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ABSTRACT 

An elastic model of the main branches of the arterial 

system has been developed and a set-up designed to simulate 

the pumping action of the heart under normal and abnormal 

conditions. Natural flow and velocity profiles together 

with the normal cardiac output (with capability of variable 

output) are the features of the system. A normal flow 

distribution was first obtained in the main branches of the 

arterial tree in accordance with the available information 

and was then used as reference. The geometry of the model 

and the correspond!ng flow distribution used covers over 70 

percent of the normal human beings. 

Atherosclerosis was then represented by introducing 

blockages of Known cross-section at the specific sites of 

predilection. Individual artery stenosis and combinations 

were studied to determine the effect of one or more diseased 

arteries on the blood flow distribution. The adversity of 

the disease was simulated by reduction in cross-section to 

the degree of complete blocking. Cerebral blood flow was 

emphasized in order to determine the feasibility of a 

surgery in the event of a diseased artery which may be 

directly or indirectly responsible for supplying blood to 

the brain. The information obtained can be used to 

determine the requirement of a by-pass if a surgical 





treatment is recommended. Angiographic information is 

required to use the results given in Appendix A. These 

results also form the ground for mathematica1/computer 

modelling of the system so that there is more flexibility in 

the interpretation of the results. 

The present work may be considered as an extension to 

the pilot project (Rodkiewicz et al., 1979) but the 

experimental parameters involved and the experimental 

conditions developed in the present research happen to be 

more 'natural' and convincing for a direct application of 

the results to the human beings. The present analysis has 

also been extended to more branches in the arterial system. 

VI 
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CHAPTER 1 

INTRODUCTION 

Heart and artery diseases currently account for more 

than 50 percent of the total deaths in North America, 

occuring most frequently in individuals who are in excess of 

40 years of age. This is very much true for the other parts 

of the world, as well. Through many epidemiological 

studies, it is well established that atnerosc1erosis and 

arteriosclerosis are important contributing factors in over 

80% of these deaths. The percentage of all cardiovascular 

diseases is increasing everyday. 

Atherosc1erosis had been an important topic in research 

on cardiovascular diseases over the last decade or so. But, 

unfortunately, most of the research carried out in this area 

concentrated on the causes of the disease and the biological 

and pathological changes associated with its development; 

not much work has been done to determine the effects of 

atherosclerosis on the blood mass flow distribution in the 

arterial system when one or more of the branches are 

affected by it. 

As regards the cause, it can be concisely said: 

"Atherosc1erosis is a price we pay for blood flow as a 

requirement of life" (Texon,1980). At this point it should 
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be noted that while the development of atherosclerosis must 

depend upon the operation of its primary etiologic factor 

(local diminution in lateral pressure produced at sites of 

predilection by the effects of flowing blood) the rate of 

development and severity of the disease may be modified by 

biological factors. It is here that genetic tissue 

differences in reactive or reparative response to injury at 

the cellular level may determine the nature and degree of 

atherosclerotic change in each individual (Texon, 1980). 

Atherosclerosis is characterized by an accumulation of 

soft masses of fatty materials, particularly cholestrol, 

beneath the inner lining of arteries (Hole, 1978). These 

deposits develop protruding into the lumens of the vessel 

and interfering with the blood flow. These so called 

'plaques' can develop to the degree of partially or 

completely blocking off the flow thereby causing serious 

damage to the organs supplied by that artery. As an 

example, if the cerebral1 blood flow is reduced to 50% or 

lower than the normal flow, a permanent damage to the brain 

becomes inevitable. 

Atherosclerosis can also develop into arteriosc1erosis 

when the affected arteries undergo degenerative changes 

during which they lose their elasticity, become hardened and 

are susceptible to rupture under the force of the blood 

pressure (Hole, 1978). 

’The term 'cerebral', for now and all other occurences in 
the text, would refer to the whole brain. 
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The effect of atherosclerotic lesions on the blood mass 

flow distribution was first studied by Rodkiewicz et al. 

(1979) when a rigid model of the aortic arch, with the 

primary branches, was used. The experiments were carried 

out for a steady flow and a set of blockage combinations was 

tested. The Reynolds number, at entrance to the aorta, was 

kept around 1300 during the experiments. The results 

obtained, however, were limited in the sense that the 

experimental variables were not close enough for direct 

application to the human beings. 

The present analysis takes into consideration the 

actual features of the human blood circulation. An elastic 

model was developed and used; it had a property of dilating 

under pressure together with a geometry that represents over 

70% of the human beings (McDonald and Anson, 1940; DeGaris 

et al., 1933). Prosthetic heart valves were used and a 

pulsatile flow was maintained with a flow profile similar to 

that actually produced by a human heart. More branches were 

included in the model with emphasis on arteries responsible 

for the cerebral blood flow. The working fluid was an 

acqueous-glyceroi mixture that had a viscosity and density 

same as that of the blood. In this way, the results found 

from this set-up , as given in Appendix A, can be applied 

directly to the patients suffering from atherosclerosis. 

The aim of the project was the study of cerebral blood 

flow at different stages of atherosc1erosis in the arteries 

which are directly or indirectly responsible for supplying 
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blood to the brain. These include the vertebrals, internal 

carotids, common carotids, brachiocephalic and the 

subclavians. Specially shaped blockages were used at 

specific sites to represent the atherosclerotic lesions. 

The adversity of the disease was simulated by putting 

blockages with smaller, known cross-sectional area. Though 

the study was concentrated on the cerebral blood flow, the 

model was fabricated in such a way that the analysis could 

easily be extended to the lower region, for example, the 

renals or the iliacs which are also prone to 

atherosc1erosis. 

The experimental results obtained can be used for 

mathematical modelling of the system so that a handy 

computer package is prepared to provide assistance to the 

surgeons. The only input required for obtaining the 

information regarding the flow distribution in the whole 

system will be the angiographic data of the diseased artery. 

In order to have a more comprehensive program, the 

experiments may be repeated for hearts with a lower and a 

higher output than normal together with varying pulse rates. 

The existing apparatus was designed to incorporate both 

these capabilities. The only change required, for the 

former, is the replacement of the piston and the cylinder 

and, for the latter, is to adjust the gear train. In this 

case, three input parameters, namely, the angiographic data 

of the affected artery, the cardiac output and pulse rate 

will be required to obtain the information from the computer 
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package. 

The results presented in Appendix A were obtained for 

pulse rates of 50, 70 and 90 with distribution at 70 

beats/minute taken as the reference. The corresponding 

reference cardiac output was approximately 5.7 1itres/minute 

i.e. about 80 ml per beat. 

The first part of the experiments consisted of 

obtaining the right rates of flow through each branch so 

that a normal reference condition was set. This 

distribution was obtained from a number of sources as given 

in Chapter 3 and was accomplished through the regulating 

valves at the outlet from each branch. The results were 

reproduced a few times before sealing the valves at the 

reference position. 

Atherosclerosis was then simulated in different 

arteries by replacing the connectors with blockages of known 

cross-section at the specific sites previously determined. 

The flow distribution for each set of blockages was recorded 

and analysed. In all, 66 different combinations, as 

determined by surgeons, were simulated and flow distribution 

was recorded for the three different Reynolds numbers at 50, 

70 and 90 beats per minute. 



. 



CHAPTER 2 

THE OPERATIONAL SET-UP 

The system used for the complete study and data 

collection comprised of three main parts: 

a) pulsatile unit, 

b) reservoir containing the model, and 

c) measuring arrangement. 

These three parts were connected together to work as a 

single unit. 

The layout of the system is shown in Fig 2.1. Plates 1 and 

2 show the laboratory arrangement of the same. 

2.1 Pulsatile Unit 

The pulsatile unit was designed to simulate the pumping 

action of the heart and was the driving source for the whole 

system. The unit was powered by a 115 volt, single phase, 

0.2 hp, a.c. motor having a shaft speed of 3450 rpm. A 

standard speed reduction gear box reduced the speed to 480 

rpm at the output shaft and a further train of gears (Fig 

2.2a, 2.2b and 2.2c) left provision to reduce the speed 

within a feasible range corresponding to the conditions of 

depression and excitement of an individual or to variations 

of pulse rate from person to person. The trains used for 

6 
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FIG 2.1 LAYOUT OF THE SYSTEM 





PLATE I 

PLATE II 
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Number 

57(70) 36(160) 

1 2(480) 

25(idler) 

Fig. 2.2b. Gear Train for 70 beats/min 

Fig. 2.2c. Gear Train for 90 beats/min 

Not to scale 
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the experiments covered in this phase gave an output speed 

of 50,70 and 90 rpm. The speed of 70 rpm corresponds to the 

normal heart rate of an average adult (Philip and Dorothy, 

1971) whereas the other two speeds represent the abnormal 

pulse rate for the same individual. On the other side of 

the shaft, through the final driven gear, a groove cam was 

mounted and a roller follower guided in the groove was used 

to drive the piston. 

The cam was cut in accordance with the velocity profile 

actually found at entrance to the aorta (Fig 2.3) (Anliker 

et al . , 1977). This profile was slightly modified (Fig 

2.3a) in the sense that the negative flow portion at the end 

of the ejection phase was not included because it is 

generally associated with the backflow that occurs as a 

result of the dilatation of the arteries and closure of the 

aortic valve. As the valve closes, at the end of the 

systole, the fluid keeps flowing because of its inertia and 

leaves behind a low pressure region in the aorta very close 

to the valve. At the same time the aorta has dilated during 

the systole and holds more blood than its capacity at normal 

size. The blood which is close to the wall rushes towards 

the valve to fill the low pressure region created by a 

sudden valve closure and the inertia of the fluid moving 

with a higher velocity near the axis. Since such a backflow 

is inherent in the system, this action was not included in 

the cam profile. Caro (1978) associates this backflow to 

the switch-over of the pressures in the left ventricle and 
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the aorta. The pressure in the ventricle rises to open the 

aortic valve and then drops, as the heart muscle relaxes, to 

a level when the pressure in the aorta is more than that in 

the left ventricle. This forces the aortic valve to close 

and, before it closes, some blood is pushed back into the 

ventricle. 

The second modification in the profile is also 

associated with the dilatation of the aorta. After the end 

of the systole, the aorta relaxes to its normal size and, in 

doing so, ejects the additional volume held by it during the 

systole. This feature of the aorta helps in smoothing out 

the flow in addition to generation of a pressure pulse. The 

second rise in the velocity/flow profile is mainly 

associated with this property and the cam profile did not 

include it in-the design because the dilatation of the aorta 

was simulated by the model itself. Since the model used in 

the experiments was an elastic model which dilated during 

the systole, as the normal human aorta does, this action 

corresponds to the second peak of the velocity profile. 

This also helps in a smooth dampening of the flow in the 

ar teries. 

For these reasons, though the cam was designed 

according to the slightly modified velocity profile of Fig 

2.3a, the actual profile at entrance to the aorta has the 

features of the natural profile. The details of the cam 

design are given in Appendix B. 





A 4.8 cm diameter piston was driven by the connecting 

rod, the other end of which had the roller follower guided 
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by the cam. A needle bearing was used as the follower. The 

exit from the cylinder led to the model of the left 

ventricle which was divided into two parts with a surgical 

rubber diaphragm. This model of the left ventricle was 

designed for a maximum capacity of about 200 ml. It had two 

ports, inlet and outlet, located adjacent to each other. 

These ports were controlled by one-way, prosthetic, 

bail-type heart valves. The diaphragm Kept the working 

fluid separate from the fluid displaced by the piston. The 

action of the piston activated the diaphragm in such a way 

that with every backward movement of the diaphragm, the 

fluid representing blood was sucked from the main reservoir 

into the left ventricle through the inlet valve; the outlet 

valve, opening into the aorta, remained closed during this 

period. During the forward movement i.e., when simulating 

the contraction of the heart, this volume was ejected into 

the aorta in accordance with the profile dictated by the 

cam; the inlet valve remained closed during this phase of 

the cycle. The total ejection period was approximately 30 

percent of the total duration of each pulse. This 

corresponds to about 0.25 seconds at a pulse rate of 70 and, 

on the cam, to 105° of the cam rotation. During the 

remainder of the cycle, the left ventricle was filled with 

the fluid from the reservoir. 
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Between the piston and the model of the left ventricle, 

provision was made to control the pumping efficiency of the 

heart. In the space provided, an inverted cylinder 'with an 

air chamber on the top could be mounted so that, during the 

systolic action of the heart, some of the fluid could go 

into the chamber thereby compressing the trapped air whereas 

the rest would deform the diaphragm accordingly. This means 

that though the heart rate stays the same, the cardiac 

output could be controlled. The amount of the air trapped 

in the air chamber can control the pumping efficiency from 0 

to 100 percent. 

2.2 Reservoir containing the Model 

The outlet port of the left ventricle opened in the 

reservoir which housed the model of the aorta. The aortic 

arch was mounted on this port so that the left ventricle 

discharged into the aorta. Since the arterial system under 

investigation was made in sections, these sections were 

joined with brass connectors and the complete model was 

suspended in the reservoir. Anticipating high velocities 

and the corresponding reaction of the model, the movement of 

the arteries was restricted by supporting them at various 

locations and this was done without affecting their 

dilataion properties i.e., the arteries were free to dilate 

even when their overall motion was restricted. Thin brass 

wire was used for the three-point suspension at each 

location; brass rods and hooks were mounted in the reservoir 
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for holding the wire. The suspended model represented the 

arterial system oriented for the resting position. 

The reservoir was filled with water in order to 

pressurize the model which was immersed in it at all times. 

The water level in the cylinder above the reservoir was 

maintained to balance the hydrostatic pressure acting inside 

the arteries because of the head in the main reservoir 

containing the working fluid. This resulted in a normal 

starting of the pulses i.e., without any initial dilatation 

(other than that caused by the normal physiological 

pressures) or contraction of the arterial system. 

The reservoir housing the model had 14 brass connectors 

located at its wails and the different branches were 

connected to the appropriate connector so that the flow 

through these arteries could be led to the measurement 

system. 

2.3 Measuring Arrangement 

The flow was measured by collecting the volume over a 

certain interval of time. Tygon tubing was used to lead the 

flow from the arteries to the measurement system. 

Particular attention was given to the position of the tubing 

and a thick-walled tubing was used to avoid any flexure 

which could have represented a blockage itself. The length 

of the tubing was kept to a minimum together with a very 

smooth inner surface so that the losses were not significant 

to introduce any measurement errors. A correcting factor 



- 
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was, therefore, not employed and the volume collected was 

assumed to be the actual flow through the arteries. 

16 

The flow from each artery was led to small plexiglass 

tubes of a constant diameter of 12 mm equipped with control 

valves. After passing through these valves the flow was 

identically diverted to a set of calibrated collecting 

tanks. Each cylindrical tank collected the flow from a 

different artery and was individually calibrated. The 

discharge level to the cylinders was at a height of about 

100 cm from the level in the reservoir containing the model 

so that the physiological diastolic pressure of 80 mm of Hg 

was maintained in the system as the minimum pressure. The 

flow from all arteries was discharged in the cylinders at 

the same time. Flow from the two iliacs was collected in 

the same cylinder and so was dene with the two coronaries; 

the flow from the two renals and the representative artery2 

was collected in a common cylinder, as well. In this way, a 

series of 11 collecting cylinders was employed for flow from 

15 different arteries. 

Each of the cylinders had a toggle valve attached to 

its bottom and this valve led the flow from the cylinders to 

the main reservoir, located beneath the series of cylinders, 

after the flow was recorded. The working fluid thus 

followed a closed cycle. 

2This artery represented all the other small branches of the 
arterial system which were not modelled, as explained in 
Chapter 3. 





17 

2.4 Viscosity of the Working Fluid 

A value of 4.6 centipoise was selected as 

representative of the absolute viscosity of the blood 

(Rosenblatt, 1965). Most researchers and the reference 

books, however, give a lower value for blood viscosity-- for 

example, Whitby and Britton (1950) give a range of 4.8 to 

5.2 for the relative viscosity of the blood without any 

mention of the physiological state of the person or persons 

from which the samples were taken; Wintrobe (1967) gives an 

average value of 4.5 and Albritton (1952) quotes a figure of 

4.7 as the relative viscosity of the human blood at 37eC. 

An overall average of, say, 4.7 corresponds to an absolute 

viscosity of about 3.25 cp for blood as the viscosity of 

water at the body temperature (37°C) is 0.692 cp (Albritton, 

1952) . 

A common feature of the experiments conducted or 

referred to by these scientists, in support of their quoted 

figures, is that the capillary viscometers were employed to 

determine the viscosity. These viscometers work on the 

principle based on Poiseuilie's law that the passage of 

fluids in capillaries of equal caliber, under the same 

pressure and at the same temperature, depends upon their 

inner friction /'viscosity. A capillary viscometer is well 

suited for studying Newtonian fluids such as plasma, but is 

unsuitable for non- Newtonian fluids, including blood, for 

the viscosity of blood will depend upon the size of the 

sample that is studied; particular problems arise if the 
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dimensions of the sample sheared in the capillary viscometer 

are comparable with those of a red cell, or, if rouleaux 

forms, with their size (Caro et a 1., 1978). 

The effect of the anticoagulant used has also not been 

discussed in most of the references. The tests referred to 

by Wintrobe (1967) requires only one drop of blood and may 

be carried out in 30 seconds. Because of the particulate 

nature of the blood, its apparent viscosity also greatly 

depends upon the tube diameter and this effect is more 

pronounced in small capillaries that form the test section 

of the capillary viscometers. 

Rosenblatt (1965), on the other hand, employed a 

cone-and-p1 ate viscometer in his experiments. This 

instrument has advantages over the capillary viscometers for 

the study of blood, chiefly because the sample is mostly 

sheared at something approaching a constant rate if the 

design of the instrument is correct and the shear stress is 

sufficiently high. This instrument also permits the study 

of a sample over an extended period of time. This Kind of 

viscometer is recommended for precise viscometry of blood 

(Caro et a 1., 1978; McDonald, 1974). 

The figure of 4.59 cp with a standard deviation of 

±0.485 as representative of the viscosity of blood is based 

on an average of 117 normal males whose medical histories 

were carefully screened to eliminate any disease conditions 

which are Known to influence viscosity (Rosenblatt, 1965). 

A volume of 2.0 ml was used for each test and it is claimed 





that the anticoagulant used did not vary the viscosity 

beyond the standard error. 
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A constant shear rate of 230 sec-1 was employed during 

the tests. Since blood is a non-Newtonian fluid and its 

viscosity varies with the shear rate, this single rate of 

shear measurement of the absolute viscosity does not 

adequately describe the behaviour of the fluid; but it may 

be used to predict the behaviour of blood in larger vessels. 

With this shear rate the adhesiveness and aggregation of red 

blood cells was reduced to a minimum (Rosenblatt, 1965). 

Moreover, above shear rates of 50-100 sec-1, the apparent 

viscosity is practically constant (Whitmore, 1968). 

Since the present study was confined to large vessels 

only and the fluid behaviour in capillaries was not 

required, the figure of 4.6 cp was selected for the absolute 

viscosity of the working fluid. The required viscosity was 

obtained by an acqueous-glycerol mixture having 36% of the 

available glycerol, by volume. Zephiran chloride, a 

surgical antiseptic and germicide, was added to the working 

fluid to prevent any bacterial growth. This chemical was 

added in a proportion of 1:750 parts of the working fluid 

and was not found to effect the viscosity with this small 

concentration. The mixture had a density of 1.1 g/cm3. 

Weiting, (1968) claims that 36.7% glycerol, by volume, 

when mixed with (distilled) water represents blood. This 

mixture was found to have a viscosity of about 4.7 cp and 

this figure also falls in the range quoted by Rosenblatt 





20 

(1965). Anliker (1977) used a value of 

viscosity of fluid used in his model and 

lies well within the standard deviation 

normal healthy adults. 

4.9 cp for the 

this value again 

referred above, for 





CHAPTER 3 

MODEL OF THE AORTA AND ITS BRANCHES 

3.1 Geometry of the Model 

In preparing the model of the aorta, all the main 

branches except the small arteries were included with 

emphasis on the arteries responsible for the blood supply to 

the brain. Some of the arteries emanating from the 

descending aorta were represented by a single artery because 

the study of the disease was not extended to lower regions 

of the arterial system. This artery also accounted for the 

flow through the intercostal arteries. 

The fact that the geometry and size of the aorta and 

its different branches, like all other organs, vary 

considerably from individual to individual posed great 

difficulty in selecting the most suitable values for the 

model. However, the final geometry and measurements were 

selected by averaging the available information in a way 

that the majority of human beings (adults) are covered 

within a narrow range about these figures. 

The geometry of the model with the size of various 

branches and other corresponding parameters is shown in 

Figure 3.1 and the accompanying Table 3-1. 

21 
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The size of aorta at entrance was taken as 29 mm 

(internal diameter) and this average figure is almost 

undisputed in most of the literature (Rodkiewicz, 1979; 

Furukawa et al., 1976; Meschan, 1975; Reul et al., 1974; 

Davis, 1967; Synder et al., 1968; Anson, 1966; Nathaniel, 

1949). Some researchers, of 1940's and earlier, give a 

lower figure which can be associated with the fact that no 

feasible technology for in vivo measurements or preserving 

the arch of a dead person was available at that time. The 

arteries collapse very soon after the biological function of 

the body ceases. 

Three main branches emanate from the aortic arch, 

namely, brachiocephalic, left common carotid and left 

subclavian, the first one being the largest of the three. 

These arteries are responsible for blood supply to the upper 

portion of the human body, for example, the brain, arms, 

neck, facial region, etc. 

This pattern in which the three branches arise from the 

arch separately accounted for 74% of the cases in American 

whites in a study carried out on 216 subjects (McDonald and 

Anson, 1940). A similar study of 111 American whites showed 

77.4% to be of this variety (DeGaris et al., 1933). Since 

the anatomy has not changed much with time, this pattern is 

still found as the most common configuration and is also 

referred to as the "textbook" pattern . 

The two coronary arteries are the first branches from 

the aorta. These arteries are responsible for blood supply 
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to the heart itself and have an average internal diameter of 

4 mm each (Lusted and Keats, 1978; Reul et a 1., 1974). 

The brachiocephalic artery has a mean diameter of 13 mm 

(Anson, 1966) and it branches into the right common carotid 

and the right subclavian which have a mean internal diameter 

of 8 mm each (Ba1asubramaniam, 1980; Rodkiewicz, 1979; 

Synder et a 1., 1968). The left common carotid and the left 

subclavian were also chosen to have the same dimensions as 

their counterparts on the right side. 

The left and right vertebrals, which carry a part of 

the total blood requirements of the brain, emanate from the 

left and right subclavian, respectively. On basis of 

angiographs available with the Department of Anatomy, 

University of Alberta, the lumen diameter of the vertebral 

arteries was taken as 4 mm each. The left and right 

subclavian, after giving of the vertebrals, have an internal 

diameter of 7 mm each (Reul et al., 1974). 

The common carotids, after passing through the neck, 

bifurcates into internal and external carotids. The left 

and right internal carotids are the main arteries supplying 

blood to the brain whereas the two external carotids take 

care of the facial region, skull, etc. Though the volume of 

blood flowing through the internal carotid is more than 

twice as compared to the volume flowing through the external 

carotid, it has been observed that, in adults, the two 

branches are approximately same in size (Anson, 1956). 

Again, basing figures on the information provided by the 
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Department of Anatomy and the available literature, the 

lumen diameter of the internal and external carotids was 

selected as 5.6 mm each. 

The next main arteries originate from the abdominal 

aorta. The gastric, hepatic, splenic and intercostal 

arteries were simulated by a single artery because these 

arteries were not important from the point of view of the 

work undertaken. The internal diameter of this 

representative artery was chosen as 10 mm on basis of the 

expected flow. This artery also accounted for the superior 

and inferior mesentric and other small arteries given off by 

the aorta upto the iliac bifurcation. 

The two renal arteries have an average internal 

diameter of 6 mm each (Reul et a 1., 1974; Anson, 1966). 

At the end of the abdominal region, the aorta 

bifurcates into the left and right common i1iacs each of 

which further branches into the external and internal 

iliacs. The internal diameter of each of the common iliacs 

was taken to be 9 mm (Reul et al., 1974; Anson, 1966) and, 

once again, these arteries were modelled for flow collection 

purposes only. 

The main aorta decreases in diameter as it gives of 

branches. In the model, this feature was simulated by 

tapering it from 29 mm at entrance to 20 mm at just above 

the location of the celiac trunk (Meschan, 1975; Nathaniel, 

1949) and to 17.3 mm at the iliac bifurcation (Lusted and 

Keats, 1978; Synder et al., 1968; Davis, 1967; Nathaniel, 
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194S). After giving off its three main branches, the 

brachiocephalic, the left common carotid and the left 

subclavian, it has an internal diameter of approximately 23 

mm (Meschan, 1975; Anson, 1966; Nathaniel, 1949). 

3.2 Fabrication 

The model of the arterial system was made in parts with 

sections made at locations where blockages had to be placed. 

The locations selected are the most susceptible zones for 

inception of atherosclerosis, as explained in Chapter 1. 

The aortic arch and the arteries emanating from it 

constitute ten sections with provisions of blockages at nine 

different locations (Fig 3.2). The lower part was made in 

two sections: the descending aorta upto the lower abdominal 

region and the iliac bifurcation, thereby leaving provision 

for extending the study of the effects of atherosc1erosis in 

the lower portion of the arterial system. 

The model arteries used were elastic finished product 

having capability of temporary dilatation during the 

systolic action of the pulsatile unit. 

The first stage of fabrication consisted of machining 

solid pieces out of plexiglass and/or aluminium and then 

finishing them to a smooth surface and proper shape. A 

mixture of sealant silicone and toluene was then prepared to 

make the elastic model. Toluene acts as a solvent for 

silicone and the mixture gels as it evaporates. The 

solution is ready for use when it flows freely and does not 
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gel if exposed to room conditions for a few minutes; more 

toluene is added, otherwise. The homogenity of the mixture 

also played an important role in the quality of the finished 

product. Since toluene attacks plexiglass, the rigid model 

had to be coated with an inert substance. Vaseline paste 

was used in this case as the shielding layer. Besides 

preventing a reaction of toluene with plexiglass, vaseline 

also acted as a lubricant to ease the removal of the elastic 

model from the solid sections. 

The solid model was given a dip in the tin-foil pan 

containing the si 1icone-toluene mixture and then held in a 

rotating chuck so that the mixture could spread out evenly 

throughout the surface (Plate 3). Rotation also helped 

preventing any break-up of layers which occured if the model 

was dried otherwise. The speed of chuck was also a 

controlling factor in the final finish of the product. A 

too fast or a too low speed resulted in agglomeration of 

silicone thereby producing somewhat harder and less elastic 

spots within the wall. An approximate speed of 75 rpm was 

found to give excellent results. 

Evaporation of toluene was responsible for drying of 

the layer. Each layer was allowed to dry out sufficiently, 

under room conditions, before another layer was applied. 

Quick-drying sometimes resulted in appearance of small cuts 

on the surface and within the wall; over-drying produced 

wrinkles when the next layer was applied, and, under-drying 

produced an uneven surface at the same stage. 
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PLATE III 

PLATE IV 
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An approximate interval between two consecutive layers 

was 10-15 minutes for a fine finish with slightly less time 

allowed between the first two layers; it took a little 

longer for the larger parts. Moreover, upto ten layers for 

smaller arteries and from 15-20 layers for the larger ones 

were required for the adequate wall thickness. Toluene had 

to be added to the mixture from time to time to keep it in 

the flowing state but at the same time it was observed that 

a very thin mixture, besides requiring more layers, produced 

a fairly rough finish. On the other hand, a very thick 

mixture resulted in a lumpy appearance because it dried out 

before spreading uniformly over the surface. In both these 

cases, the elasticity was affected but the smoothness of the 

inner surface was still dependent upon the finish of the 

solid sections. 

After obtaining the desired thickness, the coated model 

was left on the rotating chuck for about three hours and 

then held undisturbed for a curing period of 24 hours. Any 

irregu1arities developing on the surface during the first 

few' hours of the drying period were repaired immediately 

with a fresh si1icone-toluene paste. The elastic model was 

then removed from the plexiglass or the aluminium mould. 

The ends were cut to size and then reinforced with very 

thin, freshly prepared, si 1icone-toluene solution. This 

prevented any initiation of rupture at the ends. The 

elastic model attained its maximum strength in seven days. 
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The solid models for the intricate shaped arteries were 

made in two or more pieces so that these could be detached 

and the elastic model removed without getting damaged. The 

detached pieces were reusable for duplicating the model, 

when required. 

3.3 Flow Distribution 

The amount of blood flowing to the brain has an almost 

undisputed range of 50-55 mi per minute per 100 gm of brain, 

which is equivalent to about 750 ml per minute, for a normal 

person at rest (Schotte1ius, 1978; Middleman, 1972; Philip 

and Dorothy, 1971; Guyton, 1966). For a cardiac output of 

5.5 L/min, this quantity measures about 14% of the total 

flow. The main arteries supplying this volume to the brain 

are the two internal carotids and the two vertebrals, the 

major portion being carried by the carotids. About 7% of 

the total cardiac output flows through the common carotids 

(Reul et al., 1974) and, after bifurcation of the common 

carotid, the average flow division between the internal 

carotid and the external carotid is 70:30 (Balasubramaniam, 

1980). This ratio gives the flow volume as 2% and 5% of the 

total cardiac output through each of the external and 

internal carotids, respectively. In this way, about 70% of 

the total blood requirements of the brain, or about 10% of 

the total cardiac output, passes through the internal 

carotids. The remaining portion of the requirement of the 

brain, equivalent to about 4% of the total cardiac output, 
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flows through the two vertebrals. 

The blood volume through the subclavians was taken to 

be 5% of the total cardiac output (Reul et a 1 . , 1974). 

Since the vertebral arteries emanate from the subclavians, 

the volume carried by each of the subclavian, after 

branching off the vertebrals, is 3% of the total cardiac 

output. 

The brachiocephalic artery divides into the right 

subclavian and the right common carotid so it should carry 

the volume to meet the requirements of both these arteries. 

The blood flow through the brachiocephalic is, therefore, 

12% of the total cardiac output. 

The figures as given above indicate that 24% of the 

total cardiac output is taken up by the three arteries 

branching from the aortic arch: brachiocephalic, left common 

carotid and the left subclavian. The two coronary arteries 

which branch out just at entrance to the aorta take 4% of 

the total cardiac output to feed the heart itself (Reul et 

a 1. , 1974). This implies that the remaining 72% of the 

output flows downwards through the descending aorta. 

About 25% of the total cardiac output flows to the 

kidneys and the major portion passes through the two renals 

(Reul et a 1.,1974; Guyton,1966). The flow through the 

superior and inferior mesentric arteries accounts for 22% of 

the flow (Reul et al.,1974) and about 9% passes through the 

small arteries emanating throughout the descending aorta 

(Reul et al.,1974). In this way, the representative artery 
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in the model passed 31% of the total output. 

The remaining 16% of the total cardiac output is 

divided at the iliac bifurcation, 8% flowing through each of 

the common i1iacs (Reul et a 1., 1974). 

These figures for the flow distribution were also 

confirmed by the Faculty of Medicine, University of Alberta, 

and this distribution was obtained in the system before 

putting any blockages. 

The pattern of the arterial system was selected to 

represent a majority of the normal adults as discussed 

earlier. This also includes the angles and the locations at 

which the branches emanate and the course followed by them 

within the body. 

3.4 Blockages 

It is interesting to note that though there are 

different theories regarding the causes and development of 

atherosclerosis, the specific location of the lesions is 

almost undisputed. 

The research done in this area confirms that 

atherosc1erosis does not occur at random locations. In vivo 

studies carried out by Rodkiewicz (1975) on rabbits shows 

the sites of atherosclerotic formations as the zones of 

diminished lateral pressure or the separation regions. Such 

zones are generally the areas following a bifurcation or a 

branching site. His experiments also show the stagnation 

zones as the favourable locations for the development of 
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atherosclerosis but these sites are still controversia 1 

among other researchers. Experiments carried out on dogs in 

which a therose 1erosis was produced experimentally by 

altering hydraulic characteristics under controlled 

conditions also confirms that the progressive1y occlusive 

pathological changes occur consistently at sites of 

predilection characterized by a diminished lateral pressure 

(Imparato et al., 1961; Texon et al., 1960). The localized 

decrease in the static pressure at these specific zones 

produces, in effect, a local suction action or tensile 

stress upon the intima at some phase of pulsatile flow in 

the cardiac cycle. The intima is subjected to the lifting 

or pulling effect of the flowing blood upon the endothelium 

and subjacent cells. The response is a local biological 

change--a reparative or reactive thickening which results 

from the proliferation of the endothelial cells (Haust, 

1976). Many other researchers also confirm the standard 

sites. 

On the basis of these cosiderations the blockages which 

represented occlusion due to atherosclerosis were placed at 

the specific sites predicted by applying the principles of 

fluid dynamics. 

Blockages representing 50%, 75% and 100% occlusion of 

an artery were designed for each section. All the 

blockages, regardless of their size, had a common geometry 

as shown in Figure 3.3. Since the flow distribution was 

more important than the flow pattern in the present study, 
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the inlet and the outlet of the blockages was designed to 

avoid the orifice action at the passage through the blockage 

which could have reduced the effective area of flow 

considerably, causing significant errors in the results. 

All sharp edges were also rounded off to prevent any 

disturbance in flow even where the rate of flow was small. 

The internal shape was identical to a convergent-divergent 

diffuser and the angles were selected to avoid any secondary 

flows. 





CHAPTER 4 

EXPERIMENTAL PROCEDURE AND PARAMETERS 

4.1 Procedure 

The first and the most important phase of the 

experiments was to obtain a reference flow distribution for 

a normal individual, i.e. when various sections of the 

arterial tree were connected by simple connectors equal to 

the size of the corresponding branch; no blockages were 

introduced. This was accomplished by regulating the control 

valves and can be described as a kind of an iterative 

procedure. 

The pulsatile unit was turned on and the fluid was 

pumped to a height of over 100 cm before it was discharged 

into the measuring cylinders. The unit was stopped and the 

level in each of the leading tubes was allowed to settle at 

the 100 cm level which was very close to the discharge 

level. This step served two purposes, the first one being 

that when the pulsatile unit was turned on at this stage, 

all the arteries started discharging fluid at the same time. 

This eliminated any errors that could have been introduced, 

otherwise, in determining the flow distribution. The second 

reason, which is more important, is that by pumping the 

fluid to a level of 100 cm before discharging ensures that 
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the arterial system is under some Kind of initial pressure. 

This initial head of 100 cm of the working fluid corresponds 

to the physiological diastolic pressure of 80 mm of Hg 

thereby representing pressure conditions of a normal human 

being. In this way, it was assured that the minimum 

pressure in the system at any time during the flow was not 

less than the normal diastolic pressure representative of an 

alive person. The arteries, therefore, did not collapse 

during the diastole when no fluid was ejected into the 

aorta. Since the model was always surrounded by a fluid in 

an independent reservoir, the 100 cm was the differential 

head so that the 80 mm of Hg was the net pressure acting on 

the inside. 

After starting the pulsatile unit with the fluid near 

the discharge level, the flow was collected for two minutes 

(a two minute period reduced the errors, if any, by half 

when the flow was averaged over a one minute reference 

period). The distribution was then compared with the normal 

expected flow figures and the valves were adjusted 

accordingly. The same procedure was repeated and the normal 

flow distribution was obtained after 45 measurements and 

adjustments. These figures (given as case 1 in Table A-4 of 

Appendix A) were within ±1% of those mentioned in Chapter 3 

and were reproduced twice within a tolerance limit of ±1%. 

The valves were then sealed-off at the reference position. 

This normal distribution was obtained for a pulse rate of 70 

which represents a majority of normal human beings. The 
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distribution at 50 and 90 beats per minute, which are 

abnormal heart rates, was slightly different from that at 70 

beats per minute. The three distributions were, however, 

recorded for reference purpose and appear as Case 1 in 

Tables A-3 through A-5. All these results were also 

reproduced twice within ±1%. 

The next phase of the experiments was to simulate 

atherosc1erosis in one or more of the branches and to study 

the corresponding effect on the flow distribution with 

emphasis on the flow reaching the brain. Sixty-six 

different combinations, representing 66 different cases of 

the arterial stenosis (both mild and severe) were simulated 

and, for each combination, flow distribution was obtained at 

50, 70 and 90 beats per minute. Each result was reproduced 

and an average of the two readings was recorded. A 

tolerance of ±1.5% was allowed for reproduction but most of 

the results were reproduced within ±1%. 

In order to simulate a particular case of 

atherosclerosis, the fluid level in the reservoir containing 

the model was lowered and the top was removed. The 

connector from the particular artery involved was then 

replaced by the required brass blockage designed as 

explained in Chapter 3. The connector and the blockage for 

any particular branch had identical outer shape and 

dimensions so that a replacement did not affect the overall 

geometry of the arterial system under investigation because 

of a virtual lengthening or shortening of an artery. The 





41 

blockage was held in position by a thin wire which clamped 

the artery on to it. This was done for all the arteries 

that required to be partially or completely blocked-off for 

any particular case. A list of the combinations of 

blockages used to represent various cases is given in Table 

A - 1 . 

The model was checked for any leakages or other 

imperfections (particu1ar1y at the point of insertion of the 

blockage/connector) by turning on the pulsatile unit. Since 

the model was fabricated in duplicate together with a few- 

spare arteries, any damaged artery was immediately replaced. 

However, after any replacement, all the blockages were 

removed and the flow distribution was checked for any 

deviation from the reference values. No such case was 

discovered because of the identical duplicates. 

After checking the model, the reservoir was closed and 

refilled to the same reference level. The fluid was pumped 

to the 100 cm level and the unit was started again. The 

flow was collected for two minutes and recorded. The 

results were reproduced within the tolerance limit. The 

gear train was then changed and, for the same set of 

blockages, the distribution was also recorded for the two 

other frequencies by repeating the procedure described 

above. 

The reservoir containing the model was opened only when 

the combination of blockage had to be changed. All the 

procedure was repeated for every set of blockage as listed 
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in Table A-1. The 50%, 75% and 100% blockages were used, as 

and when required, depending upon the adversity of the 

disease in any particular artery. The experiments which 

showed a deviation from the reproducibi1ity tolerance of 

±1.5% were subject to repetition but, fortunately, this 

happened only in one case. After every few cases, all the 

blockages were completely replaced by connectors and the 

flow distribution was checked for any deviations from the 

reference figures of Table A-2 (Appendix A). 

The distribution for ail the cases was recorded and 

analysed with the aid of computer. The results obtained, 

both in digital and analog form, are given in Appendix A and 

discussed in Chapter 5. 

4.2 Governing Parameters 

The working fluid had the same kinematic viscosity as 

that of the normal human blood, the geometry and the size of 

the model represented the aorta of a majority of human 

beings, the velocity/flow profile at entrance to the aorta 

was the same as that produced by a normal heart and the 

heart rates were actually reproduced. Considering all these 

features of the system, the experimental conditions 

developed match the natural conditions from the fluid 

dynamics point of view and, therefore, the governing 

parameters which describe the flow are not of any 

significance as far as the geometric and dynamic similarity 

is concerned. However, for better understanding of the 
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situation and for later reference, the results are 

represented in terms of the two non-dimensional parameters 

namely, the Reynolds number, Re and the unsteadiness 

parameter, a given by 

Re = 
D V 

v 
4. 1 

and 

4.2 

respectively, where D is the lumen diameter of the artery, V 

is the velocity, v is the Kinematic viscosity of the working 

fluid and co is the angular frequency. At the normal pulse 

rate the value for the average Reynolds number at entrance 

to the aorta is 1000 whereas for the unsteadiness parameter 

it is 19.2. These values lie well within the physiological 

range quoted by many scientists. The figures at other 

branches are given in Table 3-1. 

As seen by the expressions 4.1 and 4.2, both the 

Reynolds number and the unsteadiness parameter give the 

ratio of the inertia forces to the viscous forces and their 

absolute value determines how much does one of these forces 

dominate the other. The parameter a, however, is also 

referred to as the unsteady Reynolds number for the flow as 

it indicates the relative importance of inertial and viscous 

forces in determining the motion within the time scale of 
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one period of oscillation (Caro et a 1., 1978). The 

information, in terms of the governing parameters, can be 

helpful when a mathematical analysis is done for the system; 

for example, at low values of the unsteadiness parameter 

(less than unity) the viscous forces dominate and the 

inertial forces can be neglected. 





CHAPTER 5 

RESULTS AND CONCLUSIONS 

The results obtained are presented both in digital and 

analog form in Appendix A. 

Figures A-1 through A-9 shows the effect of individual 

artery blockages (when only one branch is involved) on the 

blood flow to the brain. The adversity of the disease is 

simulated by reducing the lumen of the artery and the 

results are plotted for various Reynolds numbers used in the 

experiments. In almost all the cases it is observed that 

the cerebral blood flow is reduced more steeply when the 

atherosc1erosis develops to block more than 75% of a 

particular artery. Also, in all the cases, the cerebral 

flow tends to reach an asymptotic value close to the normal 

reference values when the blockage is less than 50%. The 

trend is, however, monotonic and the flow reduces when the 

stenosis develops from 50% to 75% but the effect is not as 

pronounced as it is in the range from 75% to 100% blockage. 

The only deviation from this observation is shown in the 

case of the right subclavian with flow at a Reynolds number 

of 680 and the left vertebral at Reynolds number of 1300. 

In the latter case, the curve tends to approach a straight 

line if the flow at 75% blockage was identical to its 
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counterpart on the right side. Since every result was 

reproduced within very close limits, the possibility of an 

experimental error does not exist. The observed trend can, 

therefore, be attributed to the geometry of the arterial 

system. The deviation is not phenomenally concerning and 

the flow falls with increasing blockage. In the other case, 

however, the flow at a Reynolds number of 680 does not 

follow a monotonic behaviour with varying blockages. When 

the right subclavian is completely blocked-off, the cerebral 

flow is higher than the flow at partial blockage of the same 

artery. A complete blocking of the right subclavian 

indicates that the brain is not receiving any flow through 

the right vertebral so it is obvious from the experimental 

results that the balance is quickly and very efficiently 

taken up by the other three arteries responsible for 

supplying blood to the brain. This, however, does not 

happen at the other two Reynolds numbers. 

A general comparison of the effect of same degree of 

blockage in arteries on the left side with their 

counterparts on the right side shows that the results are 

not identical though the trends followed are the same. For 

example, for the individual blockages in the left common 

carotid (Fig A-2), left vertebral (Fig A-7) and the left 

internal carotid (Fig A-9), the trend followed by the 

figures for the cerebral blood flow is almost identical to 

that followed by their counterparts on the right side 

(Figures A-4, A-6 and A-8). The small deviation in the 





absolute figures is only because of the geometric location 

of each of the arteries. 

The blocking of the brachiocepha1ic (Fig A-1) results 

in a very sharp reduction of flow to the brain because this 

artery is indirectly responsible to supply blood to the 

brain through the right internal carotid and the right 

vertebral. A complete blockage of this artery theoretically 

means paralysis of the upper right extremities, including 

the arm, together with no feeding of the brain from the 

right side. The arteries on the left side which are 

responsible to meet the partial requirements of the brain 

tend to take up the slack because of a higher pressure 

drifting towards them. As a result, these arteries start 

discharging blood more than their normal capacity though 

still unable to meet the flow requirements of the brain 

completely. In many cases, it has been practically observed 

that even when the subclavians are not receiving any blood 

through the direct route, the arms keep on receiving a 

minimal portion of their blood requirement due to a reversed 

flow in the vertebrals. The blood that reaches the brain, 

though not sufficient for the brain itself, travels through 

the complex circle of Willis in the upper part and finds its 

way to the vertebral that is not supplying any blood to the 

brain because of a complete blockage of either the 

brachiocephalic or one of the subclavians. Therefore, in 

such cases, the subclavian is fed through the vertebral. An 

exact estimate of the flow through this indirect route has 
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not been determined in the present analysis because the 

complex path in the head was not modelled. However, for the 

reasons mentioned above, it is recommended that the figures 

for the cerebral blood flow, in the event of a blockage of 

the brachiocephalic or the subclavians, should be used with 

a tolerance to account for the physiological by-pass to the 

arms. This is particularly important when there is a more 

or less complete blockage of any of the three arteries 

mentioned above with the corresponding vertebral not badly 

affected by the disease i.e., when a paralysis of the arm or 

the face is not observed in a patient with severely blocked 

brachiocephalic or any of the subclavians. 

In all the cases (Fig A-1 through A-9), an identical 

behaviour is observed in the sense that the points for 50 

and 70 beats per minute (Average Reynolds Number=680 and 

1000) are more close than those for 70 and 90 beats per 

minute (Average Reynolds Number=1000 and 1300). This shows 

that for lower Reynolds number the percentage of blood 

flowing towards the upper extremities is comparatively 

higher than that at larger Reynolds numbers. This fact is 

phenomenally pronounced in the case of complete blockage of 

the brachiocephalic when the flow to the brain hardly 

changes as the pulse rate falls from 70 to 50. The inertia 

of the flowing fluid explains this behaviour very clearly. 

Figures A-10 through A-29 shows the cerebral blood flow 

for various cases of atherosclerosis under varying heart 

rate. The cases represent several mild and severe stages of 
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the disease as described in Table A-1. 

In some combinations, for example, in case of a single 

50% blockage of the left vertebral (case 33), the reduction 

in the cerebral blood flow at normal pulse rate is very 

minimal and almost of no concern from the surgical point of 

view. Since the present analysis concentrates more on the 

blood reaching the brain, the most severe case of arterial 

stenosis studied was when a complete blockage of the left 

and right common carotids was represented (case 20). In 

this case the cerebral blood flow stays below 50% of the 

normal figure even when the pulse rate jumps to 90. Under 

these conditions, not considering the facial paralysis, a 

permanent damage of the brain is inevitable. However, the 

information can be helpful in surgery if it requires a 

temporary blockage of these arteries in the above pattern. 

Similarly, in cases 7 and 21, which represent the disease to 

the degree of comparatively less severity, the blood flow to 

the brain is below the 50% level at the normal pulse rate. 

In cases 23, 57 and 60 the same flow is on or just above the 

critical 50% value but falls below when the heart rate 

drops. In these cases once again, the brain is prone to an 

irreversible damage. 

A surgical treatment is normally considered when the 

lumen of an artery reduces by 50% or more. In that case, 

during the period of the surgery, the particular artery has 

to be completely blocked which implies a complete shut down 

of blood supply through that artery for a short duration. 
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In some cases, this can reduce the flow below a critical 

value (determined by the surgeons) resulting in a permanent 

damage to the organ supplied, if a temporary by-pass is not 

provided or, in seme cases, if the proper sequence of 

treatment is not followed. In other words, in support of a 

decision for the surgical treatment of an artery, the 

surgeon has to have some pre-surgical information regarding 

the flow distribution prior to and during the course of the 

surgery. The results as given in Appendix A can be applied 

directly in such cases. For example, among the cases 

studied, if a surgical treatment of the 75% blocked common 

carotid is recommended in case 21 or case 23, in the event 

of no by-pass it would represent case 20 during the course 

of surgery and this case has already been determined as a 

very severe case theoretically representing no survival. 

Therefore, the surgery, if carried out without a by-pass 

will not be successful. Similarly, in case 5 or case 6, if 

the left common carotid is blocked for surgical treatment, 

the cerebral blood flow would reduce considerably to damage 

the brain if a temporary by-pass is not provided. This may 

also suggest that the completely blocked artery be treated 

first, for reasons mentioned later. In case 16, for a 

similar treatment of the left common carotid, the cerebral 

flow would fall very close to the 50% level which will be 

very much susceptible to fall further below if the normal 

heart rate is not maintained during the surgery. This is 

true even when it is assumed that a part of the slack would 
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be taken up by the other three arteries feeding the brain. 

The cerebral blood flow in case 18, which represents a 

completely blocked brachiocephalic, is far below normal but 

not critical from the surgical point of view if the patient 

is already surviving. A similar conclusion can be drawn for 

other cases which involve a complete blockage of one or more 

arteries. This implies that for the surgical treatment of a 

completely blocked artery of a surviving patient, the 

by-pass may not be required during the period of the 

surgery. However, a clear and more detailed analysis for 

recommendation of a by-pass is possible only after a 

mathematical model is built on the present information so 

that the data could be interpolated and analysed for an 

infinite combination of diseased arteries. 

An interesting observation is made in the case of a 50% 

blockage of the left vertebral (case 33) which hardly 

effects the flow to the brain at the normal pulse rate. 

This observation is further confirmed by comparing cases 37 

and 38 which give almost the same figures for the cerebral 

blood flow. The slight decrease in the flow through the 

left vertebral due to the blockage is taken up by the other 

arteries feeding the brain. However, any constriction in 

its counterpart on the right side do not produce an 

identical effect and reduces the flow though not by a 

considerably large amount. This difference in the behaviour 

of the two vertebrals can once again be explained 

considering the variations in the geometry on the two sides 
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of the arterial system under investigation. 

Since the cardiac output remains almost the same 

regardless of the blockages introduced in one or more of the 

branches, any reduction in flow through these has to be 

taken up by the other arteries. This does not only mean 

that other parts of the body are receiving more blood than 

their normal requirements but also that the other arteries 

are carrying blood more than their normal capacities and, 

therefore, are under some kind of undesirable additional 

stresses. In some cases, this effect can become severe 

enough to cause haemmorhage. In other words, a lack of 

blood supply is not the only reason to call for a surgery. 

The results given in Appendix A give a complete flow 

distribution in the main branches and can, therefore, also 

be used for other considerations. 

A few cases representing entirely different 

combinations of blockages have been observed to produce a 

more or less identical effect on the cerebral blood flow. 

For example, a 75% blockage of brachiocephalic together with 

a 50% blockage in the left common carotid (case 8) and a 50% 

blockage in each of the right vertebral, left vertebral, 

right internal carotid and the left internal carotid (case 

30) result in same flow to the brain at the normal pulse 

rate of 70 though both these cases represent the disease in 

an entirely different form. As another example, a similar 

effect is also observed in cases when the left common 

carotid and the left subclavian has a 75% blockage each 
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(case 13) and the right internal carotid has a 75% blockage 

(case 55). This shows that for a particular flow to the 

brain there is not necessarily only one combination of 

arterial stenosis; various diseased arteries may produce the 

same effect on the total volume of blood reaching the brain. 
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GLOSSARY 

Angiography: Determination of the state and arrangement of 
blood or lymph vessels without dissection, as by 
radiography. 

Arteriosc1erosis: A condition marked by loss of elasticity, 
thickening and hardening of the arteries. 

Atherosclerosis: A lesion of large and medium-sized 
arteries, with deposits in the intima of 
yellowish plaques containing cholestrol, lipoid 
materia 1, etc. 

Brachiocephalic: Pertaining to the arm and head. 

Circle of Willis: The arterial circle of the cerebrum. 

Common Carotid: An artery that originates on the right from 
the brachiocephalic trunk and on the left from 
the arch of the aorta; it divides into the 
internal and external carotids and distributes 
blood to the region of the neck and head. 

Diastole: The rhythmic period of relaxation and dilatation 
of a chamber of the heart during which it fills 
with b1ood. 

Diastolic pressure: Minimum blood pressure during 
ventricular diastole. 

Endothelium: The simple epithelium lining of the heart, 
blood vessels and lymph vessels. 

Epithelium: A tissue composed of contiguous cells with a 
minimum of interce11u1ar substance. 

Etiologic: The science or study of the causes of disease, 
both direct and predisposing, and the mode of 
their operation. 
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11iacs: Pertaining to the flanks or the superior broad 
portion of the hipbone. 

Intercostal: Situated between the ribs. 

Intima: The innermost of the three coats of a blood vessel. 

Lumen: The space inside of a tube. 

Renal: Pertaining to the Kidney. 

Occlusion: The state of being closed or shut. 

Stenosis: Constriction or narrowing, especially of a lumen 
or orifice. 

Subclavian: Lying under the clavicle. 

Systole: The contraction phase of the cardiac cycle. 
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Fig A-2 .. LEFT COMMON CAROTID INVOLVED ONLY 

0 





Fig A-4 .. RIGHT COMMON CAROTID INVOLVED ONLY 
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Fig A- 10 .. CASES 1 TO 3 

Fig A-11.. CASES 4 TO 8 
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Fig A- 1 3 .. CASES 1 2 TO 16 
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Fig A-14 .. CASES 17 TO 21 

Fig A- 15 .. CASES 22 TO 26 
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Fig A- 16 .. CASES 27 TO 29 

Fig A- 17 .. CASES 30 TO 32 
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Fig A-18 .. CASES 33 TO 36 

Fig A-19 .. CASE 37 
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Fig A-20 .. CASE 38 

Fig A-21 .. CASE 39 AND 40 
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Fig A-22 .. CASES 41 TO 43 
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Fig A-25 .. CASES 54 AND 55 
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Fig A-26 .. CASES 56 TO 58 

Fig A-27 .. CASE 59 TO 63 
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Fig A-28 .. CASE 64 AND 65 

Fig A-29 .. CASE 66 AND 67 





APPENDIX B 

DESIGN OF THE CAM 

The design of the cam was based on the velocity profile 

as described in Chapter 2. Figure 2.3a shows the actual 

instantaneous velocity profile at entrance to the aorta 

whereas Figure 2.3b shows the slightly modified version of 

the same. Since the piston lies very close to the aortic 

entrance, the same profile can also be assumed to describe 

the instantaneous velocity of the piston. Therefore, the 

profile of Figure 2.3b forms the basis for the cam design. 

The profile of Fig 2.3b was graphically integrated, 

using standard procedures (Jennings and Sidwell, 1968), in 

order to obtain the displacement profile. This profile 

described the position of the piston at every instant which 

determined the required velocity profile at entrance to the 

aorta. On basis of the volumetric efficiency of the pumping 

system in which the prosthetic heart valves played the most 

important role, as determined from experiments, the 

displacement curve was scaled using a factor of 0.8. The 

peak of this curve corresponds to the maximum displacement 

of the piston. A reasonable diameter of the piston was 

selected (4.8 cm) and the stroke was determined to obtain 

the required flow rate. The velocity profile was then 
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scaled accordingly using the polar distance and the pumping 

efficiency in order to determine the peak and the average 

velocity at entrance to the aorta for a particular heart 

rate. These figures are given in Table B-1. The velocity 

profiles for the three Reynolds numbers are shown in Figure 

B-1 . 

The slope of the displacement curve is maximum during 

the early part of the systole because of the rapid ejection 

during this period. In other words, the maximum pressure 

angles were to exist on the cam at points corresponding to 

the initial period of the cycle. These angles were also 

anticipated to be extremely high on account of the large 

slope of the curve. The only way to reduce these angles was 

to off-set the cam and the follower or to increase the size 

of the cam. Because of the limitations imposed by the 

apparatus, the required offset was limited to 1 cm so the 

only other variable was the cam size. Since a compromise 

was required between the size of the cam and the pressure 

angles (too large a cam has problems in precise machining 

etc. (Jenson, 1965) and it was also not feasible for 

mounting on the present system), the design value for 

maximum pressure angles was not limited to the optimum 

figure of 30°. This relaxation was acceptable considering 

the slow speed at which the cam was supposed to work, strong 

follower bearings, sound cam-follower mechanism, low loads 

and the intermittent operation (Rothbart, 1968). A root 

diameter of approximately 6 cm gave a cam of reasonable size 
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with the maximum pressure angle limited to 37' at the point 

corresponding to the maximum slope of the displacement 

curve. Under these conditions, the cam was found to work 

smoothly and without any excessive wear throughout the 

experiments. There was no damage done to the bearings or 

the cam-follower mechanism. 

In order to obtain the cam profile, a circle equal to 

the pitch diameter (root diameter of the cam plus the 

diameter of the follower) was drawn and divided into 

intervals of 5°. The position of the piston was marked at 

each point in accordance with the displacement curve 

obtained by integration of the velocity profile. At points 

of rapid change of slope the interval was reduced to 2.5° 

for higher accuracy. All the points thus obtained, when 

joined, gave the pi ten profile of the cam i.e. the path on 

which the centre of the follower was expected to travel. 

The ejection phase of the cardiac cycle constitutes 

about 30 percent of the total stroke period (0.25 seconds at 

the normal pulse rate) and this corresponds to 105' of cam 

rotation. Therefore, this portion of the pitch profile was 

determined with high precision as the remainder of the cycle 

was merely meant to refill the left ventricle for the next 

systolic action. 

The position of the follower was drawn at every point 

(2.5°/5.0°) on the pitch profile as obtained above. The 

internal tangent to these positions dictated the inner 

contour of the groove cam whereas the external tangent 
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determined the outer contour. Two steel templates were cut 

in accordance with these profiles and were properly 

positioned on a teflon disc with dowel pins. The groove for 

the follower was then machined so that it followed the exact 

profile as determined above. Figure B-2 shows the profile 

of the cam (not drawn to scale). 
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105° 

FIG B-2 .. PROFILE OF THE CAM 

Not to scale 












