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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 control 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. 

Ebcperiments have been performed further to elucidate the charac-

teristics of this oscillation. Blood 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 thee 

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-

ly cause of the variation of frequency in this oscillation than are 

changes in the smooth muscle characteristics. It has been shown that the 

transient nature of the oscillation is not explained by changes in the 

time delay, smooth muscle characteristics or the entrainment effect of 
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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 interface. A mechanism which by-

passes the time delay element would 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. 
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CHAPTER 1  

THE PHYSIOLOGY OF THE BLOOD PRESSURE CONTROL SYSTEM  

1.1 Introduction  

The blood pressure control system represents a sophisticated 

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 hydraulic system can be anatomically and functionally divided 

into two distinct circuits as shown in Figure 1.1 Oxygenated blood is 

pumped under an 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 normal 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 where 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 surface of the 

• 
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lungs. A large surface is provided 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. 

1.3 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-wailed 

right ventricle. 

The contraction of the heart is initiated by the active depolakisation 

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 influences, the S-A 

node depolarises spontaneously at a rate in excess of 100 per minute. 

Simulation of the node by 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 modulated 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 exist 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 ventricle distends the 

arterial walls, particularly in the aorta. During the relaxation 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 blood into the arteries is converted 

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 function of the 

arteries as a flow facilitation unit rather than a volume reservoir. 

Unlike the systemic arteries, the veins are exceedingly distensible 

and consequently adjust to accomodate large variations in blood volume 

and flow. 

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 control of the peripheral circulation and cardiac output. 

Change in the size of the venous reservoir, which contains about 75% of 

the total systemic blood 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 flow 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 system. 

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 tensed, a certain amount of blood 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 series-parallel network 

of small, thin-walled vessels. It is here that local regulation of flow and 

exchange of necessary blood constituents with the products of metabolism occurs. 

Most of the drop in pressure which occurs in the systemic circuit is 

attributed to the drop across network of arterioles and capillaries. In 

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 veins. 

(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 transcapillary 

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 betweeri 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, the arteries 

are thin-walled and distensible with far less muscle and elastic elements 

than their counterparts in the systemic circulation. 

Vasomotor regulation 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 than those in the systemic circuit. 
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Figure 1.3. Schematic representation of the functional division of the 
microcirculation ( from Mellander and Johansson, 1968). 
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The blood pressure 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 
a 

oxygen 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 the vascular elements to the chemical constituency of the 

blood flowing through them. 

1.6 Neural Elements of the Blood Pressure Control System  

The neural. 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 includes . 

the baroreceptors, chemoreceptors and cardiac stretch receptors but 

excludes pain receptors and others which, when stimulated in extreme 

4 	
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 circulation. The presence of a dilated area at 

the bifurcation of the common carotid artery into the internal and external 

arteries haA, 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. 

Baroreceptors 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 

common carotid artery as well as in both common carotid arteries at the 

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

along the length of the common carotids. 

Other investigatorss  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 various positions 

in the heart. Receptors at the junction of the vena cavae with right 

atrium and the pulmonary artery with the left atrium were reported by 

Paintal (19530and 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 increase 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 common functional 

property; 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, Ead et. al. (1952), Spickler, Gesdi and Geller (1967) and 

Bronk and Stella (1935). While a great deal of attention has been devoted 

towards the careful investigation of this particular 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 receptor elements: De Castro (1929), Sunder-Plassman (1933), 

Abraham (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. Cn the other hand, receptors identified by 

'Gammon and Bronk (1935), were largely Pacinian corpuscles, a general stretch 

sensitive receptor found in many species. 

Very little is reported about the structure and characteristics 

of the afferent nerves which carry the information from baroreceptor areas 

to the brain. The carotid sinus and aortic receptors which seem to play 

the ►cost important role in the reflex control of.circulation 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 than 

the smaller sensory fibres. Paintal (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 remarked that several hundred myelinated 

fibres 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 two 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 sympathetic innervation exciting the 

baroreceptors by muscle contraction in the sinus walls could alter the 

effect of baroreceptor activity. Resetting of the baroreceptors has been 

a popular topic of discussion (Kezdi, 1967),. especially with regard to 

hypertension (McCubbin, Green and Page, 1956). The possible existence of 

a servomotor control mechanism which could be tied up with baroreceptor 

sensitivity in a variety of different circumstances has been and continues 

to be a much debated 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 that such a system 

is possible. 

The first experimental evidence that the brain exerted a considerable 

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 
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and cardiac acceleration was located in the medulla. Since that time, the 

work of Wang and Ranson (1939), Monnier (1939) 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 formation 

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. 

The autonomic nervous 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 functionally similar. The preganglionic neurons of the autonomic 

system may distribute, by connection with several eanglia, postganglionic 

discharge in the same manner as the interneurons of the somatic system do 

by interconnections with motorneurons. 

The autonomic system can be divided anatomically and functionally 

into two separate divisions, the sympathetic and the parasympathetic 

nervous systems. 

The sympathetic nerves leave the central system from the thoracic 

and upper lumbar sections of the spinal cord. The nerves are made up 

of a preganglionic and postganglionic segment. The preganglionic nerves, 

myelinated and fast conducting (3-15 m/sec) synapse either in the 

sympathetic chains which run down both sides of the cord or terminate in 

A 
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peripheral ganglia at different places removed from the central system. The 

postganglionic 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 resistant to asphyxia (Ruch and Patton, 1960). 

The sympathetic nerves can be divided into two functionally 

different kinds of fibres, the 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, gut 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 

maintain 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 less for venous constriction. 

Inhibition of the basal tone results in widespread vasodilation. 

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 increases 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 sympathetic 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, 

however, is the preparation of the organisms for voluntary exercise. The 

fibres dilate the vessels in the skeletal muscle beds therebyincreasing flow 

through them even before metabolic demands are made by the activation of 

the muscle. 

The nerves of the parasympathetic 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 

immediately,reaching full response within the first 1-2 seconds. The 

response to sympathetic stimulation however is slow, several seconds elapsing 

before any effect can be detected and generally 10 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 parasympathetic fibres release bradykin into the tissues which 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 acetylcholine while adrenergic nerves release norepiniphrine 

and/or a small amount of epiniphrine. Epinephkine, 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 breakdown is shown in Figure 1.5 to clarify 

the classification. 
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CHAPTER 2 

SPONTANEOUS OSCILLATIONS AND NONLINEAR CONTROL 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, in addition 

to the ordinary blood pulse oscillations, much slower periodic variations 

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 more easily recorded in the 

variations in blood volume measured at the extremities of the human body, 

using an instrument called a plethysmograph. 

The earliest recordings 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 respiration and 

received some attention by two investigators, Bolton and Sturup (1936). 

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 fluctuations, 

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 
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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 Waves were those occasioned by the heart beat. The Respiratory 

Waves were those consistent with the ones noted by pre&ious investigators 

and caused by respiration. Interesting is their grouping of oscillations 

into Alpha, Beta and Gamma categories. The Alpha Waves, less frequent than 

the Respiratory Waves, 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 3O 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 one to eight per hour. 

2.2 Early Hypotheses of mechanisms behind fluctuations  

The early investigators who were interested in the phenomena 

surrounding spontaneous variations advanced some useful hypotheses concerning 

the underlying mechanisms eliciting the observed responses. In the first 

place, all were convinced that the responses were vasomotor in origin and 

mediated by the sympathetic nervous system. Burton (1939) supported this 
A 

idea by showing that slow variations in flow were dependent upon the 

integrity of the peripheral sympathetic system. The idea was 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 temperature. 

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 



wavea 

vi 

:27 

AIVINVW\ 

0 	 15 c.  
A 

151.).e.c. 

;Pulse mi 

11V 	
J16 	kr• refklyfeat o,-,y 

, 
Woe5 

- "/\1  

W 	 t 

1j; 
1,1V 

..• 

0 
	 6O cc. 0 

	 2 min. 

  

  

  

SO min . 

Figure 2.1. Five types of oscillations identified by Burch et. al. 
(1942). 
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Figure 2.2. Typical oscillations observed in finger and toe 
blood volume (from Burch, 1954). 
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observed frequency dependence of the slow variations on environmental 

temperature further reinforced his convictions. 

Burch et. al. (1942) felt that their Alpha, Beta and Gamma waves were 

somehow connected with the facilitation of the distribution and mixing of 

extravascular fluids as well as the flow of fluids through capillary and 

lymphatic 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 volume at -the-

extremities, investigators could not ignore the possibility that these 

fluctuations were related to the so-called "Traube-Hering" or "Mayer" 

waves observed in blood pressure. talson (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, 

0 	 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 vasomotor 

'activity, then it is worthwhile to examine those hypotheses advanced 

concerning the 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 variations in vasomotor 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 further 

experiments, that the spontaneous fluctuations evoked following cerebral 

compression and hemorrhage were elicited by a different mechanism than 

that causing the commonly observed slow oscillations. They were able to 

• 	 show that pressoreceptor denervation did not block the response. They 

further found that hemorrhage was the initial cause of the oscillations; 

returning the blood to the animal caused the waves to diminish 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 oscillations caused by cerebral ischemia were Mayer waves and bore no 

connection to the pressoreceptor-autonomic reflex. Sagawa et. al (1962) 

were also able to calculate and describe oscillations which could only be 

elicited by cerebral ischemia. 

Dornhorst et. al.(1952) observed and identified slow variations 

in blood pressure occuring at the rate of 6 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 
a 

hypothesis, it did exist and was remote from the mechanism involved with 

respiration. They did, however theorize that, on the basis of records which 

clearly demonstrated the presence and interaction of 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 slightly faster component in both systemic blood 
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pressure and peripheral 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 

pressure 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. 

2:3 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 

,trainment phenomenon observed by Dornhorst et. al. (1952) suggested that 

this oscillation 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 

control system are shown in Figure 2.3. The peripheral resistance control 

loop consists of a hard "on-off" nonlinear element 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 resiance (R) according to the 

following relation: 

P = CO x R 

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

ref**, 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 f  is chemically encoded at the cellular or molecular 
level for the purpose ofre  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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CO 

Figure 2.3. essential elements of the blood pressure control system. 

Linear 
Describing 	transfer 
function 	_ function 

K eq 	G (s) 

Figure 2.4. Linear approximation to an on-off control system (after 

Gibson, 1963). 
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in intra-thoracic pressure during normal breathing. 

An attractive feature of Hyndman's model is that it is capable of 

sustaining a stable oscillation (in nonlinear control systems known as a 

limit cycle) provided the characteristics of G(s) are suitable. For this 
-st 

model, G(s) is composed of two. par s,, 	
o  

a time lag term (e 	) and a linear 

transfer function H(s) to account for the frequency response of the open 

loop peripheral resistance control system. That is: 

-st 
G(s) = H(s) e 

(1 7.95S) 	-st
o  

- (1 + 20.05)(1 + 4.0S) e  

 

(2.1) 

 

The analysis of the oscillation of such a nonlinear system is most conveniently 

approached by replacing the hard nonlinearity by a linear approximation 

called a describing function Kuo (1962), Gibson (1963). Accordingly the 

element can be replaced by an equivalent linear transfer function, Keq. The 

basic peripheral resistance control system (without 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 

or 
Keq . G(s) = -1 	 (2.2) 

G(jw) = Keq 	 (2.3) 
1 

1 
In the complex frequency plane, the trajectory of - 

Keq 
is 
 a 

straight line along the negative real axis. The point of intersection 

1 
of the G(jw) and the - --- loci defines the point at which equation 2.3 is Keq 

true and oscillation occurs. 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-frequency plane trajectory of G(jw) 

1 
(obtained by replacing s in equation 2.1 by jw) and - --- for an on-off Keq 

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 of oscillation. The effect of adding 
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• Figure 2.5. Nyquist plot of linear transfer function and describing 

function with no time delay. 
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Figure 2.6. Nyquist plot of linear transfer function and describing 

function with a 2.0 second time delay. 
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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 limit 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 

4 
	 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 describing 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 approximation to the true state of affairs. In that case we 

would need to question if the functioning of the overall control system 

depends on 
	

the 	characteristics of the peripheral vasculature. 

2.4 Fre•uenc Res onse 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 

considerable interest since the classic experiments of Scher and Young (1963) 

and techniques have been considerably improved. Levison, Barnet and Jackson 

(1966) performed similar experiments and found, like Scher and Young (1963) 

that the response of the system was highly nonlinear for step inputs. 

Sinusoidal mechanical stimulation of the baroreceptors elicited a pressure 

response similar to that of a low .pass filter with 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 at 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 comprehensive experiments to evaluate the frequency response 

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 change in neural stimulation. The response to a 

step increase in stimulation had a 3 - 15 second time constant with a mean 

4 
	 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 first order pole at 0.05 Hz and a 

* • 	
second order pole at 0.032 Hz. In developing a model of the blood pressure 

control systemOrodins (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 parts of the vascular bed indicate that the response of the vasculature 

to nervous stimulation is highly non-linear. Others , Folkow (1955), 

Barcroft (1963), have made 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 first or second order pole at 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 

effects 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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4 

• 

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 observed responses. Scher and Young (1963) found delays in the range 

2 - 4.5 seconds while Hatakegama X1965) 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.thatlon the basis of results frcm other 

investigators, the transfer function H(s) (equation 2.1) used by Hyndman (1970) 

does not entirely account for the behaviour of the vascular bed. He was, 

however, able to produce consistent and reasonably accurate results from his 

model by a judicious selection of an appropriate time delay. But in the 

light of the discussion above, the possibility must therefore exist that 

the blood pressure control system as proposed by Hyndman is only weakly 

dependent upon the characteristics of the peripheral vasculature as defined 

by the location of the poles and zeros of the linear transfer function. 

Consequently, it is now necessary to investigate the relative importance 

of the smooth muscle characteristics and efferent time delay in determining 

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

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

Oscillation of the Blood Pressure Control System. 

To evaluate the relative effects of time delay and the position 

of the poles and zeros 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 function given in equation 2.1. As mentioned previously, a delay 

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

spontaneously. The question to be answered is how sensitive is the frequency 

a 
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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 

formulated; 

(1 + T1  s) 	-sto 
G(s) = (1 + T2s)(1 + T3

s) 	e  

The frequency,w, which satisfies equation 2.3 was evaluated 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: 

t
o 

= 2.0 seconds 

T1 = 7.95 seconds 

T2  = 20.0 seconds 

T
3 

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 T
3 
(equqtion 2.4). 

A 25% change in time delay centred about 2.0 seconds produces a 21.5 % change 

in limit cycle frequency whereas the same degree of change in T3, centred 

about 4.0 seconds, causes only a 5.4% change in the oscill4tion frequency. 

The same effect can be observed for changing the time constants 

T1  and T2. Relatively 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, T2  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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Figure 2.10. Effect of a 50% change in time delay, to, and an 

equivalent change in T3  with an 80% change in T2. 
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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 under normal conditions in 

systemic blood pressure and peripheral blood flow have been investigated by 

several 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 configuration of_the peripheral resistance reflex was 

examined carefully and its functioning was found to be highly sensitive to 

the dead time delay in the efferent system. 

In contrast to Hyndman's general idea about the properties of his 

model, the model was found to be insensitive to the characteristics of the 

vascular beds for a time lag between 1.0 and 3.0 seconds. 

' No explanation has yet been offered which can explain the origin of 

a system time delay as large as 2.0 seconds although such delay has been 

observed often. It seems unlikely that the delay occurs in the afferent 

baroreceptor pathway since,a, pointed out in Chapter 1, the baroreceptors 

respond rapidly to mechanical stimulation and the information is carried to 

the vasomotor centre via fast-conducting fibres. This means that the delay 

must occur partially 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 

mechanism 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 

spontaneous oscillation in peripheral blood flow. The research in this 

thesis has uncovered a means of evaluating roughly the relationship between 

• 

	

	spontaneous oscillation frequency and time delay and will be discussed later 

in Chapter 5. 

a 
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CHAPTER 3  

DESIGN OF EXPERIMENTS  

The purpose of the experiments 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 represent 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 to detect blood flow and the 

tissues which contain less skeletal muscle and bone are less opaque. 

The detection of blood flow at the locations cited is assumed 

to represent the pattern of blood flow which exists in the whole of the 

region under study. This has been confirmed by Burton (1939) who was 

able to demonstrate that the blood flow measured in one toe or finger 

was a good representation of the blood in the other digits of the same 

limb. 

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 

111 
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have been identified by others, Burton (1939), Hertzmann (1937a, 1937b), 

Burch (1954), and Hyndman (1970), which were connected with fluctuations 

in vasomotor tone in the arterioles of the peripheral locations. The 

detailed examination of the experimental results was therefore directed 

towards describing the behaviour of these narrow band fluctuations and 

4, 
	 comparing the activities in the respective locations. 

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 interbeat 

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 

;IA 	 relation between the fluctuations in interbeat interval and those observed 

in peripheral blood flow. 

The role of respiration in influencing the behaviour of vasomotor 

oscillations has been investigated in the past, Dornhorst et. al. (1952), 

Hyndman (1970). Also, the behaviour of the vasomotor component in the 

cardiac interbeat interval has been referred to by Sayers (1972) who 

hypothesed that 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 blood flow or 

interbeat interval was therefore studied. 
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CHAPTER  

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 4.1. 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 ear 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 parameters 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 performed on each 

of six different individuals. Ear lobule blood flow, finger blbod flow, 

respiration and ECG were recorded using an arrangement similar to that shown 

in Figure 4.1. 

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 - 45oC and hence determine whether raising the 
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Figure 4.1. Experimental arrangement for the first group of experiments. 
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environmental temperature altered the behaviour of the vasomotor activity. 

A comparison of the results of the third and fourth group of experiments 

confirmed that no difference in vasomotor activity was apparent. 

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 Techniques  

In the first group of experiments, recordings were made with a 

Precision Instruments PI-6100 10-track FM tape recorder. The tape speed 

used was 3.75 in./sec. The records were simultaneously monitored on an 

Aimee 279 DC -coupled, 4 channel 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 cover 

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 pulsations to within 250 to 400 millivolts with a minimum D.C. 

offset. 
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Following the recording 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 11 

bits onto the standard IBM 7-track digital tape. Just prior 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 data 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 Hz. (=1 Hz real time). Their 

characteristic of a 30 dB per octave roll-off ensured that components in the 

signal above 400 Hz had negligible power. The data was sampled at 4 kHz 

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 interesting point with regard to multi-channel ADC, in that each 

Channel is digitised sequentially as shown in Figure 4.3. If the three 

signals were each sampled at the Nyguist rate of 800 Hz the apparent time 

delay between the first sample of channel 1 and first sample in channel 2 

would be: 

1  
(800 x 3) seconds 

which would represent a delay of -ff4 sec. FUrthermorelthe apparent time delay 

between the first sample of channel 1 and first sample of channel 3 would 
1 be about 717 second. In terms of the 5 to 10 second components to be analysed 

4I 
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Figure 4.3. Digitising sequence for a three channel ADC. 



52 

1 4 
	 2 

 in the data, it was felt that a 2 — - — second delay between different  

channels would present difficulties in the visual examination of the final 

records and in the interpretation of any cross correlations which might be 

applied between any of the records. The sampling rate was set at 5 times 

the Nyquist rate to minimise these phase differences between the three 

channels of data. 

For the second 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 tape recording 

sequence. The basic constraint on the sampling rate of the signals was set 

by the fact that one of the channels to be recorded carried the electro-

cardiogram of the subject. 

It has been noted previously (Sayers 1 1972 ) that the magnitudes 

of the vasomotor fluctuations in interbeat interval were of the order of 

60 to 100 mSec. Therefore, to achieve a reasonable degree of accuracy and 

resolution, it was decided that the maximum time between samples of the ECG 

should be no more than about 4mSec. 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 end of their spectra 

(below 30-40 Hz). This was verified by selecting at random some portions of 

the digitised blood flow records which showed a large high frequency content 

and calculating the spectra. g typical result is shown in Figure 4.4. It 

was 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 spectrum of the blood flow signals. Consequently, 

it could be safely assumed that 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 

parameters 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. 

4.3 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 suitable signal for later obervation 

and analysis. 

4.3.1 Plethysmograph  

Blood flow was detected using a multi-channel photoplethysmograph. 

• The method has been used extensively in the past by Stead and Kunkel (1938), 

Hyndman (1970) and Hertzmann (1937a, 1937b). Hertzmann (1937a) was able to 

show that the results obtained using a photoelectric plethysmograph were in 

agreement with those recorded using 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 location 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 representation of the blood flowing into the region., 

Certain problems were encountered with the photoplethysmographic 

technique which were not dissimilar to these encountered with other kinds 

of plethysmographs, namely difficulties associated with the movement of the 

region under study. For the sake of compactnessf, the light sources used 

were physically small and were operated at low intensities to 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 any 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 pliable, was held securely by the plethysmograph and relative movements 

between the lobule and the transducer assembly were small. 

4.3.2 The Electrocardiogram  

The electrocardiograms were normal unipolar recordings made using 

a standard three-lead ECG amplifier. For the purpose of recording an ECG 

signal which would provide a good 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 precautions, 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 inhaled 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 sternumlin 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. 

4.4 Digital Computer Techniques  

4.4.1 Reduction of Data  

The digitised data was stored on digital tape; subsequently some 

preliminary processing and reduction of the blood flow and respiration signals 

was performed to facilitate further analyses. 

As mentioned earlier (Section 4.2), the digitising sequence for 

multi-channel 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)C2(1)...C11(1)C1(2)C2(2)..Cn(2)....C1(M)C2(M)...Cn(M) 

Where C (A) is the Mth sample of the nth channel. 
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The three 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 2 1971 )l it was decided 

to handle the data in blocks of 1024 points. For the reduced data mentioned 

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

1024 samples 	1024 
sampling rate = 	= 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 was 

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 the information about the 

beat to beat flow fluctuations and vasomotor oscillations was retained. 

For spectral 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 4.6. For most cases a ten 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 set to 4.0 Hz. As mentioned in Section 4.2, 

the data for those experiments in which the EGG was monitored had to be 

sampled at a rate of at least 200 Hz; in fact the rate used was 240 Hz per 

channel allowing an even reduction of the data as follows. 

6 
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After digital filtering the maximum frequency contained in the blood 

flow signal was 4.0 Hz but the equivalent time domain signal was still 

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

4 
this was 7

20
7c4  - 30 times 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. 

4.4.2 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 record 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 determine 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 interrupt 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 stored 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 threshold 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 program 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 complexes 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 to be processed 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 by an operator in less than 10 minutes. The program could 

furthermore be generalized to handle ECG records sampled at any rate by 

merely adjusting certain parameters in the program. 

s 
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CHAPTER 5 

EXPERIMENTAL RESULTS  

5.1 Introduction  

A total of 25 experiments representing fourteen hours of recordings 

were performed on eight individuals to provide a sufficient volume of 

data from which reliable 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 the time delay were not constant 

it 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 resistance which might be evident in a difference in vaso-

motor activity at two distinctly different points in the vascular bed. 

Vasomotor activity has been identified in the cardiac interval 

sequence. The relationship between activity in peripheral blood flow 

and 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 transient phenomena. It was 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  

A 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 components 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 between 0.02 Hz 

to 0.05 Hz and was capable of remaining constant in frequency over a 

short period of time (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 interesting feature observed when rapid changes 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 

frsquency components to the same degree. 
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Figure 5.1. (a) Spectrum of blood flow record up to 0.4 Hz. (b) Record low-pass filtered with a cut-off freq-
uency of 0.23 Hz.* (c) Signal band filtered between corner frequencies of 0.06 and 0.23 Hz.* 
(d) Signal low-pass filtered with a cut-off frequency of 0.03 Hz.* 
* Roll-off of filters extends over 0.023 Hz. 
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Figure 5.2. (a) Spectrum of blood flow record up to 0.4 Hz (b) Record low-pass filtered with a cut-off freq-
uency of 0.23 Hz.* (c) Record band filtered between corner frequencies 0.07 Hz and 0.23 Hz.* . 
(d) Signal low-pass filtered at a cut-off frequency of 0.03 Hz. 
* Roll-off of filter extends over 0.023 Hz. 
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Burton (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 there (the filtering process), he commented upon the 

. observed nonstationarity in frequency of the fluctuation. It is therefore 

likely that the component which appeared 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 figure 5.4. The frequency 

of the activity is, like that of the thermal oscillation, highly 

variable in frequency. The range in which the component is most 

observed is between 0.05 Hz to 0.15 Hz and in general, the same frequency-

amplitude relation described above applies. 

Hyndman 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 Hz, 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 of 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 changes 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 0.15 Hz range. 
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Figure 5.4. (a) Spectrum of record (up to 0.4 Hz) from which 
the signal shown in Figure 5.3 (a) was filtered 
(b) Spectrum of the record from which the signal 
in Figure 5.3 (b) was filtered. 
(c) Spectrum of record from which that shown in 

— 	Figure 5.3 (c) was filtered. 
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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 described 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 experiments, one particular subject produced a large 

dominant 0.15 Hz component 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 0.14 - 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 0.14 - 0.20 Hz can only be speculated from 

the relatively few experiments. With a frequency of 0.14 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 one experiment 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 

y, 
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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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Figure 5.6. A narrow band filtered cardiac interbeat interval sequenCe which shows the tbtIrsti of 
„activity frequently observed for the 10 second vasomotor component. (after Sayers, 1972). 
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Figure 5.7. (a) Spectrum of a blood flow record up to 0.4 Hz (b) Signal low-pass filtered with a corner freq-
uency of 0.23 Hz.* (c) The record band filtered with corner frequpcies at 0.09 Hz and 0.23 Hz.* 
(a) Record low-pass filtered with a cut-off frequency of 0.07 Hz. 
* Roll-off of the filter extends over 0.023 Hz-. 
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S .  

Figure 5.8. Illustration of frequency change in an 0.16 Hz component 
with a corresponding change in the respiration rate. The 
epectra shown are of blood flow records which are about 
5 minutes apart. 
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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 

sites 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 figures 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 sufficiently 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 phase difference can be detected between different chan-

nels. Furthermore, although 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 functional 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 5.9. (a) An ear blood flow record low-pass filtered with a cut-off frequency of 0.23 Hz.* (b) Spectrum of the 
signal from which (a) was filtered. (c) Finger digit blood flow record taken at same time and filtered 
at the same frequency. (d) Spectrum of signal,from which (c) was filtered. 
* Roll-off of the filter extends over 0.023 Hz. 
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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 0.023'ilizi*(c) 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 
which (a) was filtered. (c) Corresponding ear blood flow record low-pass filtered at 0.23 Hz.* 
(d) Spectrum of signal from which (c) was filtered. 
* Roll-off of the filter extends over 0.023 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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Figure 5.13. (a) Ear blood flow low-pass filtered at 0.23 hz.* (b) The spectrum of the signal from which (a) was 
filtered. (c) Corresponding finger digit blood flow record low-pass filtered at 0.23 hz.* (d) The 
spectrum of the signal from which (c) was filtered. 
* Roll-off of the filter extends over 0.023 Hz. 
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Figure 5.14. (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 of 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 changes in thorax volume 

associated with breathing. and that no phase shift or time delay is 

apparent. 

5.1+ Spontaneous Oscillations in Blood Flow and Cardiac Interbeat Interval  

Spontaneous fluctuations other than those associated with sinus.ar-

rhythmia have been previously identified in the cardiac interbeat 

interval sequence , (Angelone and Coulter, 1965, Hyndman, 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 Nth point on the filtered signal, 

the following calculation was made: 

t01   (5.1) 

i= 1 
th where IIi  is the magnitude (in seconds) of the i interval and toy  is 

the time elapsed from the beginning of the first interval To, calculated 

Tor all intervals in the sequence and gives the 'occurrence'times', of 

each point on the filtered record. This technique is a form of 

pulse-width,-demodulation 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 5.15. 

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 blood flow and the occurrence of an identical 

component in the cardiac interval sequence. A closer examination of 

several 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 measurements(approx.12) 

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

FREQUENCY (Hz) 
	

TIME DELAY (SECONDS) 

	

0.96 	2.0 - .2 

	

0.54 	2.961 .2 

A simple calculation reveals that, on average, a 4/06 change 

in frequency is associated with a 48% change in time delay. Other 

estimates agree reasonably well with this calculation and it is generally 

true that a difference in frequency of the 10 second vasomotor component 

is accompanied by a slightly larger change in time delay with same 

component in cardiac interbeat interval. Two typical examples of the 

relationship are shown in figures 5.16 and 5.17. 

These 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 described by Scher and Young, 

Hatakegama 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 



120•- 

15 
60•- 

• = 
 0• 

72 -60- 

(b)  

30 	60 	90 	120 	1 150 	160 	210 	240 
Interval no. 

Interval no. 

30 	60 	90 	120 	150 	180 	210 	21.0 

(a) 

180• 

80. 

7.1 40. 
E 

15 0 
C) 

tr. 
E-7 - 6 0• 

40• 	60• 
(c)  

Time(sec.) 

80• 	100. 	120• 

82 

Figure 5.15. (a) Raw interbeat interval sequence. (b) Interbeat 
Interval sequence with mean removed. (c) Interbeat 
interval sequence transformed onto a real time axis 
( only the first 128 seconds are displayed) • 
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1 

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. 



CO 

2.0 Sec 

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 point in the system after a time delay element 

which in turn must be situated at some point in the control loop after 

the efferent neural output to the vascular resistive beds. A proposed 

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 also 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 the most probable location 

of the time delay element as being situated in the brain before the 

non-linear afferent-efferent interface described by Hyndman. Further-

more, the behaviour of such a configuration will be identical to that 

described in Chapter 2 since the closed loop 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 

in breathing rate have not been conclusively found to be related 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 for example that a "switching out" or bypassing 

of the time delay element would cause the spontaneous oscillation to 

cease as described in Chapter 2. There could possibly be some mechanism 

whereby that portion of 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 more light upon the nature and origin of a time delay in the 

blood pressure control system in addition to a computer simulation 

which would bring together the relevant facts outlined here. This 

topic 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 and peripheral blood flow have 

been summarised. Some hypotheses about the origin of vasomotor oscillations 

was discussed and it was proposed that the configuration of the blood 

pressure control 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 regarding 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 analysis of several 

representative samples taken from fouteen hours recording uncovered 

several aspects about the behaviour of certain vasomotor oscillations 

which can be summari=sed as follows: 

1) The frequency of the thermal 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 0.14 Hz and seldom remains constant in 

frequency. 

3). The blood pressure control system oscillation, 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. 

4) The respiratory component in blood 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 found to be in phase with changes in thorax volume associated 

with breathing. 
at 

5) The blood pressure control oscillation was found to be a 

transient phenomena seldom lasting for more than 2 to 8 cycles 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. 
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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 different 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, simultaneously innervating widely different parts 

of the vasculature. 

The 10 second component varies considerably in frequency, 20% - 40% 

changes not being uncommonly observed even in the short (128 second) 

records examined. The results of calculations in Chapter 2 indicate that 

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 transience 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 quantitative 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 been proposed 

that a more likely cause for the observed variability in the 0.1. Hz 

vasomotor frequency could be slight changes in tithe -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 

system 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 stimulus responsible for modulating cardiac interval 

in response to spontaneous fluctuations in blood pressure control system is 

located in the brain after the time delay element: and before the afferent-

efferent interface predicted by Hyndman. 

On the basis of observed time delays and additional evidence regarding the 

relation between respiration and the respiratory vasomotor component in blood 

flow, an alteration in Hyndman's basis 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, the 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 time 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 on and 

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. 



92 

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 failure 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 suspected. The 

importance therefore of a description and indication of normal behaviour 

cannot be 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 the pathological situation. 

The proposals recommended therefore direct further research in two 

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 interaction 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 could be devised of .eliciting 

a 10 second vasomotor response for periods longer than those normally 

observed. Forced breathing down to 0.2 Hz and warming the environment 

around the subject failed to elicit much change in the behaviourof the 

oscillation. 

Further experiments therefore must 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 spontaneous 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 computer simulation 

in an attempt to simulate the 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 

t 
	function of the system (Hyndman, Kitney and Sayers, 1972) and a beginning 
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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. 
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CHAPTER 7  

EQUIPMENT 

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 filter. 

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 Wheatstone 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 (R0). 

Variations in light intensity in response to changes in tissue 

opacity (Chapter 4) cause small changes, c, in the cell resistance. The 

output (Figure 7.1) is equal to: 

e
o 

= el - e2 

	

R
o 
+ c 	R 

 

	

- R
1 
+ R

o 
+ 	

- 

R
1 
+ R

o 

cR1  

- (R1 + Ro
)(R

1 
+ R

o + 
( 7.1 ) 
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Figure 7.1. Bridge arrangement for detecting small changes in photo-

cell resistance. 

Figure 7.2. Inputs to bridge amplifier. 
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If c is small compared to the magnitude of R1  + R
o 
then 7.1 becomes: 

In this event the output of the bridge is directly proportional to the 

change in photocell resistance. 

In the experimental apparatustresistor Ri  had a value of 560 ohms 

and formed part of the bridge amplifier. The range of expected values of 

R
o 
and c 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 c from table 7.1. The average error in the output of the ear plethysmograph 

is 2.9% with a maximum error (for Ro  = 2.0, K and c = 150) of 5.8%. For 

the fingers= average error of 0.69% and a maximum error (Ro  = 510 K 

and e'= 100Q) of 2.25%. These errors were considered to be quite acceptable 

for the purposes 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 Moririca of Japan and marketed in the United Kingdom by 

Photain Controls Ltd. 

The cells were chosen 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 information 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 

of the order of 40 msec to 100 msec. 



98 

A simple 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 light source to bring the resistance of the cell into the correct 

range (Table 7.1) and the outputs from both bridge amplifiers monitored 

for 1 hour. After the first minute of operation, neither light source 

showed any measurable tendency towards long term drifts or variations. 

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 taken 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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LOCATION 
	

BASAL RESISTANCE 	CHANGE OF RESISTANCE 

(Ro) (KIIOHMS) 	c (OHMS) 

FINGER 
	

7.0 + 2.0 	60 + 40 

EAR 
	

2.5 + 0.5 	90 + 60 

TABLE 7.1 	Operating ranges for photoconductive cells 

MAKE.... 	 MKY 5H38 

LIGHT RESISTANCE (a 10 LUX)  
	

5K - 10K 

DARK RESISTANCE (After 10 sec.)  
	

0.5 M 

MAX SPECTRAL RESPONSE  
	

420 	- 620 mi. 

TABLE 7.2 	Specifications for photoconductive cells 

LOCATION TYPE 	VOLTAGE(MAX) 	POWER 	OPERATING VOLTAGE 
(WATTS) 	(VOLTS) 

FINGER 	ROUND 	12. 	2.2 	10. - 12. 

EAR 	TUBULAR 	6.5 	1.0 	5.0 - 6.0 

TABLE 7.3 	Characteristics of light sources 

• 
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+4; 

and to act as a buffer to avoid problems associated with loading when 

recording from the high output impedance bridge amplifier (Bronzite 51970). 

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 configuration are shown in Figure 7.3. By adjusting 

the amount of background illumination using light source 'A' the basal 

resistance of the photocell could be set as required. Altering the distance 

'd' 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 operating range for both devices. 

The results are tabulated in Table 7.4. A typical response 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 evaluate the 

response to vary small changes in light intensity thereby more closely 

simulating the response of the device under real experimental conditions. 

The parameters of the test were therefore adjusted so that small changes 

in resistance (20Q - 60Q) were produced at several different basal cell 

resistance values within the normal range (Table 7.1). 

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 

4 
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Figure 7.3. Test configuration for determining the step response of 

the photoelectric plethysmograph. 
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Figure 7.4. Typical set of responses to a very small step change in 

photocell resistance. 



O 
iND 

A 	
4. 
	 0 

Figure 7.5 Typical Step Response of the Photoelectric Plethysmograph ( Taken from a U.V. Recording). 
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Location 	Resistance Range 	Time Constant 	galf,Power Fi-equency 
(kilohms) 	(millisec) 	(Hz) 

FINGER 

	

4.60-5.25 	45 	3.54 

	

5.75-6.5o 	48 	3.32 

	

6.75-7.4o 	47 	3.49 

	

8.50-9.25 	47 	3.49 

EAR 

1.90-2.50 	7o 	2.27 
3.00-4.00 	80 	1.99 

TABLE 7.4 	Step response of photoelectric plethysmograph for full 
scale deflection 

FINGER 

5000-5050 	45 	0 
5000-5050 	45 	+ 
5000-5050 	45 
7000-7060 	46 	0 

46 	+ 
46 	- 

8000-8060 	46 	0 
46 	+ 
46 	- 

EAR 

-if 	 2500-2570 	73 	0 
73 	+ 
73 

3500 -3550 
	

76 
76 
76 

TABLE 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 found to be highly stable 

over long periods of operation. The frequency response of the device has 

also been found to be suitable for recording slow fluctuations in blood 

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 range of the expected 40-100 msec of the photoconductive 

cells as mentioned in Section 7.3. It follows,thereforelthat the difference 

in response times observed in the two plethysmographs is a result of a 

difference in response between the two cells used rather than 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. An examination 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 have a flat response for light intensity changes up to 2.5 Hz and were 

therefore suitable for the investigation of the low-frequency vasomotor 

4 
	activity present in peripheral blood flow. 
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APPENDIX 

SOME TECHNIQUES OF SIGNAL 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 between samples was at least 2fm, where f
m 

was the highest frequency in the signal's spectrum. 
1 

If the samples are not spaced 2fm  seconds apart, the spectrum of 

the digitised signal will be distorted. The situation is shown in Figure A.1. 

Multiplication of the signal, x(t), by the sampling signal, 0,1 (t), results 
1„ 
  

in the convolution of their spectra. Since 01, (t) is an impulse train with 
F 

a 'T F' second interval between neighbouring impulses, its spectrum, f (f), F 
 

4 

is an impulse train with an interval of fF  (= 1,(TF) between impulses 

(Lathi, 1968). The convolution of X(f) (the Fourier Transform of x(t)) with 

bf  (f) results in the spectrum X(f) being repeated at intervals fF  apart. 
F 

If 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 the spectrum of X(f) 

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

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.1. 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 signal, 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: 

N-1 
c(k)=1/NEg(x)h(T) 
	

k= 0,1.2. 	N-1 
'C=0 

where k = kth lag. 

The same process can be performed by multiplying the spectra of the 

two series and retransforming. 

That is: 

C(j) = k(j) . a(j) 

and 

C(k) = F-1  C(j) 
A 	 A 

where C(k), 6(j), 11(j), G() 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. If 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 to 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 series. 

The problem can be solved, if, before calculating the spectrum, each 

N point series is 'padded' with zeros out to exactly 2N points as shown 

-• 
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Convolution A & B 
	

Cyclic convolution 

Desired product 
for Kth  lag 

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 difference 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 inversion 

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 since the cross covariance function is the non-normalised 

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 Frequency Domain Digital Filtering  

Frequency domain digital filters are formed by operating 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 using 

the time saving characteristics of the Fast Fourier Transform. 

The general procedure adopted is to first calculate the spectrum of 

the signal, xs(t), by the Fast Fourier Transform 

• 
	 xs(t) 	

F(f) 



.. 

FigtU'e A.4. 
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(c) Band 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). 

f(t) 	F(f) H(f); 

f(t) therefore represents the filtered 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 1800) 

A.4 A Frequency Domain Filter.  

A very simple frequency domain digital filter was designed to process 

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 convolution of the original signal 

with the transform of the filter. The problem, however, can be considerably 

alleviated by smoothing the ends of the filter with a cosine taper. The 

filter roll-off can therefore 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 filtering 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 of 

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 period gives 288,000 samples) filtering by spectral means 

was out of the question therefore time domain filtering operation was the 

only solution to handling the vast number of points. 

The weighting profile of the filter 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 = input 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: 

fH(fL = k 1  

where 
	fH 

= the highest frequency component in the spectrum 

(1 the Nyquist rate) 

fL 
= the cutoff frequency of the filter 

• 
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(a) 

(b) 

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: 

M = fsin8 sin 38 ... sin(k6) 1 
'sin 28 sin 40.. sin(aTi 

4 
cosec239 (for k odd) 

o = 	A/(2k + 2) 

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

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 frequently 

the trend components to be filtered out have already irreversibly biased 

the spectrum at the low frequency end. In fact, the 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 that 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 is 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 by evaluating 

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 kx=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 
Y 2 	.(k)n  

n=0 
where: 	N = the order of the polynomial 

k=1,2, 	P 

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 polynomialis to evaluate the variance 

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

	

P 	 2 
V =Z., 	-yk ) 

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

Therefore: 

	

P 	 N 	 2 
V =Z [c-Z an(kin

1 
 

	

kA 	n=0 

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; 

av 
Bah  k=1 

N 

n•lk)14- (011= 0 	 h=0,1, 	 

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

P 

an 	( k)rn+ri  • RP 	 m=0,1, 	 N 
n=0 	k=1 	k=1 

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



k=1 

k=1 

n a 
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P 

• aiE k 	• 	 • a 
k=1 

	

P 	 P 	, 	P 
+ all] k2 	• 	 • anZ kn.' = 	 kyl(  

	

k=1 	 k=1 	k=1 

	

I 	 I 	 I 
k=1 

P 
a0  Ekn• 

k=1 
k "1  • 	

• 

Zkn  ylk  
k=1 	k=1 

Noting that simple algorithms exist for summations of the form 

P 
k n  

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: 

H 	N(N+1) 	H(H+1)(2H+1) 
2 	 6 

•  
H(H•1).  H(141)(211+1) 	112(1141)2 

2 	6 
. 	• 	• 

a 0  

a1 

P 

k=1 

k y kl  
k=1 

knyit  
k=1 

The solution of the 'at 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. Figure 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 low frequency trends. 

• 

• 
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(a) 

-MY 

Figure A.8. (a) Blood flow record with a linear trend. 
(b) Blood flow record with a pnrabolic trend. 
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Figure A.9. (a) signal with linear trend (b) Spectrum of (a). (c) Signal with parabolic trend (d) Spectrum of (c). 
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