrain-

.ment occurred at normal breathing rates above 0.1 Hz which could account

for the transience of the 0.1 Hz spontaneous vasomotor component.

5.2 Identification of Vasomotor Components in Peripheral Blood Flow

& first step in describing the behaviour of a particular vasomotor
component is the successful identification and separation of that -
component from others in the record. This task is often difficult because
of nonstationarities in frequency and the variable pattern of activity of
each component.

| Four particular compenents below 0.5 Hz appear frequently in the
results. The.first of these, a very low-frequency (up to 0.06 Hz)
component, was identified which could often be filtered from some records
and examined. The component would appear at frequencies betweeg 0.02 Hz
to 0.05 Hz and was capable of remaining constant in frequency over a
short period of tiﬁe (over a 128 second record) or being highly variable.

(Changes in frequency between 0.025 - 0.060 Hz in a single record were

often observed). Figure 5.1 illustrates the consistency in frequency

while, figure 5.2 shows the dramatic changes which the component could
undergo. | .

An iﬁteresting feature observed when rapid chaﬁges in frequency
occurred was that the amplitude of the component was significantly larger
in portions of the record where the frequency was low than at times
when the frequency was high.‘ It appears that some kind of filtering

was performed on this particular component which did not affect higher

frequency components to the same degree.
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ﬁurton (1939) referred to a similar low frequency component in
digital blood flow and attributed it to a subtle oscillation or "hunting"
of the thermoregulatory system. Kitney made similar observations and,
although no reference was made by him to the frequency-amplitude relation-
ship described here (the filtering process), he commented ufon the
. observed nonstationarity in frequency of the fluctuation. It is therefore
likely that the component which appeafed in the range 0.02 to 0.06 Hz was
the same component studied by Burton (1939) and Kitney (1972) and is a
spontaneous oscillation connected with the dynamics of the thermoregulatory
system.

A second component can frequently be observed in peripheral
blood flow and cardiac interbeat interval. Three examples are shown
in figure 5.3. The spectra of the signals from which the components in
figure 5.3 were band filtered is shown in figuré 5.4, The frequency
of the activity is, like that of the thermal oscillation, highly
variable in frequency. The rénge in vhich the component is most
observed is between 0.05 Hz to 0.15 Hz and in general, the same frequency-
amplitude relation described abéve applies.

ﬁyndman has proposed that a 0.1 Hz component appearing in blood
pressure and digit blood flow is connected with normal blood pressure
control. Since the second component is often observed at frequencies
near 0.1 ﬁz, it is concluded that this is the component proposed by
Hyndman and will hereafter be referred to as the 10 second or 0.1 Hz
oscillation though it is understood that a range éf'frequencies is
involved.

The 10 second component frequently displays complex behaviour
patterns and it can only'be definitely identified when it appears as
a smooth fluctuation relatively free of higher frequency activity.
The oscillation typically lasts for 2 to 8 cycles and then degenerates

rapidly through abrupt chanées in frequency and amplitude. This point
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Figure 5.3, Three band filtered blood flow records
from three different individuals show-
ing the activity of a discrete vasomotor
component in the 0.05 to 0.1l5 Hz range.
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is illustrated in figure 5.5. In such cases the 10 second activity

is often accentuated by narrow band filtering if the frequency remains
reasonably constant. The effect of band filtering is shown in

figure 5.2(c). It might be added that when the vasomotor oscillation

is filtered in this way its frequency appears as a 'burst' of activity

as shown. Sayers has descfibeﬁ a similar effect in the cardiac interbeat
interval sequence and a narrow band filtered record is shown in

figure 5.6,

A third spontaneous component was observed frequently in
'peripheral blood flow. The frequency range was characteristically
between 0.14 - 0,20 Hz and most often between 0.15 to 0.16 Hz. The
frequency of this component frequently appears different at different
locations. In two experiménts, one particular subject produced a large
dominant 0.15 Hz compornent in the ear blood flow record. An example
is shown in figure 5.7. Although a similar but smaller component appeared
in the finger blood flow of the same individual, it did not appear
identical to that in the ear. The O.14 - 0.20 Hz fluctuation often
occurred when the detection of the 10 second vasomotor component became
uncertain and low in amplitude.

The origin of the O.14 - 0.20 Hz can only be speculated from
the relativelj feﬁ experiments., With a frequency of O.14 to 0.20 Hz
for normal breathing rates of 0.25 to 0.35 Hz, the temptation to connect
the phenomena with respiration is strong. In ene experimeﬁ£ it was
found that the component changed frequency when the breath rate changed.
The effect is shown in figure 5.8. This relation did not apply however,
in most other experiments, therefore no conclusions could be drawn.

The fourth vasomotor component present in blood flow was easily
identified as that connected with respiration. The results of the

forced breathing experiments showed that the magnitude of the component
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Figure 5.5. A 128 second blood flow record which clearly
illustrates the transience of the 10 second
oscillatory component.
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increased at slower breathing rates and that the contribution was often

larger in the ear blood flow than in the finger blood flow.

5.3 Vasomotor Components at Different Sites in the Vascular Bed

The relationship between vasomotor activity at different
sité; in the peripheral vascular bed (i.e. the ear, finger or toe) is
sometimes complex and difficult to describe. However, when a large
10 second vasomotor component can easily be recognised amidst activity
in one single location, similar fluctuations are evident at other sites.
Examples are shown in figuref 5.9 through to 5.12 which illustrate this
point. In figure 5.13 and figure 5.14 an example is shown of a record in
which the activity in two sites appears dissimilar. Note the presence of
a considerable amount of higher frequency activity in the finger record.
Differences such as this occur sometimes and generally the relationship
between the 10 second components is obscured . by the presence of slightly
higher frequency components.

The 10 second oscillation, when sufficienfly large compared to
other activity in the records, can easily be filtered from the respective
records and the activity of the component at different locations compared.
The results of cross correlations of several different records confirm
that no measurable ﬁhase difference can be detected between different chan-
nels. Furthermore, althﬁugh some differences can occasionally be detected
in the thermal components at different sites, the 10 second fluctuations
are identical in frequency. On the basis of the evidence, therefore, it
must be concluded that no functionél division occurs in the blood pres-
ure control system's peripheral resistance reflex and that diverse parts

of the vascular bed are innervated from the same source at the same time.
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Figure 5.10. (a) Ear blood flow record of figure 5.9 band filtered between 0.05 to 0.23 Hz.* (b) Same ear blood
flow record low-pass filtered at 0.023Hz' *(¢) Corresponding finger blood flow record filtered from
0.05 Hz to 0.23 Hz.* (d) Same finger blood flow record low-pass filtered at 0.023 Hz.*
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Figure 5.11. (a) Finger digit blood flow record low-pass filtered at 0.23 Hz.* (b) Spectrum of the signal from
vhich (a) was filtered. (c) Corresponding ear blood flow record low-pass filtered at 0.23 Hz.*
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Figure 5.12. (a) Finger digit blood flow of figure 5.11 band filtered from 0.10 to 0.23 Hz.* (b) Same finger

blood flow record but low-pass filtered at 0.055 Hz.* (c¢) Corresponding ear blood flow record
band filtered between 0,10 to 0.23 Hz.* (d) Ear blood flow record low-pass filtered at 0.055 Hz.*

* Roll-off of the filter extends over 0,023 Hz.
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spectrum of the signal from which (¢) was filtered.

* Roll-off of the filter extends over 0.023 Hz.
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Figure S.14. (a) Ear blood flow record of figure 5.13 but band filtered from 0.05 to 0.23 Hz.* (b) Same ear blood
flow record but low-pass filtered at 0.03 Hz.* (c) Corresponding finger blood flow record band filt-
ered from 0.05 to 0.23 Hz.* (d) Finger blood flow low-pass filtered at 0.03 Hz.*

* Roll-off of the filter extends over 0.023 Hz.
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The crosscorrelation ¢f the respiratory component in blood
- flow with the respiration signal reveals that no measurable phase‘shift
occurs. Therefore it can be concluded that the respiratory vasomotor
component in blood flow is directly related to chénges in thorax volume
" associated with breathing and that no phase shift or time delay is

apparent.

5.4 Spontaneous Oscillations in Blood Flow and Cardiac Interbeat Interval

Spontaneous fluctuations other than those associated with sinus:ar-
rhythmié have been previously identified in the cardiac interbeat
interval sequence , (Angelone and Coulter, 1965, Hyndmen, 1970, Sayers,
1972). The relationship between observed vasomotor activity in the interval
sequence and peripheral blood flow was investigated in an attempt to classify
the mechanism underlying the behaviour.

To compare the activity, it was necessary to develop a simple but
accurate means of transforming.the interbeat interval sequence from an
interval versus interval-number plane to an interval versus time plane:

The interval sequence was initially processed ‘to band filter out the
components required for analysis. To determine the total time elapsed
from the beginning of the record the N'® point on the filtered signal,

the following calculation was made:

N N
T, = :E: L) + ¢, N ¢ 7% B
i= 1

is

where IIi‘is the magnitude (in seconds) of the T interval and to1 i

the time elapsed from the beginning of the first interval Tﬂ’ calculated
for all intervals in the sequence and gives the 'occurrence'times', of
each point on the filtered record. This technique is a form of

pulse-widthrndemodulation and allows the vasomotor fluctuation in
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interbeat interval to be compared with these in peripheral blood flow.

An example of a transformed sequence is shown in figure 5.5,

The results obtained by such a comparison were interesting. Initially,

time delays were observed in the occurrence of a 10 second vasomotor
fluctuation in peripheral bleod flow and the occurrence of an identical
component in the cardiac inter&al sequence. A closer examination of

seferal different records revealed that longer time delays were connected

with lower frequency vasomotor activity. Although a precise calculation

is complicated by the fact that the 10 second component does not appear
constant in frequency for many cycles of oscillation, some measurementslapprox.12)

were made from varieus records two of which are illustrated below:

FREQUENCY (Hz) TIME DEIAY (SECONDS)

0.96 " 2.0%f.2
0.54 : 2.96% .2

A simple calculation reveals that, on average, a 4i% change
in frequency is associated with a L48% change in time delay. Other
estimatés agree reasonably well with this calculation and it is generally
true that a difference in frequency of the 40 second vasomotor component
is accompanied by a slightly larger change in time delay with same -
cemponent in cardiac interbeat interval. Two typicai examples of the
relationshiﬁ are shown in figures 5.16 and 5.17.

The;e results have important implications in the description
of the blood pressure control system. The effect of a time delay on
the limit cycle frequency of nonlinear system such as that described
by Hyndman has been described in Chapter 2. Not only have time delays
of the same order of magnitude as those degcribed by Scher and Young,
Hatakégama and Hyndman been observed but also approximately the same
relationship between time delay and spontaneous oscillatory frequency

as that derived in Chapter 2 has been found to exist between cardiac
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Figure 5.16.

Time lag between the vasomotor oscillation in peripheral blood flow
and the oscillation in cardiac interbeat interval(bottom plot).

The component here is slightly slower in frequency than that shown
in figure 5.17.
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Figure 5.17.

Time lag between the vasomotor oscillation in peripheral blood flow (top)
and the same oscillation in the cardiac interbeat interval (bottom).
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interval activity and blood flow. It can be concluded therefore that
the stimulus which modulates the cardiac interbeat interval in response
to the spontaneous oscillation of the blood pressure control system
must be derived from a peint in the system after a time delay element
vhich in turn must be situated at some point in the control loop after
the efferent neural ocutput to the vascular resistive beds. A proﬁosed
system which retains all of the characteristics of Hyndman's model
and yet satisfies the experimental results of this research and others
is shown in figure 5.18. The configuration would not only explain

the observed time time delays but would alsc account for the fact that
no observed time delay or phase shift occurs between the respiratory
component in blood flow and the variations in thorax volume with
respiration. The proposed system defines thé most probable location
of the time delay element as being situated in the brain before the
non-linear afferent-efférent interface described by Hyndman. TFurther-
more, the behaviour of such a configuration will be identical to that
described in Chapter 2 since the closed 160p gain remains the same for
the entire system.

Assuming that the above proposal is correct a possible cause
for the observed variability'in frequency of the 10 second component
could be explained.by changes in the control system time delay.

Under normal spontaneous conditions the nature of variations
iﬁ breathing rate have not been conclusively found to be réiated to
the changes in vasomotor frequency in the short periods over which
vasomotor activity can be observed. In addition, there appears to be
no definite connection with breath rate or depth that could be related
to the sudden appearance or disappearance of the 10 second vasomotor
oscillation which is so frequently observed. An investigation of the

mechanism of a variable time delay may offer a solution, however.
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Figure 5.18. Proposed revised configuration for the essential elements
of the blood pressure control system.
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It is conceivable f;r example that a "switching out" or bypassing

of the time delay element would cause the spontaneous oscillation te
cease as described in Chapter 2. There could possibly be some mechanism
whereby that portion ef the brain in which the delay originates is
bypassed under certain conditions, leaving the essential elements of
the control system intact but eliminating spontaneous oscillation.

A full analysis of this situation is beyond the scope of this study
and would have to be evolved from a series of experiments which would
throw mere light upon the nature and origin of a time delay in the
blood pressure control system in addition to a computer simulation
vwhich would bring together the relevant facts outlined here. This
tepic however will be discussed in the next chapter in the form of
suggestions for further research directed towards answering many of
the relevant questions raised by the experimental results from this

thesis.
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CHAPTER 6

Conclusions

6.1 Summary and Conclusions

The purpose of the work described in this thesis was to investigate
the dynamics of the blood pressure control system under normal spontaneous
conditions.

The essential physiological features of the blood pressure control
system were outlined. It was visualised as an interaction between a
basic hydraulic system (for the transport of essential elements to the
tissues) and a neural network which monitors the performance of the hydraulic
unit and effects changes in certain parameters to ensure that the
circulation is able to meet demands placed upon the living system.

Observations made by past investigators into spontaneous
oscillatory behaviour in blood pressure aﬁd peripheral blood flow have
been summarised. Some hypotheses about the origin of vasomotor oscillations
- was discﬁssed and it was proposed that the configuration of the blood
pressure coﬁtrol system outlined by Hyndman offered the most complete and
realistic account of the origin of a spontaneous oscillation at around
0.1 Hz, The basic elements of Hyndman's control system were therefore
examined in detail., On the basis of calculations made regafding the
dynamic behaviour of the model and a consideration of the results of
several investigators pertaining to the response of the open loop blood
pressure control system, it was proposed that the system time delay
is possibly a much more important consideration than smooth muscle
characteristics in determining the performance of the blood pressure

control system.
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The design and methods of experiments to analyse the performance'
of the blood pressure control system under spontaneous and slightly
forced conditions was described. The computer analyéis of several
representative samples takenifrom fouteen hours recording uncovered
several aspects about the behaviour of certain vasomotor oscillations
which can be summarilsed as follows:

1) The frequency of the thérmal oscillation varies between 0.02 Hz
to 0.06 Hz at different times and can change in frequency very rapidly.

2) The blood pressure control system stable oscillation can vary
considerably between 0.06 to O.14 Hz and seldom remains constant in
frequency.

3) . The blood pressure control system oécillation, when it can
be identified is identical in frequency in the ear blood flow, finger and toe
blood flow and cardiac interbeat interval. There is no measurable phase
difference between the oscillation appearing in ear blood flow and finger
blood flow.

L) The respiratory component in slood flow was identical in
frequency in the two locations in the vascular bed and no measurable
' phase shift (between the two) was detected. The respiratory component
was also foﬁnd to be in phase with changes in thorax volume associated
with breathing.

5) The blood pressure control oscillation was found to be a
transient phenomena seldom lasting for more than 2 to 8 cyéies of oscillation.
There was no detectable connection between the observed transience and
the rate, depth or pattern of breathing.

6) A time delay was observed between the 10 second vasomotor
oscillation in cardiac interbeat interval and that appearing in ear and
digit blood flow. In general it was found that a delay of about 48%
was accompanied by a 44% change in frequency with longer delays appearing

for slower frequency oscillations.



The results stated give additional information about the mechanism
underlying the dynamics of blood pressure control. The similarity between
the 10 second vasomotor oscillation at two completely diffefent sites in-
the peripheral vascular bed supports the view that the basic system
responsible for peripheral resistance control is centrally located and
functions as a unit, simultanebusly innervating widely different parts
of the vasculature.

The 10 second component varies considerably in frequency, 20% - k0¥
changes not being uncommonly observed even in the short (128 second)
records examined. The results of calculations in Chapter 2 indicate that
to: effect changes in limit cycle frequency in the order of those observed,
very dramatic changes in the smooth muscle characteristics in-large areas
of the vascular bed must occur over very short periods of time. It seems
unlikely that such changes could occur under the normal relaxed conditions
in which the experiments were conducted. What is more, neither changes
in the smooth muscle characteristics nor the observed effects of
respiration can account for the observed £ranéience of the 10 second
vasomotor oscillation.

Attention has been drawn to the time delay element which has
only been mentioned briefly by the investigators who performed the
original quantitaﬁive experiments on the response of the open-loop blood
pressure control system. Quantitative analysis has pointed to the
importance of considering the system time delay and it has-ﬁeen proposed
that a more likely cause for the observed variability in the O.1. Hz
vasomotor frequency could be slight changes in time:delay. Furthermore,
it has been suggested that a mechanism which allows the delay element to
be bypassed would cause an immediate and dramatic cessation of the
spontaneous oscillation and yet would retain the essential elements of

the blood pressure control system.
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Time delays'similar to those previously reported in the open-loop control
systém studies have been recorded between the 10 second vasomotor component in
cardiac interbeat interval and the same component in peripheral blood flow.

The percentage difference in delay and the difference in vasomotor frequency also
agrees with those predicted in Chapter 2. It has therefore been concluded that
the source of the neural stimilus responsible for modulating cardiac interval

in response to spontaneous fluctuations in blood pressuvre control system is
located in the brain after the time delay element.and befére the afferent-
efferent interface predicted by Hyndman.

On the basis of observed time delays and additional evidence regarding the
relatdon between respiration and the respiratory vasomotor component in blood
flow,'an alteration in Hyndman's baéis configuration has been proposed which does
not alter the performance of the closed loop system but takes into account the
effects which have been observed from the experiments performed as part of this
research.

The investigation has centred upon two important elements of the blood pressure
control system, tge smooth muscle characteristics and a system time delay. It
has been shown that large variations in the smooth muscle characteristics do not
sufficiently account for the variability of frequency of the 10 second vasomotor
component between 0.05 and 0.15 Hz. Furthermore, experimental evidence does not
support the view that the transience of the 10 second vasomotor oscillation is

occasioned by the respiratory entrainment such as that described by Hyndman.

Accordingly attention has been focused on the time delay element in the
control system. It has been shown that very small changes in tiﬁe can result in
large changes in the frequency of the 0.1 Hz component. Experimental evidence has
been submitted which clearly demonstrates the relationship between time delay and
the frequency of the 10 second vasomotor component. A mechanism which bypasses the
time delay element would offer a more likely explanation of the switching onAand
off of the 10 second oscillation., It is argued that a blood pressure control system
configuration which draws attention to the important function of the time delay

element therefore offers a more satisfactory basis for the analysis of the dynamics

of blood pressure control.
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6.2 Proposals for Further Research

Spontaneous oscillations of certain constant physiological
parameters’in living systems have been observed for a long time but have
only recently been associated with the normal operation of the control
system involved. Biological systems have a unique characteristic in that
they frequently possess a wide margin of reserve. The partial failurg of
one particular element in the control system is often compensated for by an
adjustment or modification of the parameters of some or all other elements
with the result that the outward appearance of the system operation ie
unchanged and the controlled parameter is maintained within tolerable
limits. The amount of reserve which a particular system has, at the current
stage in medical research, is an unknown quantity. The impending failure
of a system is unpredictable and often may not even be sﬁspected. The
importance therefore of a description and indication of normal behaviour
cannot beA overstressed. Since spontaneous oscillation is a .characteristic
of normal behaviour of certain control systems it is necessary to thoroughly
investigate the phenomenon in relation to.fhe pathological situation.

The proposals recommerided therefore direct further research in twvo
directions simultaneously.

Further experiments must be performed similar to those described
in this thesis. It was felt that although a considerable amount of
experimentation was performed within the limited time available, a
larger population must be sampled in order to resolve some of the questions
which could not.be answered conclusively with the volume of data collected.
Several anomalies in the recording could not be explained or analysed.

At some times it often appeared as if the thermal oscillation in blood
flow was interacting with the 10 second fluctuation to produce higher
harmonics. The iﬁteraction was often brief however and similar effects

occurred sufficiently seldom so that no conclusion could be drawn.
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It.would be valuable if some means éould be dévised of :eliciting
a 10 second vasomotor response for periods longer than those normally
oﬁserved. Forced breathing down to 0.2 Hz and warming the environment
around the subject failed to elicit much change in the behaviour of the
oscillation. )

Further experiments therefore mﬁst be conducted in order to
fully describe and explain the widely diverse and often complicated
patterns of activity which is a common feature of peripheral blood flow
and cardiac interbeat interval.

Several experiments of the kind performed in this research must
be conducted on subjects who have pathological disorders of the circulatory
system in order to compare the sponﬁaneous activity with the normal
functioning system and so to evaluate what changes, if any, occur in the
behaviour of the 10 second oscillation which could be connected with the
pathological state. It might be added that such experiments would involve
no discomfort for the subjects involved since all parameters are measured
non-invasively and with very little disturbance to the individual.

The importance of a system time delay and some evidence of the
effect of spontaneous changes in the delay has been submitted. This.
particular point should be investigated further using a compute£ simulation
in an attempt to simulatexthe observed activity of the limit cycle and,
investigate the situation which could account for a transience in limit
cycle oscillation. The model should be constructed with a view to
investigating some aspects of the pathological based on experimental
evidence.

To conclude however, it is felt that there is not an adequate
amount of experimental evidence yet present for a strictly accurate and
precise description of the blood pressure control system. Several useful
and important ideas have been submitted about the possible structure and

function of the system (Hyndman, Kitney and Sayers, 1972) and a beginning



has been made here in the investigation of some of the proposals. The

work has just begun, however, and the emphasis must now be on experimentation
and the intelligent use of analysis techniques to further examine the

details of the system in a manner by which the description can be

addressed to the pathological situation.



CHAPTER 7

EQUIFPMENT

7.1 Introduction

The basic features of the blood flow detector for use at certain
peripheral sites were discussed in Chapter 4. The actual device used was
a photoelectric plethysmograph consisting of a light-source and a
photoconductive cell, a carrier bridge amplifier and an active filfer.

Details of the device are discussed below.

7.2 Theory of operation

The photoelectric plethysmograph functions by detecting changes of
voltage from the null position caused by small changes of resistance of a
photoconductive cell in one arm of a Whea?stone bridge. The arrangement is
shown in Figure 7.1. The other three arms consist of two fixed resitors (R1)
and a variable resistance (Ro) used to set the bridge balance for any basal
or DC photocell resistance (Ro)'

Variationé in light intensity in response to changeé in tissue
opacity (Chapter &) cause small changes, €, in the cell resistance. The

output (Figure 7.1) is equal to:

eo = e1-e2
R + ¢ R
_ 0 0
R1 + Ro + € R1 + Ro
cR‘l

(7.1)
(R1 + Ro)(R1 + Ro + €)

)
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If ¢ is small compared to the magnitude of R, + Ro then 7.1 becomes:

1

&4

o (R1 + Ro)(R1 + Ré)

(7.2)

In this event the output of the bridge is directly proportional to the
‘change in photocell resistance.

In the experimental apparatus,resistor R, had a value of 560 ohms

1
and formed part of the bridge amplifier. The range of expected values of
Ro and € for a typical subject are shown in table 7.1.
The magnitude of the error in the output evaluated by equation 7.2
can be determined for each plethysmograph by taking typical values of Ro
and ¢ from table 7.1. The average error in the output of the ear plethysmograph
is 2.9% with a maximum ervor (for R = 2,0 K and ¢ = 150) of 5.8%. For
the finger,an average error of 0.69% and a maximum error (Ro = 510 K
and e = 100{)) of 2.25%. These errors were considered to be quite acceptable

for the purposeé which the apparatus was intended (i.e. the investigation

of frequency variations of vasomotor components in blood flow).

7+3 The Photoconductive cells

The photoconductive cells used were cadmium sulphide (CdS) MKY 5H38
manufactured by Mofirica of Japan and marketed in the United Kingdom by
Photain Controls Ltd.

The cells were chbsen for their small size (6.5 mm diameter x 3.5 mm),
high sensitivity, and wide spectral response near the red end of the light
spectrum. Table 7.2 details some of the pertinent specifications for the
cells. No informétion was available regarding the response time of the
MKY 5H38 to a step change in light intensity but the specification of cells
with similar characteristics marketed by the same firm have time constants

6f the order of 40 msec to 100 msec.



.98

A siﬁple test was performed on each photoconductive cell to
ascertain the value of the dark resistance after 10 seconds. It was found
that the cell used in the finger plethysmograph had a resistance in excess
of 200 Megohmsafter 10 seconds while that used in the ear apparatus had a
value of only 1.1 Megohms after 10 seconds. The significance of this

difference is discussed in Section 7.7.

7.4 Light Sources

The light sources used were standard tungsten filament bulbs
powered from a voltage regulated power supply. The stability of the light
output from both sources was tested over a long period of time (up to one
hour) as follows.

A suitable translucent material was inserted between the photocell
and the ligﬁt source to bring the resistance of the cell into the correct
range (Table 7.1) and the outputs from both bridge amplifieré monitored
for 1 hour. After the firs£ minute of opération, neither light source

showed any measurableAtendency towards long term drifts or variationms.

7.5 Bridge Amplifier and Active Filter

Bridge voltages were amplified by an S.E. Laboratory model 429
carrier bridge amplifier. The inputs to the device were téken from a
precision 10~turn potentiometer and the photoconductive cell as shown in
Figure 7.2. These two resistances form the two arms of the Wheatstone
bridge arrangement described in Section 7.2.

The amplifier units were not provided with filters, so a unity-gain,
first order‘active filter with a half-power frequency at 100 Hz was

constructed and used to filter out the carrier from the amplifier output
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BASAL RESISTANCE

(R ) (KILOHMS)
7.0 + 2.0

2.5 + 0.5

CHANGE OF RESISTANCE

¢ (OHMS)
60 + Lo

90 + 60

Operating ranges for photoconductive cells

" LIGHT RESISTANCE (a2 10 IUX) eeeeee.

DARK RESISTANCE (After 10 s€Ce) oo

M-AXSPECTRAL RESPONSE S PSIRSOSIORNSS

TABIE 7.2

IOCATION

FINGER

"EAR

TABLE 7.3

MKY 5H38
5K - 10K
0.5 M

420 my - 620 my

Specifications for photoconductive cells

TYPE VOLTAGE(MAX) POWER
(WATTS)

ROUND 12. 2.2

TUBULAR 6.5 1.0

OPERATING VOLTAGE

(vorrs)
10. - 120
5.0 = 6.0

Characteristics of light sources
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and to act as a buffer to avoid problems associated with loading when

recording from the high output impedance bridge amplifier (Bronzite ,1970),

7.6 Step Response

The step response of both the ear and finger plethysmographs was
determined to evaluate the frequency response of both devices over the
range of operation.

At the lowest amplifier sensitivity it was found that a 600 - 800 ohm
~ change in cell resistance produced a full scale deflection at the output. .
The essentails of test cohfiguration are shown in Figure 7.3.. By adjusting
the amount of background illumination using liéht source 'A' the basal
resistance of the photocell could be set as required. Alteriﬂg the distance
'q' adjusted the magnitude of the photocell resistance change when the
light from light source 'B' was interrupted by blind 'C'. With this
arrangement it was possible to evoke a step response of the plethysmograph
at various points within the normal operéting range for both devices.

The results are tabulated in Table 7.4. A typical résponse is shown in
 Figure 7.5. The results show that the response of the apparatus is constant
over the range of operation.

An additional series of tests were performed to evéluate the
responée to vary small changes in light intensity thereby more closely
simulating the response of the device under real experimentél conditions.
The parameters of the test were therefore adjusted so that small changes
in resistance (20¢) - 60{)) were produced at several different basal cell
resistance values within the normal range (Table 7.4).

At each basal setting, the bridge was balanced so that the small
excursions in output could be generated over the complete output range by

altering the DC value of the response. The results are shown in Table 7.5
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Location Resistance Range Time Constant - Half Power Frequency
(kilohms) (millisec) . (Hz)
FINGER
4,60-5.25 L5 3.5k
5.75-6.50 L8 3.32
6.75-7.40 Ly 3.49
8. 50"90 25 l"? 30 l"9
EAR
1.90-2.50 70 2.27
3.00-4.00 80 1.99
TABLE 7.4 Step response of photoelectric plethysmograph for full

scale deflection

Resistance Range Time Constant DC Output Level

Location (ohms) (millisec)
FINGER
5000-5050 k5 Y
5000-5050 i5 +
5000-~5050 A k5 -
7000-7060 46 0
L6 +
L6 -
8000-8060 46 0
L6 +
L6 -
EAR
2500-2570 73 o
73 +
73 -
3500-3550 76 0
76 +
76 -
TABIE 7.5 Step response for small resistance changes.

Bridge balanced to alter DC value of output.
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A typical set of responses is shown in Figure 7.4 for a particular basal
resistance value. These results confirm that the response of the plethys-

mographs is not altered when a DC offset is present.

7.7 Conclusions

The essential elements of the photoelectric plethysmograph have
been described. It has been shown that using a simple bridge arrangement
a reasonably linear and very sensitive indication of tissue opacity changes
in response to blood flow can be obtained with a photoconductive cell.

The apparatus used has been tested and foﬁnd to be hiéhly stable
over long periods of operation. The frequency response of the device has
also been found to be suitable for recording slow fluctuations in biood
flow below 2.5 Hz.

The rather poor high frequency response is obviously due to the
slow response of the photoconductive cells since time constants evaluated
(30-90 msec) are in the raﬁge of the expe;ted 40-100 msec of the photoconductive
cells as mentioned in Section 7.3. It follows,therefore,that the difference
in response times observed in the two plethysmographs is a result of a
difference in response between the two cells used rather thén of any
difference in the amplifiers. It has already been noted (Section 7.3)
that there is a difference in the dark resistance of the two cells 10 seconds
following the removal of a source of illumination. Aq exaﬁination of the
specification of similar cells marketed by Photain Controls Ltd. reveals
that. those photoconductive cells with a larger dark resistance after
10 seconds have shorter time constants.

In spite of individual differences, however, both devices were found
to ﬁave a flat response for light intensity changes up to 2.5 Hz and were
therefore suitable for the investigation of the low-frequency vasomotor

activity present in peripheral blood flow.
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APPENDIX

SOME TECHNIQUES OF SIGNAIL PROCESSING

A.1  Aliasing
, In order to satisfy the criteria set out in the Sampling Theorem
(Lathi, 1968) care was exercised in digitising the recorded data (Chapter 4)
to ensure that the time interval bétween samples was at least i%h, where fm
was the highest frequency in the sighal's spectrum.
If the samples are not spaced i%g seconds apart, the épectrum of
the digitised signal will be distorted. The situation is shown in Figure A.1. "
Multiplicationlof the signal, x(t), by the sampling §ignal, GTF(t), results
in the convolution of their spectra. Since 6TF(t) is an impulse train with
a ‘TF' second interval between neighbouring impu;ses, its spectrum, éfF(f),
is an impulse train with an interval of fj (= 1/TF) between impulses
(Lathi, 1968). The convolution of X(f) (the Fourier Transform of x(t)) with
6fF(f) results in the spectrum X(f) being repeated at intervals fp apart.
It fF is not greater than 2fm, the periodic spectra overlap and the upper
ends of X(f) become distorted. Reconstitution of the signal by low pass
filtering at fm would not be possible because of the distortion of the spectrum
Since x(t) is a real signal, X(f) will be symetrical about f=0 and
overlapping mentioned could be simulated if that part of tﬁé spectrum of X(f)

above fF were pivoted about + f; and 'folded back' into the lower part of

F
the spectrum. It is for this reason that fF is often referred to as the
'folding frequency'! and the consequent distortion of the spectrum is known
as spectral 'aliasing'.

Aliasing is a very important factor to account for in preparing

signals for digitising and analysis. It was carefully considered at all

stages in the preparation of the raw data.
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Figure A.l. Simplified description of spectral aliasing.
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A.2 Convolution and Correlation using the Fast Fourier Transform

The convolution of two signals is performed by taking the time reverse
of one siénal, referring the sequence to present time and sliding past the
other signal, calculating the product of the two at each point or 'lag’.

Where the functions are discrete, the sum of the products of corresponding
samples is evaluated at each lag. The resulting series is then normalised
by dividing by the total number of samples in each series. The process is

summarised as follows:

C(k)=1lNh§Ig('rlhl'r) k=01.2, .......N-1
=0
where k = kth lag.
The same process can be performed by multiplying ﬁhe spectra of the
two series and retransforming.
That is:

¢(3) H(3) . G(3)

and

(k) 1 ey

vhere &(x), &(3), ﬁ(j),'a(j) are vectors.

Care must be exercised in performing such convolutions since the
calculation of the spectra of sampled data using the Fast Fourier Transform
makes the time series cyclic. The convolution produced by multiplying the
spectra therefore is cyclical. 1If the convolution of a_signal A with B is
desired, multiplying their spectra and then retransforming will not give
the correct result. The reason for this can be seen by referring fo Figure A.2
where kth lag is simulated. As shown, the product of the two sequences at
this lag includes an undesirable contribution due to the unavoidable cyclic
nature of the two sgries.

The problem can be solved, if, before calculating -the specfrum, each

N point series is padded' with zeros out to exactly 2N points as shown
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Convolution A & B - Cyclic convolution

=

%

~ -~k

Desired product Undesired
for K" lag contribution to

lag product

Figure A.2. Source of errors in the cyclic convolution of two signals

Figure A.3, Correct preparation of signals for cyclic convolution and
correlation.
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(Figure A.3). If resulting sequences are transformed and the spectra
multiplied, the convolution obtained by re-transforming the result is the
correct convolution of A with B,

The algorithm for the correlation of two signals is similar to that
for convolution. The diffgrence is that, for correlation, neither of the
sequences is time reversed before the sliding, product and summing is
performed.

Correlation can be performed using the Fast Fourier Transform in a
manner similar to the convolution process but to ensure that time iﬁversion
of one of the sequences is prevented the cpectrum of one series is multiplied
by the complex conjugate of the other. (Gentleman and Sande , 1966 ). The
cross-covariance rather than the cross correlation is obtained from the
re-transformation but sincé the cross covariance function is the non-normglised
version of the cross correlation, the later can be obtained by the multi-
plication of each term of the cross covariance vector by a suitable scale
factor.

The time series must be prepared for the correlation operations in
the same manner as for the convolution operations and therefore must be

appended with zeros in the way as described above.

A.3 TFrequency Domain Digital Filtering

Frequency domain digital filters are formed by opeféting on the
spectrum of the signal rather than performing the necessary convolutions in
the time domain., Often being.extensions of the ideal filter situation shown
in Figure A.4, frequency domain digital filters have the advantage of u51ng
the time saving characteristics of the Fast Fourler Transform.

The general procedure adopted is to first calculate the spectrum of
the signal, xs(t), by the Fast Fourier Transform

“x_(£) <= F(£)
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Ideal frequency domain filter, (a) Low pass (b) High pass
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The filter frequency response H(f) is formed by choosing a suitable weighting

function for certain spectral components and multiplying with F(f).

£(t) <~ F(f) H(L);
£(t) therefore represents the filtgred version of xs(t).
Frequency domain filters, although they are very fast with respect
to-computer time, have the disadvantage that the total size of the signal
vector which can be handled is limited to the size of the core of the machine

used. (2048 samples for the IBM 41800)

A.Lk A Prequency Domain Filter -

A very simple frequency domain digital filter was designed to péocess
1024 word blocks of cardiac interbeat interval and blood flow data. The
profile of the filter as it was used to.band filter and low pass filter the
records is shown in Figure~A.5. This zero phase, unity-gain filter could
be used as a band pass, low pass or high pass filter depending upon the
choice of corner frequencies.

The filter is an extension of the ideal filter which is shown in
- Figure A.4, The problems encountered with the use of the ideal filter are
those caused by the leakage of transmission and biasing of neighbouring
samples in the time domain caused by the convolutiﬁn of the original signal
with the transform of the filter., The problem, however, éan be considerably
alleviated by smoothing the e;ds of the filter with a cosine taper. The
filter roll-off can tﬁerefore be set by varying the number of harmonics
(NCOS, Figure A.5) over which the filter is tapered.

The filter functioned well as a low pass and band pass filter. Care
had to be taken in narrow band fiitering however. Any transient of sharp
change in the data record would cause biasing in the neighbouring samples

in the time domain since the main lobe and sidelobes of the filter's transform
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Figure A.5. Profile of a practical frequency domain filter used as
a low pass, band pass and high pass filter.
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become more dominant and spread out as the width of the pass band decreased.

An example of low pass filtering is shown in Figure A.6,

A.5 - A Recursive Autoregressive Filter

A recursive, low pass filter was used in place of a hardware active
network to filter the very low frequency information associated with blood
flow recordings. Since some of the experiments were conducted on-line to
the IBM 1800, it was felt that a hardware active filter designed to cut off
at about 2-4 Hz would present problems connected with the stabilisation ofl
the network following transient disturbances in the signal.

A digital filter was therefore a natural solution to any problems
in recording. Because of the large number of samples (digitising at 240 Hz
over a 20 minute éeriod gives 288,000 samples) filtering by spectral means
was out of the question therefore time domain filtering operation was the
only éolution to handling the vast number of points.

The weighting profile of the filf?r used is shown in Figure A.7 and

the recurrence relation is:

y(n) = 2y(n-1) - y(n-2) + x(n-k-2) - 2x(n-1) + x(n+k)

where:
y = output of the filter
x = dinput to the filter
n = the nth (current) sample being processed
k =parameter to determine cutoff frequency of filter
The k of the filter is calculated in the following manner:
| £/5, = k+1
where fH = the highest frequency component in the spectrum
(3 the Nyquist rate)
£f. =

the cutoff frequency of the filter
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Figure A.6. Demonstration of low pass filtering using a frequency
domain filter (see figure A.5). (a) Raw signal (b) Fil-

tered version.
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The approximate magnitude of the first sidelobe as a fraction of the

main lobe is calculated by:

4 > :
cosec” 38 (for k 0dd)

Moo= {sine sin 20 ... sin(kB) }
- sin 20 sin 46.. sin(k-138

/(2k + 2)

For filtering the data, the gain of the filter was set to 59 for

6

data sampled at 240 Hz. This means that the cutoff frequency was:
120/60 = 2 Hz

and the first sidelobe was about ,0003 times the magnitude of the main lobe.

A,6 Trends and Trend Removal

A trend in a length of record can be defined as any component whose
period is longer than the record itself. A trend presents a rather special
problem since it cannot be removed by high pass filtering because fréquently
the trend components to be filtered out have already irreversibly biased
the spectrum at the low frequency end. In fact, fhe effect of a trend on
the spectrum of the signal is often disastrous in terms of the low frequency
components. A trend can represent a large low frequency term with higher
’order harmonics. The effect of truncating such a signal, tapering the ends,
and Fourier transforming the result is to convolve the spectrum of the data
window with each frequency component in the record. A large component at
the low frequency end will have the effect of spreading power out along the
low frequency end with the result thét the presence of a trend can prohibit
the estimation of the low frequency spectral content.

The identification of a trend in the raw data and its effective
removal ié an important step in the initial processing of a signal before
spectral analysis and filtering is begun.

The removal of a trend in data is usually accomplished byvevaluating

the least squares fit of the data to a polynomial. The simplest kind of
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Figure A.7. Typical form of the impulse response of the autoregres-
sive filter (described in section A.5) for k=5.
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polynomial is of course a straight line but often parabolas and higher order
functions are required to approximate some trends. Thus, the first step

in trend removal is to select a polynomial which will best fit the trend in
the data. |

The general expression for an N order polynomial can be written:

n - .
n=0
where: ‘N = the order of the polynomial
k = the k data point in a record of P points
P = the total number of data values in the record.

The first step in formulating an algorithm for finding the least
squares fit of the data to an N degree polynomial is to evaluate the variance

of each point in the record from the polynomial as follows:

P 2

V=20 (%)

k=1
where y'is the value of the k data value.

Therefore:
P N 2
VD [1kD et
k:] n:ﬂ

The values of 'a' are obtained by taking the partial derivatives of V

separately with respect to each coefficient and then setting them to zero;

, N . ,
LA ZZP[ V. _Z nn.(k)n]--(k)h]=0 h=0,1,.....N
daj k=l n=0

One thus obtains N + 1 sets of linear equations of the form

P P
ap > K™= 37y m=0,,..... N
=0 k=1 k=1

This equation of course can be expanded into the following set of equations;
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P P P

g n
uUN * u12k treeenee 4 u‘Ek = Zy,'(
k=1 k=1 k=1
. P P
gDk + ok e ca, > Sy
k=1 k=1 k=1 k=1
f | | I
| | | !
, | | |
| | | |
P P P, P
uqufu u12k"‘1 s . unZk n Zk"yk
k=1 k=1 : k=1 k=1

Noting that simple algorithms exist for summations of the form

P
N3
k=1
and that the set of equations can be solved simply by matrix methods, the

coefficients can be evaluated by finding the solution for the a's in:

p
N H(N{I) ,mmnﬁ(zum C 0 ;y’;(

N1 RN KR L L a0 kyy
2 ; L kel

. -

P
» . - . il
. ap Zk )'I‘(
' A k=1
The solution of the 'a' coefficients from the above matrix equation gives
the coefficients of the polynomial chosen for the least squares fit. The

above method is general and can easily be implemented on a computer to fit

the data to any degree polynomial.
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Figure A.8 shows two unprocessed signals. Through sequence A has
been drawn the least squares fit straight line whereas through sequence B,
the.best fit parabola has been plotted. TFigure A.9 shows the spectra of
both unprocessed signals as well as the improved spectra obtained in both
cases by subtracting from the sequences the least squared fit polynomial

which best approximates the loﬁ frequency trends.
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(2)

Figure A.8.

(b)

(2) Blood flow record with a linear trend.

(b) Blood flow record with a parabolic trend.



30.
Ta.
10.

1 ) ' ~40.
-T0.
-30.
4D,

(c)

18T

x10 2 .

La. 50a
1%Z. 40.
10. 0.
8.

6
4.
- C

10.

% B. L1C. 1. TD. 4. 8. IC. 35.

x10°T

&

4. 8. L2 16. TO- T4 TR IT. 3L

Y .
) 10 a)

Figure A.9. (a) signal with linear trend (b) Spectrum of (a). (c) Signal with parabolic trend (d) Spectrum of (c).

¢



' y
‘ ® O
x10
3p.{
z0.
10. 1
-10. 1
-0, ‘
=
2
(e) )
e
T
18.]
151
LT
9.
Lo
:.
'« 8- 1T 16. 0. T4 T@- IT. 3. _ “¢ 8. 1%. 1. T0. Té. T8. 3T. 36, _
(b) 1107 (Q) X107

Figure A.10. (a) S;g:(ma:)l. with linear trend removed (b) Spectrum of (a). (c¢) Signal with parabolic trend removed (d) Spectrum
) [} Cle ‘



1.

2.

3.

b,

50

9.

10.

11e

) | ’ 123

REFERENCES

ABRAHAM, R.S.:(1967), 'The Structure of Baroreceptors in Pathological

Conditions in Man', in Baforecgptors and Hypertension, edited by

P. Kezdi. Pfoceedings of an International Symposium, held at Dayton,
Ohio, 16-17 November 1965 ,(Pergamon Press).

ALEXANDER, R.S.:(1946), 'Tonic and Relex Functions of Medullary,
Sympathetic Cardiovascular Centres', J. Neurophysiol., 9, p.205.
ANDERSON, B., KENNY, R.A. and NEIL, E.:(1950), 'The Role of Chemoreceptors
of the Carotid and Aortic Regions in the Production of Mayer Waves',
Acta. Physiol. Scand., 20, p.203.

ANGEIQﬁE, A. and COULTER,Jr.; N.A.:(1965), 'Heart Rate Response to Held
Iung Volume', J. Appl. Physiol., 20, p.kblL.

BARCROFT, H.:{1963), 'Circulation in Skeletal Muscle', in Handbook of
Physiology, Circulation II, (American Physiological Society), p.1353.
BERGIAND, G.D.:(1969), 'A Guided Tour of the Fast Fourier Transform',
IEEE Spectrum, 6, No.7, p.41.

BLACKMAN, R.B. and TUKEY, J.W.:(1958), The Measurement of Power Spectra,

(Dover); New York.

BOLION, E.A.C. and STURUP, G.:(1936), 'Vasoconstriction Following Deep
Inspiration', J. Physiol., 86, p.83. ‘ -

BRONK, D.W. and STELIA, G.:(1932), 'Afferent Impulses in the Carotid

Sinus Nerve', J. Cell. Comp. Physiol., 1, p.113.

BRONZITE, M.:{1970), 'Simple Active Filters', Wireless World, zg, P 117,
BURCH, G.E. COHN, A.E. and NEUMANN, C.:(1943), 'The Study by Quantitative
Methods of the Spont;neous Variations in Volume of the Finger Tip, Toe Tip,
and Postero-Superior Portion of the Pinna of Resting Normal White Adults',

Am, J. Physiol., 136, p.L33.



12.
13.
1h.

15.

16.

17.

18.

19.

21.

124

BURCH, G.E.:(1954), Digital Plethysmography, (Grune and Stratton), New York.

BURTON, A.C.:(1939), 'The Range and Variability of Blood Flow in Human
Fingers and the Vasomotor Regulation of Body Temperature'!, Am. J. Physiol.,
227, p.Li37. |

COLERIDGE, J.C.G., HEMINGWAY, A., HOLNES, R.L. and LINDEN, R.J.:(1957),
'The Location of Atrial Reéeptors in the Dog', J. Physiol., 136, p.17k.
COLERIDGE, J.C.G. and KIDD, C.:(1960), 'Electrophysiological Evidence of
Baroreceptors in the Pulmonary Artery of the Dog', J. Physiol., 150, p.319.
De CASTRO, F.:(1929), Z. ges. Anat. I.Z. Anat. Entwgesch, 80, p.250,

cited by Heymans and Neil (1958).

DITTMAR, C.:(1870), 'Ein Neurer Bewies fur die Reizbarkeit der centripetale
Endfasern des Ruchemarks', Academie der Wissenschaften, Leipzig.
Mathenatisch-Physische Klasse, Berichte, 22, p.18, cited by Wang and Chai
(1967).

DORNHORST, A.C., HOWARD, B. and LEATHART, G.L.:(1952), 'Respiratory
Variations in Blood Pressure!, Circulation,né, De553,

DOUGLAS, W.W., RITCHIE, J.M. and SCHAﬁMANN, W.:(1956), ‘'Depressor

Reflexes from Medullated and Non-Medullated Fibres in the Rabbit's Aortic
Nerve', J. Physiol., 132, p.187.

EAD, H.W., GREEN, J.H. and NEIL, E.:(1952), 'A Comparison bf the Effects
of Pulsatile énd Non-pulsatile Flow Through the Carotid Sinus on. .the
Reflexogenic Activity of the Sinus Baroreceptors in the Cat', J. Physiol.,
_1_'@, p.509. -

FOLKOW, B.:(1952), 'A Study of the Factors Influencing the Tone of
Denervated Blood Vessels Perfused at Various Pressures!', Acta. Physiol.
Scand., 27, p.99.

FOLKOW, B.:(1955), 'Nervous Control of the Blood Vessels', Physiol.

Rev., 35, p.629.



125

23. FOLKOW, B., HEYMANS, C. and NEIL, E.:(1963) 'Integrated Aspects of

Cardiovascular Regulation', in Handbook of Physiology, Circulation III,

(American Physiological Society), p.1787.

24, TFOLKOW, B. and NEIL, E.:(1971), Circulation, (Oxford Universi£y Press),
London.

25. GAMMON, G.D. and BRONK, D.W.:(1935), 'The Discharge of Impulses from
Pacinian Corpuscles in the Mesentery and its Relation ﬁo Vascular Changes',
Am, J. Physiol., 11k, p.77.

26. GENTLEMAN, W.M. and SANDE, G.:(1966), '"Fast Fourier Transforms-For Fun
and Profit', Proceedings of the Fall Joint Computer Conference, p.563.

27. GIBSON, J.E.:(1963), Nonlinear Automatic Control, (McGraw Hill), New York.

28, GREEN, H.D., LEWIS, R.N. and NICKERSON, N.D.:(1943), 'Quantitation of
Changes of Vasomotor Tone., Change of Vasomotor Tone as a Cause of
Traube Hering Waves',-Proc. Soc. Exper. Bio. and Med., 53, p.228.

29. GREEN, J.H.:(1954), Baroreceptor and Chemoreceptor Control of the
Circulation, Ph.D. Thesis, University of London.

30. GREEN, J.H.:(1967), '"Physiology of Baroreceptor Function: Mechanism of

Receptor Stimulation', in Baroreceptors and Hypertension, edited by
P, Kezdi. Proceedings of an International Symposium held at Dayton,
Ohio, 16-17 November, 1965 ,(Pergamon Press),

31. GRODINS, F.S.:(1963), Control Theory and Biological Systems! (Columbia

University Press), New York.

%2, GUYTON, A.C. and HARRIS, J.W.:(1951), 'Pressoreceptor-Aﬁtonomic
Oscillation: A Probable Cause of Vasomotor Waves', Am. J. Physiol., 165,
p.158.

33. GUYTON, A.C. and SATTERFIELD, J.H.:(1952), 'Vasomotor Waves Possibly
Resulting from CNS Ischemic Reflex Oscillation', Am. J. Physiol., 170,
P.601.

34, GUYTON, A.C.:(1966), Textbook of Medical Physiology, (W.B. Saunders),

Philadelphia.



36.

37.

38.

39.
Lo.

L1,

k.

i3

il

L5,

126

HATAKEGAMA, I.:(;967). 'Analysis of Baroreceptor Control of the

Circulation', in Physical Bases of Circulatory Transport: Regulation

and Exchange, edited by E.B. Reeve and A.C. Guyton, (W.B, Saunders);Pa.
HENRY; J.P., GAUER: O.H. and SIEKER, H.0.:(1956), 'The Effects of
Moderate Changes in Blood Volume in Left and Right Atrial Pressures’',

Circ. Res., 4, p.9l1.

HERING, H.E.:(1927), Die Carotissinus auf Herz und Gefasse, (Th.Steinkopff),

Dresden.

HERING, H.E.:(1924), 'Die Anderung der Herzschlagzahl durch Anderuﬁg
Arteriellen Blutdruckés erfolgt auf Reflectorischen Wege', Pflug. Arch.
Ges. Physiol , 206, p. 721, cited by Heymans and Neil (1958)

HERTZMANN, A.B.: (1937a), 'Photoelectric Plethysmography of the Fingers
and Toeé in Man', Proc. Soc. Exper. Bio. and Med., 37, p.529

HERTZMANN, A.B.: (1937b), 'Photoelectric Plethysmography of the Nasal
Septum', Proc. Soc. Exper. Bio. and Med., 37, p. 290

HERTZMANN, A.B. and DILLON{ J.B.:91939), 'Selective Vascular Reaction
in the Nasal Septum and the Skin of the Extremities and Head', Am.

J. Physiol., 127, p. 671.

HEYMANS, C. .and NEIL; E.:(1958), Reflexogenic Areas of the Cardiovascular

System, (Churchill), London.

HILTON,S.M. and LEWIS. G.P.:(1956), 'The Re;ationship between Glandular
Activity, Bradykin Formation and Functional Vasodilation of the
Submandibular Salivary Gland', J. Physiol. , 134 p. 471.

HYNDMAN, B.W.:(1970), A Digital Simulation of the Human Cardiovascular
System and Its Use in the Study of Sinus Arrhythmia, Ph.D. Thesis,
University of London.

HYNDMAN, B.W., XITNEY, R.I., and SAYERS, B.McA.:(1971), 'Spontaneous
Rhythms in Physiological Control Systems', Nature, 233, p.339.
KALSEEEK, J.W.H. and ETTEMA, J.H.:{1965), ‘'Sinus Arrhythmia and the

Measurement of Mental Load', communication at the London conference of

the British Physiological Society, December, 1965.



"*70

48,

L9,

50.

51.

52.

53.
Sh.

56.

57.

58.

59.

127

KBEZDI,P.:(1967). 'Resetting of the Carotid Sinus in Experimental

Hypertension', in Baroreceptors and Hypertension, edited by P. Kezdi.

Proceedings of an international symposium held at Dayton, Ohio, 16-17
November 1965, (Pergamon).

KILLIP, T.:(1962), 'Oscillations of Blood Flow and Vascular Resistance
during Mayer Waves', Circ. Res., 11, p. 987.

KITNEY, R.I.:(1972), 'The Thermo-regulatory Control System in Man and its
Study by Digital Computer Simulation', Ph.D. Thesis, University of—London.
KORNER, P.I., UTHER, J.B. and WHITE; S.W.:(1969), 'Central Nervous
Integration of the Circulatory and Respiratory Responses to Arterial
Hypoxemia in the Rabbit', Circ. Res., 24, p. 757.

KUO,B.C.:(1962), Automatic Control Systems, (Prentice Hall), New Jersey.

LANDGREN, S.:(1952), 'Baroreceptor Activity in the Carotid Sinus Nerve
and Distensibility of the Sinus Wall', Acta. Physiol. Scandi, gé, p.35.

LATHI,B.P.:(1968), Communication Systems, (John Wiley and Sons), New York.

LEVISON,W.H., BARNET, G.O. and JACKSON, W.D.:€1966), 'Nonlinear ‘Analysis
of the Baroreceptor Reflex System', Circ. Res., 18, p. 673.

McCUBBIN, J.W., GREEN, J.H. and PAGE, I.H.:(1956), 'Baroreceptor
Function in Chronic Renal Hypertension', Cirec. Res., 4, p.205.

MELLANDER, S. and JOHANSSON, B,:(1968), 'Control of Resistance, Exchange,
and Capacitance Functions in Peripheral Circulation', Pharmacol. Rev., 20
p. 117. |
MONNIER, M.:(1939), 'Les Centres Vegetatifs Bulbaires', Arch. Int.
Physiol., 49, p. 455.

{ONRO, D.M.:(1971), 'Implementing the Fast Fourier Transform', An
Application Report (Biological Signal Analysis Report), 2, Engineering
in Medicine Laboratory, Imperial College, London.

OSJANNIKOW, P.:(lS?l),'Die tonischen und reflectorischen Centren der
Gefassnerven', Akademie der Wissenschaften, Leipzig, Mathematisch—

physische Klasse, Befichte, 23, p. 135, cited by Wang and Chai (1967).



60.
61.

62.

128

PAINTAL, A.S.:(l?65a), 'A Stuéy of Right and Left Atrial Receptors’,

J. Physiol., 20, p. 596.

PAINTAL, A.S.:(1953b), 'The Conduction Velocities of Respiratory and
Cardiovascular Afferent Fibres in the Vagus Nerve', J. Physiol., 121, p. 34l.

PEISS, C.N.:(1965), 'Concepts.of Cardiovascular Regulation; Past,

" Present and Future', in Nervous Control of the Heart, (Williams and

63.
6k.
65.
66:
67.
68.
69.
70.
71.

72.

73.

Williams), Baltimore.

REIS, D.J. and FUXE, K.:(1968), 'Adrenergic Innervation of the Carotid
Sinus', Am. J. Physiol., 215, p. 105k. |
ROSENBAUM, M. and RACE, D.:(1968), 'Frequency Resﬁonse Characteristics
of the Vascular Resistance Vessels', Am. J. Physiol., 215, p. 1397.

RUCH, T.C. and PATTON, H.D.:(1960), Medical Physiology and Biophysics,

18th ed., (W.B. Saunders), Philadelphia.

.RUSHMER, R.F.:(1961), Cardiovascular Dynamics, (W.B. Saunders), Pa.

SAGAWA, K., CARRIER,O. and GUYTON, A.C.;(1962), 'Elicitation of
.Theoretically Predicted‘Feedback Oscillation in Arterial Pressure!,
Am. J. Physi&l., 203, v.141.

SAYERS, B.McA.:(1972), 'Computer Analysis of Heart Rate Variability',

Ergonomics (in press). | _
SCHER,AM. and YOUNG,AC.:(1963), 'Servoanalysis of carotid sinus reflex
effects on peripheral resistance', Circ. Res. 12, p.l52.

SCﬁWEITZER, A.;(1945), 'Rhythmical Fluctuatién of Arterial Blood
Pressure, J. Physiol., 104, p. 25P.
SELKURT,E.E.:(1966), Physiology, 2nd ed.,(Churchill), London.

SPICKIER, J.W., KEZDI, P. and GELLER, E.:(1967), 'Transfer Characteristics .

of the Carotid Sinus Pressure Control System' in Baroreceptors and

Hypertension , edited by P. Kezdi.

STEAD, E.A. and KUNKEL, P.:(1938), 'A Plethysmographic Method for
Quantitative Measurement of Bloof Flow in the Foot', J. Clin. Invest.,

17, p. 711. =



4.

s,

76.

77-

78.

129

SUNDER-PLASMANN, P.:(1933), 'Der Nervenapparat des Sinus caroticus und,

des Glomus caroticum vom Menschen der verschiedenen Alterstufen und

Foetué humanus, von verschiedenen Tieren', Verh. dtsch. Ges. Kreislaufforsch
69, p.3. Cited by Heymans and Neil (1958). |

WANG, S.C. and RANSON, S.W.:(1939), 'Autonomic Reflexes to Electrical

- Stimulation of the Lower Brain Stem', J. Comp. Neurol., 71y p.lk37.

WANG, S.C. and CHAI, C.Y.:(1967), 'Central Control of Baroreceptor

‘Reflex Mechanism', in Baroreceptors and Hypertension, edited by P. Kezdi.

Proceedings of an International Symposium held at Dayton, Ohio,

16-17 November 1965 ,(Pergamon Press),

WILSON, H.C.:(1936), 'The Relation between Rhythmical Variations in Blood
Pressure and Rhythmical Contraétions of the Artery of the Ear of Rabbits
and Dogs', Am. J. Physiol., 116, p.295.

WHITTERIDGE, D.:(1960), 'Cardiovascular Reflexes Initiated from Afferent

Sites other than the Cardiovascular System itself', Physiol. Rev., L

~ (Suppl. 4), p.1987



