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SUMMARY

Obstructive arterial disease is common and is a major
source of morbidity. It is frequently not amenable to direct
surgery, but there is no effective form of medical therapy.
The use of vasodilator drugs to lower vascular resistance
has been discredited.

Although in theory flow should be increased by reducing
blood viscosity,the flow properties of blood are complex and
unpredictable in vivo. In vitro blood viscosity increases
enormously at very low shear rates and a yield stress exists
(that is a finite minimum force is required for flow to start).
These properties are related both to haematocrit and the
presence of fibrinogen, and would be of great therapeutic
potential if reflected in vivo, since plasma fibrinogen
concentration, and to some extent haematocrit can be safely
manipulated.

Initially a simple canine model was used to investigate
the effect of defibrinogenation on blood flow. A critical
arterial stenosis was created in one femoral artery and
electromagnetic flowmeters used to measure flow through both
femoral arteries and cardiac output. In both limbs of the
control animals and in the non ischaemic 1imb of the
defibrinogenated animals flow decreased as did cardiac output.
However, in the ischaemic limb of the defibrinogenated animals
flow relative to cardiac output increased significantly after
defibrinogenation suggesting that fibrinogen might be important
in Tow flow states. These experiments were not conclusive

however as the influence of changes in vasomotor tone or coagulation
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could not be excluded.

To try to exclude influences other than blood viscosity,
an isolated canine hind 1imb preparation was devised in which
fresh anticoagulated canine blood at 37OC was oxygenated and
perfused in a pulsatile fashion, while accurate measurements
of pressure and flow were made. Pressure/flow curves were
constructed using blood of haematocrit ranging from less than
20 to more than 70, at mean perfusion pressures from virtually
zero to more than 150 mm Hg. The effect of fibrinogen was
studied by using blood of varying natural fibrinogen
concentration, defibrinogenated blood (by pre-treatment with
Ancrod) and blood whose fibrinogen concentration had been
increased by the addition of purified autologous canine
fibrinogen. Protein free suspensions of red blood corpuscles/
Ringer Lactate and red blood corpuscles/dextran were also
studied, as was the effect of temperatures lower than 37°C.
Thirty separate limb perfusion models were used to study the
pressure/flow characteristics of ninety samples of blood,
approximately one litre of blood being required for each
perfusion experiment.

Dextran 40/10% saline was perfused in a similar fashion
to blood in each experiment and used as a standard to compare
one experiment to another. Blood viscosity was measured in
vitro at six shear rates ranging from 5.75 sec—] to 230 sec-],

using a Wells Brookfield microviscometer. Haematocrit, total

plasma protein concentration and plasma fibrinogen concentration

were measured by standard laboratory methods.
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It was found that in vitro viscosity was determined largely
by haematocrit, the relationship between log viscosity and
haematocrit being virtually linear. Blood viscosity increased
at low rates of shear, the magnitude of the increase, and the
shear rate below which it took place being related to
haematocrit. The slope of the haematocrit/log viscosity
relationship was a function of shear rate.

Vascular resistance, derived from the pressure/flow data
in the isolated limb preparation was an index of “in vivo
viscosity'. At mean perfusion pressures greater than 80 mm Hg
it was determined mainly by haematocrit. The relationship
between resistance and haematocrit was approximately linear in
the range haematocrit 30 - 70, below which resistance was much
less influenced by haematocrit.

Vascular resistance in the limb perfusion model was not
constant at a ‘given blood viscosity but below a certain
perfusion pressure increased with decreasing perfusion pressure.
The magnitude of the increase, and the perfusion pressure
below which the increase took place varied with haematocrit.

Although vascular resistance in the isolated limb
preparation correlated well with in vitro viscosity, the
magnitude of the change in vascular resistance with haematocrit
or perfusion pressure was considerably less than that of the
change in in vitro blood viscosity.

Neither fibrinogen nor total plasma protéin in the
concentrations studied, had a significant effect on either blood

viscosity in vitro, or vascular resistance in the isolated limb.
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Suspensions of red blood corpuscles in protein free
solutions (dextran 40/normal saline, Ringer Lactate) had
similar non Newtonian properties to whole blood, ‘while
Dextran perfused alone was almost Newtonian. (A Newtonian
liquid, for example water, is one whose viscosity is independent
of shear rate).

The effect of cooling the perfused blood in the
isolated 1imb preparation was to increase vascular resistance,
and probably to increase blood's non Newtonian behaviour.

It is concluded that a therapeutic reduction in in vivo
viscosity would not be achieved by lowering plasma fibrinogen
concentration, since the large in vitro fibrinogen dependent
increase in viscosity at low shear rates does not seem to occur,
even at very low rates of flow, in the intact circulation.
Vascular resistance does increase considerably at low flow rates
in this experimental model but this is related to haematocrit
concentration. It may be that patients with arterial disease
whose haematocrit is at or above the upper limit of normal
will benefit from venesection, but it seems most unlikely that
minor changes in in vitro viscosity will achieve a significant

alteration in flow in the intact circulation.
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CHAPTER ONE

INTRODUCTION

Obstructive arterial disease comprises a grdup of
conditions characterised by lengthening, hardening and narrowing
of the arteries, resulting in limitation of blood flow. In its
most common form it represents an exaggeration of the normal
ageing process in which the arterial wall is progressively
thickened and calcified and the lTumen acquires a lining of soft
fatty material (atheroma) on which clot forms readily. The
condition is becoming increasingly common in Western society,
the incidence in the middle aged and elderly population being
in the order of 7 per cent (Eastcott, 1974). Any of the
arteries of the body may be affected but in clinical.practice
the regions most affected are the cerebrovascular system, the
coronary arteries and the peripheral arterial circulation. It is
to this last system that this work is applied, although
observations on blood flow in one system are likely to be of
relevance, at least in part, to the others.

The most commonly affected peripheral arteries are those
supplying the lower limbs. The efficiency of the arterial
circulation is such that apparently severe narrowing of these
arteries may produce minor or no symptoms, depending on the
availability of alternative ('collateral') pathways and the
demand for blood by the tissues. When symptoms occur the most
common complaint is of cramping pain in the calf, or less
frequently thigh, muscles after a certain distance is walked.

The pain always disappears after a short rest and the diagnosis
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of 'intermittent claudication' is easily made by the
characteristic history. 1f the disease progresses the

distance which the patient can walk, the claudication distance,
decreases until eventually he is restricted to only a few yards.
At this point a much more serious development may occur, the
onset of ischaemic rest pain. This is a debilitating and
intolerable complaint which unless effectively treated
necessitates amputation of the limb. Fortunately, intermittent
claudication very often does not progress: indeed frequently

it runs a benign course, remaining static or even }mproving

over the years. However, particularly in the elderly, ischaemic
rest pain or gangrene may be the first manifestations of
peripheral vascular disease, there being little or no antecedent
history of intermittent claudication. Thus obstructive arterial
disease is extremely common but often causes few symptoms. In
its most severe form hOWeVer, ltoss of 1ife or limb is likely and
it is a major cause of severe disability in the middle aged and
elderly.

The fact that obstructive arterial disease tends to be
patchy in distribution may make it possible surgically to rebore
or bypass the diseased segment from relatively healthy artery
above to relatively healthy artery below the obstruction.
Clinically three main patterns of disease are recognised:aorto-
iliac, femoro-popliteal and tibial vessel disease (distal disease).
Although pure examples of each type are encountered it is common
to have more than one region involved, and often all three.

The techniques of reconstructive surgery for obstructive arterial
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disease have advanced rapidly in the past two decades and
vascular surgery is now an established surgical routine.
However, of the many patients presenting with claudication,
rest pain, or gangrene, only a minority are suitable for
surgical reconstruction. The main reason for this is that
surgery becomes progressively less successful the more distal
and smaller the‘vessels which are involved. When arterial
disease affects mainly the aorto-iliac segment the results
of reconstruction are excellent, and for the femoro-popliteal
segment reasonably good, but for disease more distal to this
surgery is often disappointing, (Watt, 1974).

Unfortunately it is just this last group of patients with
severe distal (or multi-level) disease who, on account of rest
pain or gangrene, are most at risk of amputation. In addition
a further substantial group of patients with otherwise operable
arterial disease will prove unfit for surgery often because of
associated coronary or cerebrovascular insufficiency. There is
therefore a major need for a non-surgical method of increasing
the blood supply to the ischaemic limb, particularly as it seems
likely that in terms of blood flow the difference between
viability and non-viability is slight.

When obstruction of a main artery occurs arterial pressure
distal to the obstruction falls and the direction of flow in
certain side branches distal to the 'obstruction may reverse
(Fig. 1). The arterial territory distal to the block is now
supplied from the network of interconnecting vessels which form

the collateral pathway. The adequacy of this pathway in meeting
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the demands of the dependant tissues varies with the abundance
and size of vessels available and their own involvement with
atheroma. In the lower 1imb .collateral pathways -usually offer
a considerably higher resistance to flow than the unobstructed
artery. The components of vascular resistance in a collateral
bed, or other vascular system are the constricting tone of the
resistance vessels, mainly the arterioles, and the viscosity of
blood. Theoretically, improvement in flow can be obtained by
reducing either arteriolar tone or blood viscosity.

Arteriolar constriction can be diminished, and thus the
size of the vessels increased, by reducing constricting~
sympathetic tone. This may be done either by surgical or
chemical destruction of the sympathetic chain, or by alpha
receptor blockade with drugs. Localised sympathectomy of the
affected limb has been claimed to palliate about 50% of patients
with early rest pain, whether the sympathectomy is carried out
by a formal operation (Strand, 1969) or by percutaneous injection
of phenol into the lumbar sympathetic chain (Reid, 1970). Drugs
which vasodilate by blocking sympathetic nerve transmission in
various ways have enjoyed a vogue in treating peripheral
vascular disease and have been widely employed, particularly in
continental Europe, Whether these drugs are given orally,
intravenously of intra-arterially they result in generalised
vasodilatation. The inherent defect in any form of sympathectomy
particularly alpha blockade, is that in a severely ischaemic 1imb
the collaterals are either incapable of dilating (on account of
arterial disease) or are already maximally dilated. Any increase

in total limb blood flow from vasodilatation may be achieved by
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increasing the flow to more healthy areas, (De Bakey, 1947), while
the ischaemic area is either not affected at all or is adversely
affected by the shunting of blood to more healthy areas capable of
vasodilatation. The work of Gillespie (1959) has demonstrated
that vasodilatation has little, if any, part in the treatment of
obstructive arterial disease.

It is surprising that drugs aimed at increasing blood supply
to the ischaemic limb by vasodilatation have been, and continue to
be so widely used given the weight of theoretical and clinical
evidence against them. The alternative non surgical approach to
increasing blood flow to the inoperable ischaemic limb, by
manipulating the flow properties of blood itself has been
comparatively little explored.

Increased blood viscosity has long been recognised as the
cause of symptoms in such relatively uncommon conditions as
polycythaemia vera, thrombocythaemia and macroglubulinaemia. In
these conditions blood viscosity is very greatly elevated and
symptoms are relieved upon restoration of blood viscosity to
normal. |t seems reasonable, however, that lesser elevations of
blood viscosity - insufficient to be the sole cause of symptoms -
might assume clinical significance when combined with otherwise
minor obstructive vascular disease. It is a common observation
among surgeons dealing with peripheral vascular disease that an
undue number of patients, while not frankly polycythaemic, have
haematocrit levels toward the upper limit of normal and that these
patients tend to fare badly.

In a group of patients with intermittent claudication

Dormandy (1973a,b) demonstrated a correlation between whole blood
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viscosity, plasma fibrinogen concentration and severity of
symptoms, and subsequently reported improvement with treatment
aimed at lowering elevated plasma fibrinogen concentration and
hence viscosity (Dormandy, 1974). Other reports have linked
the incidence of post-operative deep vein thrombosis to raised
pre-operative blood viscosity levels{Dormandy, 1973¢), and
complications after vascular surgery to elevated haemoglobin
concentration, and therefore increased whole blood viscosity
(Morris, 1975). |In addition sufferer's from Raynaud's syndrome
have been shown to have greater than normal blood viscosity,
(Pringle, 1965; Tietjen, 1975), although this has been disputed.

As yet there has been no convincing success in treating
obstructive arterial disease by reducing blood viscosity but
there is sufficient indirect evidence that blood flow properties
have been under-emphasised to make a study of the factors

influencing blood viscosity worthwhile,
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CHAPTER TWO

FLOW PROPERTIES OF BLOOD IN VITRO

In contrast to our meagre knowledge of blood flow in
vivo there is a substantial volume of in vitro work on the
experimental and theoretical aspects of blood flow. In the main,
this has been carried out by physiologists, mathematicians and
engineers with an interest in biology and fluid mechanics and,
while of undoubted academic interest, it is difficult for the
clinician to assess its significance in relation to human
pathology. However, as a starting point in any investigation
into blood flow in vivo, it is essential to be familiar with the
main properties of blood flow in vitro.

Poiseuille (1799-1869), a physician as well as physicist
by training, originally intended his studies to be of the flow
properties of blood, but because of coagulation problems (there
were no available anticoagulants) turned to the study of '"pure'
ligquids flowing in rigid tubes, and studied distilled water and
alcohol flowing through horizontal capillary glass tubes to
devise his well known equation relating pressure and flow
(Poiseuille, 1847). There was a lapse of several years before
Poiseuille published his results and in the meantime Hagen
(Hagen, 1839) had independently derived the same equation. The
formula is thus sometimes referred to as the Hagen-Poiseuille

equation.
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P d

KL

Where Q equals volume flow

P =  pressure drop

d = inside tube diameter

L = tube length

K = a constant depending on fluid viscosity

Poiseuille's law that the head of pressure is directly
proportional to tube length, rate of flow and viscosity and
inversely proportional to the fourth power of the internal radius
also implies that viscosity is a constant independent of flow
rate or applied force.

The viscosity of a liquid represents its internal
resistance to flow(in Newton's expression ''lack of slipperiness'),
When a liquid flows in a cylindrical tube it does so in
concentric layers the flow being fastest in the centre of the
stream and decreasing progressively to zero at the edges of the
tube, it being assumed that there is no fiow, or 'slip' between
the outermost layer of fluid and the tube wali.- As the layers of
fluid slide over each other the molecular attraction between the
layers of fluid resists flow, the magnitude of this force
determining the viscosity of the liquid.

Consider two very thin parallel laminae of fluid a distance
dr apart (Fig 2). A force is applied to one lamina causing it to

move over the other lamina in the direction of the applied force.
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This force is the shear stress, T. |If in unit time the
displacement of one lamina relative to the other is dx and

its relative velocity is dv, then the shear rate D, is

dv
dr.

successive laminae of fluid, that is the velocity gradient.

The shear rate, D, is thus the change in velocity across

The coefficient of viscosity is, by definition, the ratio

between the shear stress T and the shear rate D

I
D

Since shear rate
dv (cm/sec)

dr (cm)

the dimensions of shear rate (after cancelling) are sec ! or
inverse seconds. Shear stress, T, is a force per unit area

thus its dimensions in the c.g.s. system are dynes. centimetre"2
The dimensions of viscosity, u = % , are dyne. seconds.
centimetres'z. One dyne. seconds. centimetre-2 is equal to one
Poise. For blood rheology purposes the unit normally used is

the Centipoise, 0.01 Poise, since the viscosity of normal blood
is in the order of 0.04 Poise, and that of plasma 0.015 Poise.

A liquid whose viscosity, at a given temperature, is independent
of shear rate or shear stress is known as Newtonian since Newton,

in Principia (1686) considered the force necessary to move a

solid through a liquid at a given velocity and assumed as a

% All dimensions expressed here are in the centimetre.gram.
second (c.g.s.) system.
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hypothesis that the one was directly proportional to the

other. If this is so then viscosity must be independent of
velocity. This was however merely a hypothesis until the
experiments of Poiseuille confirmed its veracity for simple
liquids. Blood of course is not a simple liquid but a suspension
of complex particles and it is not surprising that it has
decidedly non Newtonian properties. It is therefore necessary

to consider blood viscosity in relation to the conditions under
which it is measured, as well as its constituent parts.

Relationship to tube size

In 1906 Denning and Watson described, to the Royal Society,
studies of blood flowing through small tubes, the project that
Poiseuille had been unable to carry out seventy years before.
Using a modification of the Ostwald viscosimeter they found that
the viscosity of anti-coagulated blood (from horses) was not
constant but varied with the diameter of the tube in which it was
measured, as well as with temperature and corpuscular
concentration. The relationships they showed between viscosity
and temperature, and viscosity and haematocrit concentration have
subsequently been shown to be approximately correct. Paradoxically,
the discovery with which they have been credited, that blood
viscosity may vary with the size of the tube in which it flows,
has been confirmed but the relationship is now known to be the
opposite of that which they showed. Denning and Watson found that
blood viscosity increased as tube diameter decreased from 2 mm to
0.3 mm whereas more recent work has established that with tubes

greater than about 1 mm in diameter, viscosity is independent
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of tube diameter, but with decreasing size of capillary tube
viscosity decreases (Fahraeus, 1931). The explanation of this
behaviour may lie in the fact that as blood flows in a tube
there is a tendency for the red cells to gravitate to the centre
of the tube so that the outer layers are relatively cell free.
This introduces several complexities into blood flow including
the probability that in a non uniform velocity gradient, as in a
tube, the red cells will have a component of velocity directed
towards the axis (Saffman, 1956). Fahraeus and Lindqvist
considered that the decreasing viscosity of blood in very small
tubes might be attributable to the increasing relative importance
of the cell free zone as tube diameter decreases. They showed that
when blood flowed from a reservoir through a small bore tube, the
haematocrit of the emerging blood was lower than that of the
reservoir. Since they were the first to report this in detail
the phenomenon of decreased blood viscosity in small tubes has

become known as the Fahraeus-Lindqvist effect.

There has been considerable debate over this cell free

or '"'plasmatic zone'' and to what extent it exists. Certainly the
layers immediately adjacent to the tube wall cannot have exactly
the same concentration of red cells as the more central layers
since the individual red blood cell, has a bulk of its own and
no cell can have its centre immediately adjacent to the wall.
(Fig. 3). Some of the controversy has arisen because high speed
photographs of blood flow in the micro-circulation can be highly

misleading on account of lighting artefacts and it has been shown
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(Wiederhielm, 1967) that varying the angle of illumination can
make the same vessel appear to have different widths of cell
free layer. |In an attempt to overcome this difficulty
experiments have been performed in which blood flowing in small
vessels has been very rapidly frozen in an attempt to maintain
the cell distribution for examination but again there is
uncertainty about the extent of artefact. Bayliss (1963), in a
review of this difficult subject, considers that the cell free
zone is in the order of 1-bu which, according to Wayland (1967 ) is
roughly that required by simple volume e%clusion alone.
Another observation which may be of relevance to the work
of this thesis is that pulsatile flow seems to accentuate the
axial concentration of suspensions and this perfusion experiments
may have to take this factor into account.(Goldsmith 1965).
Whatever the mechanism of the reduction in viscosity as tube
radius falls to within about 100 times the radius of the red cell,
the effect is real enough: Surprisingly there have been few
studies which have actually recorded the reduction in viscosity
obtained and the scatter of results is fairly wide. From the
review article by Bayliss(1963) it seems that in a tube of radius
20 p the asymptotic apparent viscosity of blood is about two thirds
of the value obtained in large tubes. However, Dintenfass (1971)
using specially developed parallel plate slit viscometers,which
he considers permit determinations of blood viscosity under
conditions simulating the micro-capillary bed, describes an
inversion phenomenon, that is the existence of a critical radius
below which there is a sudden and dramatic increase in resistance

to flow. This seems to depend on the internal viscosity of the
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red blood cells and aggregrates of these cells, and is very
sensitive to blood pH levels.

Relationship to Haematocrit

When blood is flowing at high (over 200 sec-l) shear rate
the main determinant of blood viscosity in vitro is haematocrit.
Viscosity increases with increasing haematocrit, the traditional
view being that the increase becomes progressively steep with
haematocrits above 50 or so. Several workers however,
demonstrated an approximately linear relationship between
haematocrit and the logarithm of viscosity and there is now
general agreement that a relationship such as that shown in
figure 4 applies (Haynes, 1960; Peric, 1963; Gregersen, 1965;
Chien, 1966;Merrill, 1969; Dormandy, 1970).

Relationship to Shear Rate

When blood starts to flow its viscosity is initially very
high but decreases very rapidly as shear rate increases (Fig. 5).
At shear rates greater than about 200 sec-1 blood viscosity
reaches a constant minimum, or asymptotic value. Thus blood can
be regarded as more or less Newtonian at rapid (but not so rapid
as to cause turbulance) flow rates in large bore (over 1 mm)
tubes. As shear rate is reduced to about 50 sezc;—1 the increase
in viscosity (compared with the asymptotic value) is fairly
modest, perhaps in the region of 20-50% but at very low rates of
shear, less than 10 sec-i, the increase becomes much greater.
For blood of haematocrit 40,Merrill(1969) has shown a 40 fold

increase in viscosity as shear rate falls from 1 sec“1 to 0.01 sec'].
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This anomalous behaviour increases with increasing
haematocrit, blood of haematocrit less than 15-20 exhibiting
little variation in viscosity with changing shear rate. The
variation of viscosity with rate of flow,or ''shear dependence'',
is also related to the composition of plasma, in particular
plasma fibrinogen concentration. It is reported that
defibrinated blood of haematocrit less than 30, or suspensions
of red blood cells in Ringer's Solution are virtually Newtonian
(Merril1,1969), which implies that plasma fibrinogen is a most
important factor in theatiology of the anomalous flow properties
o% blood.

Yield Stress

When shear stress is plotted against shear rate (Fig. 6)
and measurements are made at very low rates of shear, as is
possible with specially designed rotating viscometers, it is
seen that the graph intercepts the shear stress axis at a
finite point. A force, or 'yield stress' is required to Initiate
flow. For blood this force is.small, less than 0.1 dynes/cmz,
but is said to be dependent on the presence of fibrinogen, a
minimum concentration of 200 mg% being necessary for the
existence of a yield stress (Merriil,1963a). Wells (1971),
however, demonstrated red cell aggregation and a yield stress in
the absence of fibrinogen.

The establishment of a mathematical formula relating shear
stress and shear rate (broadly analogous to pressure and flow
in vivo) has attracted the efforts of rheologists for the past
few decades. There has been much esoteric debate as to which

of the established rheological formulae (devised for the flow of
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paints, inks, dairy products etc) achieves the best 'fit'

for blood. It would seem that a power low relationship is
inapp!icéble since when log shear stress is plotted against

log shear rate a linear relationship is not achieved (Whitmore,
1968). However, the Casson equation, (Casson, 1959), originally
proposed to describe the flow properties of certain printing inks,
seems to apply reasonably well to blood.

If Kc is ameasure of the consistency of the material

vT = T
Ke 7%

where /r £ shear stress

Ty
)

Charm et al (1965) demonstrated a reasonable fit of the equation

11

yield stress

4]

shear rate

L}

to blood bank samples, over a very wide range of shear rate.
Fibrinogen

Although the Casson equation is best regarded as empirical
it is of interest that it was devised to describe a fluid which
exhibits reversible aggregation at low shear rates, the
suspended particles forming rod like aggregates of increasing
length as shear rate falls.

it is tempting to relate this to the formation of rouleaux
by the red cell corpuscles of the blood, and thereby provide a
physical basis for the 'fit' of the Casson equation. Certainly it
seems likely that red cell aggregation is a factor affecting blood's
anomalous viscous properties, the yield stress being the force

required to separate the cells sufficiently to start blood moving
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and the decrease in viscosity as flow increases being
attributable to the progressive dispersion of cells, until
when these cells are fully dispersed blood viscosity reaches
its asymptotic value and is independent of shear rate.

Fibrinogen is known to have a profound influence on red
cell aggregation (e.g. in most blood samples the erythrocyte
sedimentation rate (ESR) and fibrinogen content are directly
related); the higher the fibrinogen level the greater the degree
of aggregation. Thus it seems reasonable that fibrinogen
should greatly influence the low flow properties of blood.
Merrillhas shown that yield stress in blood is related to the
square of the fibrinogen concentration and the third power of
haematocrit (Merrill,1963; 1969).

A further property of fibrinogen may be important however.
The flexibility of the red cell membrane, and therefore the
ability of the red cell to deform appears to decrease with
increasing fibrinogen concentration (Sirs, 1968). Since
capillaries are in the order of size of the red cell itself
considerable deformation of the red cell occurs during flow
through capillaries, Thus fibrinogen might be expected to have
two separate and opposing influences on blood flow; an adverse
effect at very Tow flow rate on account of-yield stress and'red
cell aggregation, and a favourable effect on the ability of the
red cell to deform to pass through the micro-circulation. At
higher red cell concentrations on physical grounds it is more
likely that shear dependent erythrocyte deformation is the major
factor in the decreasing viscosity of blood at higher shear rates,

whereas shear dependent erythrocyte aggregation assumes a greater
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role at normal and low haematocrits.
Platelets

Within physiological limits platelets do not appear
to have an appreciable effect on blood viscosity (Frasher,
1968). Thrombocythaemia, however, can certainly give rise to
occlusive vascular disease but this may be a function of blood
hypercoagulability as distinct from viscosity.

Plasma Proteins (other than fibrinogen)

Within the normal physiological range plasma proteins
other than fibrinogen do not seem to influence greatly blood
flow properties, although globulins in particular raise the
viscosity of plasma and thus of whole blood. Chien et al (1971)
studied the relative effects of fibrinogen and globulin by
adding purified autologous fibrinogen to serum and Ringer
suspensions of L45% erythrocytes. They confirmed that fibrinogen
causes an increase in viscosity and shear dependence and
deduced (by subtraction) that serum globulins have a fibrinogen-
like action. The relative effectiveness of plasma proteins in
interacting with erythrocytes is in. the order fibrinogen,
globulins and albumin and is strongly dependent on the
molecular weights of the proteins.

Abnormal proteins such as occur in the unusual disorders
macroglobulinaemia and cryoglobulinaemia may cause severe
circulatory disturbance, including digital gangrene, because of
the adverse effect on blood flow in small vessels.

Hyperlipaemia and Lipoproteins

There have been reports that hypertriglyceridaemia and
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hyperbetalipoproteinaemia increase the non Newtonian properties
of blood, by enhancing yield stress{Merrill,1964), and that
lipaemia increases blood viscosity (Bronte-Stewart, 1965; Swank,
1953). Later work by Merrill however did not confirm these
findings(Merrill ,1969).

It seems unlikely that the adverse effects of
hyperlipidaemia on the course of vascular disease is of
rheological origin. Ballantyne studied a group of claudicating
hyperlipidaemic patients whose cﬁolesterol and triglycerides
were reduced by dietary means, but without significant effect
on their impaired circulation (Ballantine, 1976).

Blood Sugar

Blood sugar levels do not seem to have a detectable effect
on blood viscosity, and it is unlikely that the predisposition
of the diabetic to vascular disease is related to a
rheological effect of hyperglycaemia (Castle, 1964). However,
Skovbérg (1966) claimed that diabeticiéubjects had whole
blood viscosity levels 20% higher than a controlled population.
Temperature

The viscosity of blood rises as temperature falls. In a
simple suspension one would expect that the absolute viscosity
would vary with temperature in the same way as the suspending
fluid so that one would be able to 'correct' from one temperature
to another by reference to the established values for the
viscosity of the suspending fluid at different temperatures.
However, in the case of blood this would assume that the viscosity
of blood relative to plasma (the relative viscosity) remains

constant and that such anomalous properties as yield stress also
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remain constant. There are conflicting reports on this subject.
Rand (1964) found that the relative viscosity fell substantially
from 37°C to 22°C while Azuma {1964) reported a 10% increase in
relative viscosity from 37°C to 17°C. According to Merrill(1969)
yield stress is not greatly altered. It has been suggested that
changes in relative viscosity with temperature are due to
alterations in the shape of the red cells and Azuma (1964)
attributed this to the cells becoming more spherical and less
disc like. The possibility that temperature affects blood flow
properties in a non linear, or unpredictable, fashion may account
for some of the discrepancies in previous reports on blood
Qiscosity, since much of the earlier work was done at ZDOC,

'room temperature' or at unstated temperature.

The type of viscometer used may be relevant to the
discrepancies noted. In 1973 Barbee reported studies of the
effect of temperature, 23°C and 37°C respectively, on the relative
viscosity of human blood in a capillary viscometer, a GDM
concentric cylinder viscometer and in a Wells-Brookfield cone
and plate viscometer. He found that the relative viscosity was
independent of temperature at high shear rate in all of the
instruments, but depended on the temperature at low shear rates
only in the capillary viscometer, a bossible explanation being
the different type of shear field in each instrument.

Anticoagulants

Blood clotting commences as soon as blood is withdrawn
from the body. Blood rheology is profoundly altered by these
changes and although attempts have been made to study this, the

rheology of clotting is a separate and even more difficult area
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of study than that of liquid blood.

Very few studies have been made of non anti-coagulated
blood, although Dintenfass has studied freshly shed not
anti-coagulated blood in a cone-in-cone viscometer (Dintenfass,
1962; and 1966). He has subsequently compared these results to
those obtained from a rhombospheroid viscometer with blood
anti-coagulated with EDTA (Dintenfass, 1974) and with data from
other workers (Copley 1973a; Copley, 1973b;Merrill, 1963a) and
shown them to be very similar, except at very low shear rates
(Tess than 0.4 sec”'). Earlier however, Copley (1960) had
reported studies of rabbits heart blood anti-coagulated with
heparin, citrate, oxalate or EDTA showing increasing viscosity
with these anticoagulants in the above order. A type of
capillary viscometer was used. Mayer and Kiss (1965) compared
heparin, EDTA and potassium oxalate, also in a capillary
viscometer, and concluded that only the last affected blood
viscoéity, by decreasing it. They controlied ca}éfully the
temperature of their samples and pointed out that since blood
viscosity increases by 2-3% for each degree of cooling in this
temperature range some of the conflicting earlier data may have
arisen from temperature differences in the samples - which may
vary considerably when blood is withdrawn from the donor into a
syringe. Also in Copley's studies the anticoagulants were
dissolved in water and added to blood in the ratio of one part
anticoagulant solution to four parts of blood, which may have

rendered their results unreliable.
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Cokelet, 1963, used native blood immediately after withdrawal
from donor and compared it with blood anticoagulated with heparin,
sodium citrate, ACD, EDTA (ethylenediaminotetraaéetate sodium salt)
and sodium oxalate and concluded that in reasonable amounts there
was no significant effect.

The effect of heparin was studied by Frasher (1968) using
direct outflow of blood from an arterio-venous shunt in a dog
to a specially designed capillary viscometer. Heparin did not
appear to affect viscosity. 1t is now generally accepted that the
commonly used anticoagulants do not significantly influence blood

viscosity in the concentrations normally used.
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FLOW PROPERTIES OF BLOOD IN VITRO

SUMMARY

Blood flow in vitro exhibits complex properties which
vary with the conditions of measurement. At rapid rates of
flow (shear rate greater than 200 sec-]), but not so fast that
flow is turbulent, it can be regarded as Newtonian; that is,
shear stress is proportional to shear rate and viscosity
is constant.

As shear rate is reduced blood viscosity increases, this
effect increasing with increasing haematocrit. At very low rates
of shear (less than 1 sec—1) the increase is very large. A yield
stress is preseﬁt, that is a finite force is required before
blood will flow at all. The presence of this yield stress
depends on fibrinogen and is related to red cell aggregation.

When blood flows through small tubes its viscosity falls.
This effect becomes evident with tube diameter less than 1 mm
and reaches its maximum as tube diameter approaches that of the
red cell, at which point blood viscosity probably approaches
that of plasma.

Under constant conditions of flow haematocrit is the
largest determining factor of viscosity, there being a progressively
steep increase in viscosity és haematocrit increases. Empirically,
haematocrit is related in a linear fashion to the logarithm of
viscosity. Of the normal plasma proteins fibrinogen has the
largest effect, particularly at very low rates of shear. The

white cells and platelets in normal concentrations do not seem to



have a significant effect on blood viscosity nor do blood
glucose or lipid levels. The commonly used anticoagulants in

normal dosage do not significantly effect blood viscosity.
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CHAPTER THREE -

FLOW PROPERTIES OF BLOOD IN VIVO

Shear rates in the circulation

To what extent blood's anomalous flow properties can be
expected to influence blood flow in the intact circulation
depends upon what order of shear rate pertains in vivo.

As might be expected in view of the complex nature of
pulsatile blood flow the exact shear rates existing in different
parts of the circulation are not known accurately, and estimates
very widely. According to Replogle (1967) who is enthusiastic
about the clinical implications of blood rheology, the shear
rate in the human aorta is in the order of 100 sec_1 and is
about 10 sec-I in the arteriolar bed. He also implies that
shear rates in the micro-circulation approach zero and quotes
the increase in viscosity (in vitro) which occurs between one
sec -1 and 0.01 sec_1 (a factor of x40) as occurring at shear
rates approximately those of the micro-circulation. However, he
does not state how the shear rates he assumes are calculated but
illustrates them in a diagram attributed to Merrill. Curiously
enough Merrill(1969) concedes that in general the flow velocity
is sufficiently high that mean shear stress in the vessels
corresponds to the Newtonian part of the total shear stress =
shear strain rate function. However he argues that polymer
solutions which are Newtonian by viscometry may interact strongly
where - as in the circulation - there are rapid rates of change

of shear stress around an area of turbulance at a bifurcation or
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obstruction, thereby dissipating energy and reducing the
driving force. He also considers that red cell interaction
(related to fibrinogen concentration) in the pre;capillary
region as red cells éonverge to enter the capillary may have
considerable significance. Finally, alluding to the stop/start
nature of flow in the micro-circulation (Fulton, 1957)Replogle
considers that the relevance of blood rheology to physiologicat
fluid mechanics is to make stopping of flows easier, starting
of flows more difficult and slow flows more energy consuming
than would be expected if blood were a simple cell less micro-
molecular fluid of equal viscosity. These effects are
increasingly emphasised with.increase of haematocrit and
fibrinogen concentration.

Whitmore (1968) quotes the values of shear rate shown below
- based on calculations of flow rate and size of different
vessels from several authors, aééuming parabolic velocity profile.

Rates of Shear in the Circulation

At the wall (sec-]) Mean (sec—])

Ascending Aorta 190 130
Descending Aorta 120 80
Large Arteries 700 470
Capillaries 800 530
Large Veins 200 130

Vena Cava 60 4o
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McDonald (1974) quotes figures of shear rate at the wall of
80 sec—1 for the ascending aorta, 28 :sec_1 for the inferior
vena cava, 400 sec-} for an arteriole and 400 sec—] for a
capillary. Burton (1965) considers that it is justified to use
as an approximation an almost constant viscosity coéfficient
in the physiological range of blood flow.

it is evident that there are no reliable hard data on the
shear rates pertaining in the intact circulation. In any event
shear rate must be constantly changing throughout the cardiac
cycle, and a further complication is the presence of a large
reverse flow component in the larger more peripheral arteries.
The high rates of flow in large arteries - down to arteriolar
level - would make it likely that shear rates must be high
enough for the blood to be regarded as Newtonian throughout most
of the cardiac cycle. As far as the microcirculation is
concerned opinions regarding shear rate are varied, but it is
probably futile to regard blood rheology in bulk flow terms as
the ratio of vessel size to red cell approaches unity. What is
undeniable however is that blood flow comes to a halt
intermittently in the micro circulation, and that from time to
time blood flow in the larger veins is static, or nearly so.
Thus even in the normal circulation conditions of very low or
zero shear rate must apply for some of the time. Presumably, then,
in the critically ischaemic limb rheological factors must play
more of a part, and it is easy to imagine a cycle of reduced
flow due to arterial obstruction leading to increased blood

viscosity and a further reduction in flow and so on.
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In particular, from the available in vitro data, the
combination of raised haematocrit or raised fibrinogen level
and reduced flow due to obstructive arterial disease must be
particularly disadvantégeous. Thus Dormandy's concept of
'rheological claudication' (Dormandy 1973a) - where relatively
minor arterial disease assumes clinical significance because of
a rheological abnormality has a sound theoretical basis.

Blood Viscosity in Vivo

The stated opinions as to whether blood's theoretical
and in vitro properties are applicable in vivo vary from a fifm
view that they are (Replogle, 1967;Merrill, 1969) to an equally
firm opinion that they are likely to be irrelevant (Lancet
Editorial 1977; McDonald, 1974; Burton, 1965) - because of the
high shear rates thought to pertain in vivo and the special
nature of flow in the microcirculation.

Attempts to measure blood viscosity in vivo are beset with
difficulty, since so many different factors in addition to the
intrinsic flow properties of blood govern the regulation of blood
flow. There are few publications on this subject.

The classic and oft quoted study of blood viscosity in vivo
is that of Whittaker and Winton (1933). They noted that early
studies of blood flow in tubes (Denning and Watson, 1906; Hess,
1907) showing variation with tube size and flow rate were
incompatible with Poiseullle's observations and made the
prediction of the viscosity of blood in a vascular bed quite
impossible. They pointed out that although text books of
physiology quoted a value of about 5 for the viscosity of blood

(relative to water), values of between 2 and 100 times that of
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water may be obtained depending on the conditions of measurement.
Whittaker and Winton constructed a heart-lung (later pump-lung)
preparation in which they perfused an isolated canine hind limb
with, at different times, defibrinated blood of varying
haematocrit, plasma and ringer lactate. Quoting the constancy
of the results with changing perfusates and flow rates they
argued that the diameter of the vessels did not change
significantly during the perfusions and that therefore, by
comparing the perfusion pressures required to maintain the same
flow rates for blood and plasma, the viscosity of blood relative
to plasma - the relative viscosity - could be calculated. These
values were compared with data from a high velocity Ostwald
type of viscometer. At 90 mm Hg pressure Whittaker and Winton
found the apparent viscosity of normal defibrinated blood to be
2.2 + 0.2, about one half the value given_by the glass
viscometer. They attributed the low value of the apparent
viscosity to the small diameter of the blood vessels in which
most of the arterio-venous pressure fall occurs, invoking the
Fahraeus-Lindgvist effect (the increasing relative importance of
the cell free outer zone as tube diameter decreases) as
explanation. (It has been pointed out that a reduction in
viscosity of this magnitude occurs in capilliary tubes of about
30-40 p which is approximately the size of the terminal arterioles
and venules in which most of the pressure drop in the human limb
occurs (Strandness, 1975)).

Determination of relative viscosity in a vascular bed was the
main object of what must have been a highly temperamental

experimental arrangement (3 pump-lung preparations were used in
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parallel, involving 260 glass-rubber connections), and Tow flow
states were not particularly studied. However, Whittaker and
Winton did note that if the arterial pressure was less than

50 mm Hg, viscosity increased slightly and that at higher
corpuscular concentration the increase of viscosity with
reduction of arterial pressure was greater.

With regard to the relationship between 'hind 1imb'
viscosity and haematocrit they concluded that although the actual
values of the apparent viscosity of blood are widely different
in the Timb and in a viscometer, the ratio of the viscosity of
an abnormally concentrated blood to that of normal blood is not
very different in the two, and viscometry readings yielded a
fair indication of the increased resistance to circulation in
polycythaemia. They did not feel that viscometry would be
helpful in low haematocrit conditions because of the wide
variations between hind 1imb and viscometer data.

Interestingly the findings of Whittaker and Winton with
regard to the discrepancy between blood viscosity in vitro and
vivo were confirmed more recently (Benis, 1973) but this newer
work demonstrated that the cause of the phenomenon could not be
due to an alteration in cell distribution (as in the Fahraeus-
Lindqvist effect) since a similar effect was observed when cell
free pe}fusates of different viscosity were used.

Benis considered the likely explanation to be the occurence
of non linear inertial pressure losses in the larger vessels of
the hind 1imb, the effect of the pressure losses disproportionately
affecting the fluid of lower viscosity and thereby reducing the

relative viscosity of blood and plasma. This more recent work
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however, confirmed the basic relationship between resistance
to flow in the hind limb and haematocrit. This is not
dissimilar to the published results of in vitro viscometry and
illustrates‘the progressive rise in resistance to flow as
haematocrit increases.

Again however, Benis et al did not study blood under low
flow conditions and the 'blood' they used was in fact a
suspension of washed red cells in ringer albumin solution, and
therefore did not contain fibrinogen (or globulins). It was
perfused in a non-pulsatile fashion and was not oxygenated.
Previously the same authors (Benis, 1970) had conducted similar
experiments in which the effect of haematocrit on pressure-flow
relations in the perfused (steady flow) isolated hind paw of the
dog had been studied. Again they found that the pressure flow
relationship was non linear and this they attributed to non
Newtonian Yjscosity and vessel distensibility as well as inertial
pressure losses. At physiological perfusion pressures, inertial
losses accounted for about 40% of the total pressure drop for
cell free albumin ringer solution, and decreased to about 5%
for blood of haematocrit 50.

Levy and Share (1953) also studied the influence of
erythrocyte concentration on the pressure-flow relationship in
the dog hind limb in a preparation in which the sciatic and
femoral nerves were divided, cannulae inserted into the femoral
artery and vein and the collateral circulation prevented by
applying two wire tourniquets about the remaining tissues of the
upper thigh. Perfusion of blood was performed-directly from the

dog's own femoral artery and haematocrit varied by replacing an
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arbitrary quantity of the dog's blood by either packed cells or
plasma. The authors considered that this preparation represented
'moderate dilatation' and found that the pressure flow curves
were parabolic, convex to the pressure axis. The logarithmic
slopes were equal for all haematocrit ratios in the given
experiments and therefore the relevant apparent viscosities were
independent of variations in pressure. Their results also
indicate that the degree of non linearity of the pressure flow
curve is independent of haematocrit which is at variance with

the results of Whittaker and Winton {1933) and Benis et al (1973).
Levy and Share also studied pressure flow curves under conditions
which they considered to represent maximal vasodilatation by
perfusing the preparation with de-oxygenated blood after 10
minutes or more of ischaemia. In some of these experiments they
also added sodium nitrite to the blood to ensure maximal
vasodilatation. The blood was perfused in a non pulsatile
fashion from a reservoir. For the'maximal vasodilatation'
preparation the curves relating pressure and flow were virtually
finear, and the relative apparent viscosity 'intimately dependent
upon pressure, becoming significantly greater when

progressively lower reference pressures were chosen''. They
explain this paradox on the basis that in the non maximally
dilated preparation there is a passive increase in the diameter
of arterioles or an opening of previously closed capillary beds
with increasing perfusion pressure. |t appears however, that
there were technical problems with their experimental model since
oniy six out of fifteen denervated preparations were considered

to be sufficiently free from fortuitous alterations of vasomoter
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tone. Also the lowest haematocrit they used was 22%, the
apparent viscosity of plasma being deduced by extrapolation.

Studies of a similar nature by Pappenheimer and Maes (1942)
suggested that the pressure flow relationship was linear over a
wide range but, rather like Whittaker and Winton they noted a
deviation from linearity below critical values of flow.
Conversely, Green (1944) found flow to be an exponential function
of pressure in a series of experiments in which pressure flow
relations were studied by recording either the arterial inflow or
the venous outflow at a series of perfusion pressures in various
vascular beds in the hind limbs of anaesthetised dogs.

It is evident from the foregoing that there is no clear
consensus of evidence from isolated limb perfusion experiments
as to the nature of in vivo blood behaviour at low flow rates,
although there is agreement that resistance in vivo increases
considerably with increasjng haematocrit.

There appears to be only one study in the literature aimed
specifically at determining blood viscosity in vivo at low rates
of flow (Djojosugito, 1970). Djojosugito and his colleagues
were concerned that the linear - or almost linear - pressure flow
relationships obtained in the earlier studies quoted above were
influenced by smooth muscle activity and suggested that active
vascular smooth muscle adjustments were taking place to
counteract the physical distention of the resistance vessels at
higher pressures and flows (Folkow and Lofving, 1956). They
felt that if the vascular bed is to be used as a viscometer all
smooth muscle activity should be abolished and the passive-

elastic behaviour of the vascular bed fully displayed. In their
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experiments Djojosugito's group perfused the isolated calf
muscles of the cat with blood from the contra-lateral femoral
artery and controlled the rate of flow with a screw clamp on
the polyethylene catheter connecting the donor %emoral artery
to the test preparation. Pressure flow curves were then
obtained down to perfusion pressures of 10 mm Hg or less. in
order to minimise changes in smooth muscle tone they obtained
maximal dilatation by exercising the calf muscles with
electrical stimulation of the sciatic nerve, and also infused
what they describe as 'huge doses' of isoprenaline and acetyl
choline (25-50 micrograms). Values for in vivo viscosity were
obtained by comparing the pressure flow curve of blood with
that of a Newtonian fluid of known viscosity (Dextran—Tyrode
solution). They concluded, in agreement with previous work,
(Whittaker and Winton, 1933; Benis, 1973) that apparent
viscosity in vivo was approximately 50% lower than in vitro
valués, and that although in vivo viscosity increased at very
low rates of flow it was as a maximum only doubled., This
maximum viscosity occurred at a perfusion pressure of
approximately 10 mm Hg,below which viscosity decreased again.
They concluded that the steep rise of viscosity in vitro at low
shear rates had no counterpart in vivo. These conclusions were
however based on only six experiments and changes inAhaeTatocrit
were not studied. An odd feature of their results is that the
in vitro value of blood viscosity at high shear rate (230 sec_1)
varied remarkably with what would be expected. One animal
haematocrit 37, had a viscosity of 5.7 cps while another,

haematocrit 42, had a viscosity of 3.5 cps - a very wide
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variation for which the explanation is not clear.

A rather different approach to the determination of in
vivo blood viscosity was adopted by Frasher and'colleagues
at the University of Southern California. In a series of
publications (Frasher, 1967a, b, 1968, 1971; Meiselman, 1971,
1972) they described a variable shear rate, non pulsatile
capillary viscometer which measures the viscosity of blood as
it flows directly from a chronic arterio-venous shunt between
the carotid artery and jugular vein of the dog. The tubes used
were of diameters 85 and 200 microns respectively and the shear
rates obtained varied between 120 sec:-1 and 1,000 secai.
Haematocrits ranged from 30 - 45. |In particular, they studied
the effect of heparinisation, platelet withdrawal and
defibrination (by infusion of thrombin). They stated that
neither heparin injection nor platelet removal affected the
measured viscosity at either tube size; which is in agreement
with previous studies. They analysed the effect of shear rate
and haematocrit on apparent viscosity by regressing the
measured apparent viscosity against shear rate and haematocrit
according to two equations; one assuming a linear relationghip,
the other a power law. The power law relationship showed a
distinctly better correlation again consistent with previous
studies (Merrill,1969). More surprisingly they were unable to
demonstrate a difference in measured viscosity between the 200
micron and 85 micron tubes, whose sizes are well within the range
where the Fahraeus-Lindgvist effect would be expected to lead

to reduction in haematocrit, and hence viscosity, of the blood

issuing from the smaller tube. However, a difference was
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detected between the effect of shear rate on viscosity in the
two tubes, the regression coefficients being significantly
higher in the 85 micron tube. This they assumed to be due to
alterations in the flow patterns at the entrance and along the
length of the measurement tubes.

In the only study, other than that reported later in this
thesis, to investigate directly the effect of fibrinogen on in
vivo blood rheology, Meiselman et al (1972) used their
A-V shunt capillary viscometer to examine changes in viscosity
during defibrination by infusion of thromboplastin, {(later
bovine thrombin), into the vena cava of the experimental dog.
They assumed that any micro aggregates or thrombi produced would
be retained by the lungs. Fibrinogen levels fell significantly
and were reduced to less than 10% of the initial value for two
hours or more. Measurements were made at three shear rates

! and 28 sec_j. They

approximating to 560 sec-1, 140 sec
obsefved that viscosity decreased as shear rate increased, that
apparent viscosity of dog blood is a direct function of
haematocrit in the range 25-45%, and that the effect of fibrinogen
on the rheological properties of dogs blood does not appear to be
significant. Although not mentioned in the publication quoted
above, this seems to be in contradiction to earlier accounts of
the same, or similar, experiments contained in a review articte

by Wayland (1967) which describes a decrease in apparent viscosity
with declining fibrinogen level and suggests also a role for
products of fibrinolysis in determining the ability of fibrinogen

to act as a cement in forming red cell aggregates - which are

thought to be important in determining the rheological properties
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of blood.

There are obviously limitations as to how far one can
extend these observations, made under conditions of steady flow
in a rigid capillary tube, and at a shear rate not sufficiently
low for fibrinogen to be expected to exert a great effect on
blood's anomalous viscosity. |f the effect of fibrinogen on
red cell interaction is important in the circulation one would
expect it to be so in conditions where blood flow is either very
slow or of a stop/start nature, or flowing through a series of
complex junctions. None of these conditions is reproduced in
Frasher and Meiselman's model.

There are obvious difficulties in the construction of
pressure-flow curves for blood in humans, but in an ingenious
experimental procedure involving venous occlusion plethysmography
in human volunteers, Collins (1967) constructed pressure flow
curves following sudden reduction in perfusion pressure.
Pressure flow curves for the hand were parabolic, convex io the
pressure axis (in line with the animal work described above),
but when the skin was rendered ischaemic with adrenaline and
pressure flow curves constructed for what seemed to be forearm
muscle, the curves were concave to the pressure axis. This they
attributed to auto regulation.

The undertying theme to this thesis is that it may be
possible to treat inoperable arterial insufficiency by modifying
blood flow properties. Encouragement for this is provided by
reports of blood's anomalous low flow properties in vitro which,

if reflected in vivo, would place great importance on the
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increase in viscosity which occurs at low flow rates, this
increase being related to fibrinogen concentration and
haematocrit. However the effect of reduced flow and elevated
haematocrit,and the effect of fibrinogen concentration at very
low flow rates do not seem to have been adequately investigated

in vivo.
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EFFECT OF DEFIBRINATION ON BLOOD FLOW
THROUGH A CRITICAL ARTERIAL STENOSIS

The difficulties of establishing the rheological
properties of blood in the intact circulation aré very
considerable, and the bulk of this thesis is devoted to
such work. However it seemed reasonable to determine in a
simple canine model if the removal of fibrinogen from the
circulating blood would increase flow in an ischaemic limb
(Barrie, 1976).

Ancrod, a purified enzymatic derivative of the venom of
the Malayan Pit Viper, breaks down fibrinogen to degradation
products which are removed from the circulation by the
reticulo-endothelial system, the resultant effect being
complete defibrinogenation (Reid, 1968). Unlike the syndrome
of disseminated intra vascular coagulation, other clotting
factors are not affected, although the split products formed
by the degradation of fibrinogen may exert transient anti-
coagulant and antiplatelet actions. (Kowalski, 1964; Larrieu,
1966; Prentice, 1969).

Clinical reports of ancrod's effect in arterial disease
have been conflicting: Ehringer et al (1972) claimed to show
a beneficial effect with ancrod treatment in the therapy of
peripheral ischaemia as did Ehriy (1973), but subsequent
experience has been disappointing. Charlesworth's group used
ancrod to treat patients with advanced ischaemia but were
unable to show convincing improvement even in this group

(Humphreys, 1977).
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Materials and Methods (ng 7)

Eleven mongrel dogs, weighing 18-22kg, were
anaesthetised with sodium pentobarbitone, 30 mg/kg, and
ventilated with air via a mechanical respirator. Thoracotomy
was performed through the left fifth interspace and a non-
cannulating electromagnetic flow probe placed around the
ascending aorta. A lower mid ]ine abdominal incision was
made and the aortic trifurcation exposed. The incision was
extended into the left groin to allow exposure of the left
iliac and femoral arteries. A polyethylene catheter (internal
diameter 0.85 mm)was inserted into the abdominal aorta via
the median sacral artery and the common internal iliac artery
ligated. The catheter was connected to an inductance type
pressure transducer (Hewlett Packard 1280) to allow
continuous monitoring of aortic pressure. Electromagnetic
flow probes were placed around both iliac arteries just distal
to the aortic trifurcation. On the !eéf side, all of the iliac
and femoral arterial branches (including the deep femoral
artery) between the probe and the superficial femoral artery
were ligated. The right ilio-femoral arterial supply was not
disturbed. After an interval to allow stabilisation of the
preparation, the values of cardiac output, arterial pressure
and each iliac arterial flow were recorded. A ''critical®
arterial stenosis was produced by tying a ligature around the
left superficial femoral artery and reducing the flow to the
minimum that could be obtained without occluding the vessel
completely. The preparation was then allowed to stabilise for
approximately 45 minutes. Animals comprising the treated group,

7 in all, were infused intravenously with ancrod 1 unit/kg in
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50 cc normal saline over 30 minutes. Four control animals were
given a similar volume of saline only. The haemodynamic
variables of the animals were recorded on a direct writing
recorder for the remaining three hours of the experiment.

Zero flow references were obtained periodically for the iliac
probes by occlusion of the arteries just distal to the probes.
On the left side the absence of collateral supply was confirmed
by checking that zero flow was obtained by occlusion of the
superficial femoral artery immediately proximal to the stenosis.
The diastolic quiet interval was taken as zero flow for the
ascending aortic probe.

Results

Table 1 shows the mean changes, with standard deviations,
in cardiac output and iliac arterial flow in the four control
and seven treated animals. In both groups, cardiac output fell
during the experiment, the decrease being greater, but not
significantly so, in the treated group (Figure 8).

Although there was considerable individual variation in
both treated and untreated animals the mean iliac arterial flow
in the non ischaemic 1imb decreased by a greater amount than
cardiac output, there being no significant difference between
the treated and untreated animals (Table 1, Column 1).

By contrast, there was a distinct difference between
treated and untreéted animals with regard to flows through the
ischaemic limb (Figure 9; Table 1, Column 2). During the three
hours after ancrod infusion the mean iliac fiow.of the control
group decreased by 34% while the mean iliac flow of the

treated group increased by 20%. Individually blood flow
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decreased in all the ischaemic limbs in the control group
and increased in all of the treated group. After 60 minutes
the difference between the two groups is stati;tically
significant (P 0.001). Since cardiac output decreased by a
greater amount in the treated group this increase is all the
lmore striking. During the three hours of the experiment the
haematocrit remained constant in each group (Table 1,

Column 4).

Discussion

The dose of ancrod administéred in this study, 1 unit/kg
is sufficient to reduce the plasma fibrinogen concentration in
dogs to very low levels {unmeasurable by routine methods)
within two hours (Reid, 1968). Although viscosity measurements
of blood differ with the type of viscometer used and the rate
of éhear aélwhich they are measured, there is general agreement
that defibrinogenation reduces blood viscosity. At the shear
rates encountered in the normal 1imb (thought to vary from
100 s«ac-1 to 10 sec_1) the reduction in whole blood viscosity
achieved by defibrination is in the order of 20% (Ehrly, 1973).
However, as shear rate is reduced, the viscosity of normal
blood increases and there is good evidence that a yield stress
exists (Merrill,1969). It has been claimed that these effects
are largely dependent on the presence of fibrinogen, since
suspensions of red blood cells in saline have been shown to
behave in an almost Newtonian fashion {Merrill1,1969). Thus, at

extremely low shear rates, the concentration of fibrinogen may
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have a profound effect on the flow properties of blood. This
may explain why, in our experiments, defibripation with ancrod
increased blood fiow through the ischaemic, but not the normal
limb of the treated animals. |

These experiments involved a comparatively small number
of animals, however, and a number of objections can be made to
the above hypothesis.

Firstly, it is difficult to obtain a stable preparation
with a stenosis of the type used and there is a considerable
tendency for the flow rates to vary. The stability and
accuracy of electromagnetic flow meters, particularly at low
flow rates is a further difficulty and it may be relevant that
some of the greatest percentage increases in flow are recorded
where flow rates are lowest initially and thus errors of
measurement potentially greater. The control group by chance
" did not appear to have as tight a stenosis as the treated group,
who therefore had lower initial flow rates. The cardiac output
and 1imb flows in the control animals, and non ischaemic 1imbs
in the treated animals, fell considerably as did cardiac
output. The decreased cardiac output is probably not related to
defibrination since almost as large a decrease occurred in the
control animals as in the ancrod treated group, but may be
attributable to the pentobarbitone anaesthesia. Indeed, Nash
et al (1956) found a steady decline in cardiac output to 50%
of the original value after three hours of pentobarbitone
anaesthesia. Also, in these experiments, to prevent possible
haemodilution and resultant decrease in blood viscosity,

virtually no supportive intravenous fluids were given.
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[f ancrod effectively reduces blood viscosity in vivo
it would have been expected that cardiac output would increase
compared to controls, but the opposite effect was observed,
implying that in vivo viscosity was not reduced.

An alternative explanation of these results could be
that the highly efficient anticoagulant effect of ancrod
prevented the decrease in flow which occurred in the control
ischaemic 1imbs - where clot formation could have occurred -
and allowed some form of autoregulation to take place in the
anticoagulated ischaemic limb.

Although these results, in a small number of
experimental animals, are of interest, it may be that this
particular model does not sufficiently separate changes due to
rheological factors from those due to, for example, alterations

in vascular tone or blood coagulability.
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CHAPTER FIVE

EXPERIMENTS USING ISOLATED HIND LIMBS

In a vascular bed peripheral resistance, that is the
ratio of perfusion pressure to flow, has two components,
the intrinsic resistance of blood to flow - its viscosity -
and a component related to the dimensions and geometry of the
vascular bed. Unfortunately for the investigator vascular
dimensions are subject to very large variations and are
influenced by both local and systemic factors. It follows
that to measure viscosity in vivo one requires to know
simultaneously the pressure and flow rate through the
particular vascular bed, and either to keep the geometric
component constant or know enough about the changes to apply
a correcting factor., In practice, this is unlikely to be
achieved.

The control of vasomotor tone is an enormously complex
subject which can only be summarised briefly here. The nervous
system constantly alters vascular tone and cardiac output to
meet the varying demands of tissues, maintain systemic arterial
pressure and still preserve the essential functions of heart,
brain and other vital organs. This control is largely
exercised via the sympathetic nervous system, which appears
capable of producing a vasodilator effect, in addition to its
more commonly recognised vasoconstrictor action. The para-
sympathetic nervous system also has a vasodilator action, which
may be mediated by a bradykinin like substance. The wide
variety of vascular changes mediated through the nervous system

are not predictable enough to be allowed for in calculating the
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role of blood viscosity from a pressure/flow relationship
and thus a suitable experimental model would require to be
denervated.

However even in a denervated preparation wide changes
in vascular dimensions, and therefore peripheral resistance
may occur. The alpha and beta receptors of the arterioles
are still sensitive - probably even more sensitive - to the
effect of circulating catecholamines, bradykinins, histamine
and other unidentified vasoactive substances. The vascular
tonus of skeletal muscle is particularly liable to wide
changes, probably due to the preponderance of beta.receptors
which are considered to be not innervated but activated by
circulating l-ephinephrine or injected beta stimulators such
as isoprenaline. Similarly skin has a most complex variety of
available control mechanisms. Rushner (1970) remarks in a
review of peripheral vascular control that the overwhelming
mass of literature on the subject defieé.precise description
and concludes that the vascular reactivity of skeletal
muscles and skin are influenced by a bewildering number of
factors.

Since the object of this thesis is to compare change in
vascular resistance attributable to the viscosity of blood,
the tone of the esistance vessels must remain reasonably
constant or at least not change independently of the variable
under examination.

Initially an attempt was made to examine changes in blood
flow measured with the electromagnetic flow meter in the

femoral artery of the intact dog with changes in the
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composition of blood but it proved impossible to obtain a
sufficiently stable preparation, even when the limb was
sympathectomised. |In addition, without isolating the entire

hind limb it proved impossible to secure low enough rates of

flow, since even when the femoral artery was ligated a substantial
arterial input still occurred via collateral vessels.

For these reasons it was felt that isolated organ perfusion
offered the only prospect of fulfilling the object of the study,
to compare changes in viscosity with flow rate, haematocrit and
fibrinogen concentration. A volume of literature exists on
models using the canine hind 1imb and this appeared a suitable
starting point (Table 2). To resemble in vivo conditions as
closely as possible such a model should provide pulsatile
flow with fresh oxygenated whole blood, and perfusion pressure
and flow should be accurately measured over a wide range of
pressure and flows, the procedure to be carried out at body
temperature. It is essentiél to study the effect of haematocrit,
in particular high haematocrits. None of the studies reviewed
previously had fulfilled all of these conditions. With this in

mind the model described here was developed (Barrie, 1977).
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The Model

Mongrel dogs, weighing 18-25 kg were used for the
experiments. Each animal was anaesthetised with pentobarbitone,
30 mg/kg intravenously, and ventilated with air via a piston
ventilator. Small incremental doses of pentobarbitone were
given as necessary to maintain anaesthesia for the duration of
the experiment, some four to six hours usually.

Using electro-cautery one hind limb was completely
isolated at the hip joint except for the femoral artery and
vein, care being taken to avoid obstructing either of the
femoral vessels. All collateral vessels were ligated or
cauterized. When the limb was attached only by the femoral
artery and vein 5,000 units of heparin were given intra-
venously to the donor dog and the vessels clamped. T shaped
polyethylene cannulae (internal diameter 3.1 mm) were inserted
into the divided ends of the femoral artery and vein and the clamps
released. With the side limbs of the cannulae clamped the
circﬁlation was re-established via the donor dog, having been
interrupted_for less than one minute.

When the femoral artery and vein proximal to the T shaped
cannulae were clamped and the side limbs of the cannulae opened,
blood could be circulated via the '"test circuit' illustrated
(Figure 10). This simple circuit consisted of a reservoir
from which oxygenated blood was pumped in a pulsatile fashion,
through ¢onnecting tubing to the femoral artery of the dog.

The venous return was routed back to the reservoir, the donor

dog being completely isolated from the hind limb circulation.
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By means of a side arm the venous flow could be readily
diverted to a measuring cylinder where the flow rate was
measured with a stop watch. The arterial and venous pressures
were accurately monitored by pressure transducers (Hewlett
Packard 1280c) connected to ports immediately proximal to the
limb, and recorded on a multi-channel recorder (Hewlett
Packard 7700).

The Oxygenator

For the circuit a re-usable, low priming volume, temperature
stable reservoir/blood oxygenator was required but no such
device appeared to be available commercially. The apparatus
described here was therefore constructed of readily available
materials (Figure 11).

The unit, made of Plexiglass, consisted of a blood
reservoir of approximately 800 millimeters volume, an
oxygenation chamber and a de-foaming chamber, surrounded on
three sides by a water jacket,

Blood passed from the reservoir to the oxygenation chamber
where it was oxygenated by 97% oxygen/3% carbon dioxide mixture
(from a commercially available cylinder) flowing through an
oxygen diffusor obtained from a Travenol 2LF bubble
oxygenator (normally used for human cardio pulmonary bypass
procedures). The oxygenation chamber contained a movable
partition, adjustment of which varied the height of the column
of blood being oxygenated and thus provided a method of
altering oxygenation in addition to alteration of the gas
flow rate. The oxygenated blood bubbled over the partition

into the defoaming chamber, where it was defoamed by contact
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with Teflon shavings.

In the construction of the device %' (3.2 mm) Plexiglass
was used for blood/water interfaces and 3/16" (4.8 mm) for
air/water or air/blood interfaces. Water was circulated from
a temperature bath by a submersible pump at a rate of 4 litres
per minute. A water bath temperature of 40°C was normally
required to maintain the blood in the oxygenator at 37°¢.

At the blood flow rates required in our experiments,
5-300 mls/min, 95-100% haemoglobin oxygen saturation was
obtained with 0,/C0, flow rates of 0.2 - 0.4 litres per minute.
By adjustment of the gas flow rate the arterial POZ and PCOZ
could be maintained within reasonably normal physiological
limits.

The Pump

For these experiments a pump was required which would have
both a pulsatile action and be capable of providing flow rates
of from virtually zero to 400 mls/min. Such a pump, designed
for isolated organ perfusion, or other situations where human
cardiac output is to be mimicked, is marketed by Harvard Pumps
Limited, Model 1405. Flow could be varied with this pump in
two ways; the stroke rate could be varied from 0-200 strokes
per minute and the stroke volume from 0-10 c.c. Each of these
could be varied independently giving a flow range of from
0-2,000 mis/min. Since the object of these experiments was to
mimic the ischaemic limb it was decided to fix the stroke rate
at 100 beats per minute and achieve changes in flow rate by
varying the stroke volume. A screw adjustment provided fine

and reproducible control over this. When the screw was turned
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clockwise the piston'was held shut and the stroke volume
became effectively zero. By rotating the screw anti-clockwise
a progressively greater stroke volume could be achieved. This
adjustment could be made white the pump was running and thus
during an experiment, by altering the stroke in increments
from 0-4 cc,the flow rate could be altered from 0-400 cc per
minute. |

The connecting tubing used in the perfusion apparatus
was Tygon (Medical Grade) tubing of internal diameter 3/16"
(4.8 mm). Y shaped connecting pieces were used to provide
ports for the pressure transducers thle introducing minimal
" disturbance to flow. Similar connecters were used for the
femoral vessels, and to provide a means of diverting the
. venous flow to the measuring cylinder. By appropriate
positioning of clamps blood flow could be diverted as required
from donor dog to perfusion apparatus and venous return to the
meaﬁuring cylinder instead of the reservoir,

Although the apparatus was dismantled and thoroughly
cleaned with antiseptic solution (5% Hexachlorophane) before
and after use, in view of the relatively short duration of the
experiments no attempt was made to render it completely sterile.
Prior to use any residual antiseptic was flushed out by
circulating sterile saline through the apparatus for 15 minutes.

Experimental Procedure

The aim of the experiments was to obtain a series of
measurements of arterial pressure, venous pressure and flow
rate at mean arterial pressures ranging in increments from

normal to about 5 mm Hg and increasing again in similar
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increments. To try and exclude the influence of changes in
vessel size, on occasions the reverse order was employed, the
starting point was in the middle of the perfusion range, or
the order was randomly varied. '

The-test blood was placed in therxygenator and the
clamps arranged so that blood was pumped via the test circuit.
The first 200 cc or so of blood issuing from the 1imb was
diverted to a measuring cylinder and discarded to try and
keep mixing of the test blood with the 1imb donor dog blood
to a minimum. The venous blood was then returned to the
reservoir to complete the circuit. At each change in the flow
rate the pressure tracings (venous and arterial) were allowed
to stabilize - which occurred in a few seconds -~ and the flow
recorded. The flow rate was then changed by increasing or
decreasing the stroke volume of the pump until a series of
measurement had been made with each point hgving been
app;oached from below and above.

Samples of blood were taken at the start and finish of
each experiment for measurement of haematocrit, plasma protein,
fibrinogen, and in vitro viscosity.

On completion of perfusion of test blood the clamps were
rearranged and the limb perfused by the 1imb donor dog. The
composition of the test blood could then be altered or replaced
as required. In practice it was possible to change the
composition of the test blood up to 4 times during one

experimental session.
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At least once during each experiment a series of
pressure/flow measurements were made with Dextran 40/10%
normal saline at 37°C in order to provide a stgndard with
which to compare the results from different experimental
preparations. Dextran 40 seemed to lend itself to this
purpose since it is commonly used in human intravenous
infusions as a plasma volume expander and is not considered
to be vasoactive. Its effect on blood viscosity is now
agreed to be limited to that obtained by dilution (Kilman,
1967;Dormandy, 1971), despite early reports to the contrary.
By coincidence its viscosity (approximately 4 centipoise)
approximates to the of '"normal'' blood, that is blood of
haematocrit 40 measured at shear rates over 200 sec_1, the
asymptotic value.

Alteration in Haematocrit

In the experiments in which haematocrit was to be varied
blood was drawn from donor dogs into citrate phosphate dextrose
collection bags, of the type used for collecting human
donations for transfusion purposes. Still in the collection
bags this blood was then centrifuged at 350 r.p.m. for 5
minutes and stored for the duration of the experiment in a
water bath at 37°C until ready for use, a period which was not
greater than 3 hours. The bags were kept vertical so that the
supernatant plasma could be decanted, and the plasma and
concentrated red cells thereby obtained remixed in suitable
proportion to provide test blood of haematocrit less than 10
to greater than 70. As far as possible direct exposure of

blood to air was avoided.
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Alteration in Fibrinogen Concentration

The fibrinogen level in the test sample was varied in
one of two ways:- reducing the fibrinogen concentration by
defibrinating the donor dogs' blood, or raising the fibrinogen
concentration by adding canine fibrinogen to the test blood.

Defibrinated blood was obtained by treating blood donor
dogs with ancrod. Ancrod is a proteolythic enzyme derived
from the venom of the Malayan Pit Viper (Reid, 1968). It
has a thrombin like action on fibrinogen but whereas thrombin
splits off both fibrinopeptide A and B from the fibrinogen
molecule, with the formation of a stable polymer, fibrin,
ancrod splits off only fibrinopeptide A and the resulting
products are cleared from the circulation by the reticulo
endothelial system. This results in the effective removal of
fibrinogen - and only fibrinogen - from the blood. Initially
however, a high circulating level of fibrinogen breakdown
products is produced, but their level falls to only slightly
greater than normal after the initial reduction in fibrinogen
level. For this reason the donor dogs in these experiments
were treated with ancrod for 72 hours prior to the collection
of blood. The dosage used, one unit per kilogram per day by
intravenous injection, was sufficient to produce complete
defibrination but did not have any obvious toxicity, other
than a pronounced bleeding tendency. Dogs treated in this
fashion thus provided a supply of blood, of very low fibrinogen

concentration, but normal in other respects.
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Ancrod added to blood in vitro will produce a form of
clotting, since its effect in vivo depends on the reticulo
endothelial system to clear the breakdown prodgcts of
fibrinogen. Since a slight amount of mixing occurs with the
blood of‘the limb donor dog when the blood in the perfusion
circuit is changed, any ancrod remaining in the blood donor
dogs' circulation was inactivated by the addition of anti-
ancrod, a specific antidote prepared from goat gamma globulin
(Provided by Abbott Laboratories, Chicago, USA).

The second method of altering fibrinogen concentration
was to utilise a supply of autologous canine fibrinogen from
a separate pool of donor dogs. Blood was drawn from these dogs
into citrate phosphate dextrose collection bags and
centrifuged at 3250 r.p.m. for 5 minutes. Purified fibrinogen
was separated from this plasma by the method of Afenpis (1965).
The plasma was diluted with an equal volume of 0.09 M sodium
citfate and centrifuged for 10 minutes to ;emove any remaining
red blood cells or platelets. Two thirds of that volume of
L M ammonium sulphate was added slowly and with stirring to the
plasma~citrate mixture to precipitate the fibrinogen. After
centrifugation at MOC, the clear supernatant was discarded and
the precipitate washed three times with 1 M ammonium sulphate
solution. The precipitate was then redissolved in a volume of
0.005 M sodium citrate equal to the original volume of plasma
and the fibrinogen again precipitated by the addition of one
third that volume of 4 M ammonium sulphate. This precipitate
was washed twice with 1 M ammonium sulphate, and, after the

final centrifugation, was stored at 4°C for a period of from
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3~12 hours and then centrifuge& to remove any cold -
insoluble material.

Up to 1 gram of this purified fibrinogen was added
to normal blood in each of four perfusion experiments.

Alteration in Temperature

The temperature of the test blood could be altered
simply by appropriate adjustment of the temperature of the
water bath used for storing the blood. The water from this
bath also circulated through the water jacket of the reservoir/
oxygenator, and the heated pad on which the isolated limb lay.

Plasma Substitutes

Suspensions of red cells in saline or Dextran were
prepared by simply resuspending the packed cells in the
appropriate solution. Obviously a certain amount of
‘trapped' plasma remains but this volume is small, and attempts
to reméve it by washing the red cells Qere considered

undesirable in view of possible damage to red cells.

IN VITRO MEASUREMENTS

Measurement of Plasma Proteins

Plasma proteins were measured by the biuret method, a
simple, quantitative colourimetric procedure which has been
in use for a number of years. (Kingsley, 1942). Copper in the
biuret reagent reacts with the peptide bonds of serum proteins
to form a purple colour with an absorption maximum at 545 nm.
The colour is proportional to the total protein concentration

in plasma.
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Measurement of Plasma Fibrinogen

Plasma fibrinogen was measured by an immunodiffusion
technique using commercially prepared agar plates in which
a specific fibrinogen precipitating antiserum is present in
uniform concentration (M-Partigen, immunodiffusion plates,
Hoechst Pharmaceuticals, Salisbury Road, Hounslow, Middlesex,
UK). When a protein antigen in solution (i.e. the fibrinogen
in the sample to be measured) is applied to a cylindrical
application well, it diffuses radially into the thin film of
agargel and combines with the antiserum forming a visible
ring of precipitin. The fibrinogen concentration is proportional
to the volume of the precipitin cylinder when diffusion ceases,
i.e. when all the available fibrinogen has combined with
antibody. Since the thickness of the gel is constant the area
of the diffusion ring is proportional to fibrinogen concentration.
in practice the plates were calibrated with standard fibrinogen
solution, and each sample was measured twice, using three
different dilutions each time. The mean of the values was taken
as the fibrinogen concentration.
Haematocrit

Haematocrit was measured by the microhaematocrit technique,
no correction being applied for plasma trapping.

Measurement of Blood Viscosity in Vitro

Over the years very many types of viscometer have been used,
but only a few are suitable for the measurement of whole blood
viscosity. Since blood is non Newtonian it is essential that
viscosity is measured at éeveral different, known, shear rates,
and that measurements can be made on reasonably small samples.

It is also desirable that the temperature of the sample be
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maintained at 37°C.

0f the instruments in use, the simplest and least
expensive is the tube or capillary viscometer, in which the
rate of flow through a tube of known dimensions, at a given
pressuré difference, is measured. Until recently by far the
most widely used instrument for the measurement of blood or
plasma viscosity has been the Ostwald viscometer or variations
of it (Figure 12); This is a type of capillary viscometer in
which the time taken for a meniscus of test fluid to flow
from a reservoir into a capillary tube is noted. This can
either be done with the effect of atmospheric pressure only,
or the device can be ''pressurised'" by applying a known pressure
as a driving force. |If the dimensions of the tubing are known
precisely the viscosity of a Newtonian fluid can be

calculated from Poiseuille's equation

A T’ﬁT'étqu
n o= 32Q

This ignores the effect of pressure losses due to inlet
and outlet changes for which corrections would need to be
applied to obtain strict accuracy. In practice such
viscometers are calibrated by measuring, at a particular
pressure difference, the flow rate of a Newtonian fluid of known
viscosity such as water, and comparing to it the flow rate of the
test substance at the same pressure difference. Entrance and
exit effects are assumed to be the same.

Capillary viscometers are very suitable for use with
Newtonian fluids, where viscosity is independent of shear rate

and thus the rate of shear at which the measurement is made is

unimportant. They have the additional advantages of being
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inexpensive, easy to operate, use small samples of test

fluid, and give reproducible results. However, they are not
suitable for use at low shear rates and they subject the

samples being measured to a varying shear rate across the
diameter of the tube (since shear rate is maximal at the centre
of the stream but zero at the wall). Also, very fine capillaries
have often been used since with a small tube radius streamline
flow is ensured and a substantial pressure drop occurs. If the
diameter of the capillary however is less than about 300 microns
the viscosity of blood is artificially reduced (the Fahraeus
Lindqvist effect) and diminishes with decreasing tube size. Thus
capillary viscometers are not well suited to the measureﬁent

of whole blood viscosity but are reasonably suitable for
Newtonian fluids such as plasma.

The second main type of viscometer in use depends on
measuring the resistance of the fluid to a body moving through
it. The best known of these are the various types'of falling
ball viscometer, but numerous other ingenious devices have
been described using, for instance, a vibrating reed. The
disadvantage which disqualifies these for use in measuring
blood viscosity is the difficulty in knowing, and controlling,
the shear rate being applied.

For the past few years it has been accepted that the
rotational viscometers are the most suited to the measurement
of blood viscosity. The principle is that the test fluid is
sheared between two concentric, or more precisely co-axial
cylinders, one of which rotates; or between a shallow cone

rotating in a fixed cup, or slightly shallower cone. The
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viscous properties of the fluid are calculated from the torque
developed between the two components. The co-axial cylinder
type of viscometer, sometimes referred to as a Couette
viscometer, after its inventor, allows a reasonable
approximation to constant shear rates, if the gap between the
cylinders is small. For a Newtonian fluid viscosity,

K-
i

where M is the measured torque, and V the angular velocity
of the rotating outer cylinder. The constant K is related to
the radius of the cylinders and the depth to which the inner
cylinder is immersed in the liquid.

The cone in plate viscometer is a modification of this
principle. The cylinders are replaced by a plate - or flat
bottpmed cup - in which the sample is placed and suspended in
it is a wide angled cone. The cone is usually truncated (i.e.
the tip is cut off), and the bottom of the cone almost touches
the plate. Provided an almost flat cone is used the rate of
shear across the sample is virtually constant because, in
moving further away from the centre of the cone, the increasing
angular velocity is compensated for by the increasing depth of
the sample being sheared.

There are many more complex - and expensiVe - instruments
designed to test the behaviour of visco-elastic substances, in
which the lower cylinder, cone or plate oscillates and the

curve registering the torque in the other component is analysed.
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These are outwith the scope of this thesis.

The instrument used in the experiments described here is
the Wells-Brookfield microviscometer. This is a modification
of an industrial viscometer (Brookfield Synchro-electric
Viscometer, Brookfield Engineering Laboratories, Stoughton,
Mass. USA) and is of the cone-plate type,

The flat cone can be rotated at different speeds upon the
fixed plate, thereby shearing the test blood at different
pre-selected rates of shear. The resultant torque is a
function of the shear stress in the blood. The shear rate can
be calculated since the dimensions of the cone and the speed
of rotation are known. It is therefore possible to obtain a
series of measurements of shear stress at different shear rates
and since viscosity is the ratio of shear stress to shear rate,
viscosity at different shear rates.

In this particular instrument {(Fig 13) torque is measured
by a calibrated beryllium copper spring mounted in the drive
shaft. Attached to the spring is a pointer which is shaped to
indicate on a dial, the dial rotating in phase with the drive
shaft,so that the deflection on the dial increases linearly with
torque applied to the spring. The speed of rotation, and hence
the shear rate, is selected by a simple clutch and reduction
gear attached to the synchronous motor which powers the drive

shaft. The speeds of rotation used in our experiments were:
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Revolutions per Shear Rate Correction Factor
minute (sec™1) to dial reading
60 230 x 0.1
30 115 % 0.2
12 46 x 0.5
6 23 x 1
3 11.5 x 2
1.5 5.75 x b

The instrument is so calibrated that the dial, which is
graduated from 0-100, reads directly in centipoise at a spindle
speed of 6 r.p.m. corresponding to a shear rate of 23 sec—1.

For the other speeds an arithmetic conversion factor is required.
It follows that at rapid shear rates the percentage error is
less. The manufacturer claims an accuracy at any rotational
speed of within 1% of full scale deflection.

The stationary plate is a metal cup, surrounded by a water
jacket through which water is pumped from a water bath to
maintain the sample at a chosen temperature. This unit is
attached to a heavy aluminium cylinder projecting down from the
motor housing, surrounding the drive shaft to the level of the
cone. The cup device is held in place by a spring clip. A
threaded adjusting ring provides the means of raising or lowering
the cup relative to the cone, the optimum adjustment being when
the cone just clears the plate.

The volume of blood sample required for the instrument is

1 cc but a slight excess does not introduce an error, since

it flows on top of the cone and does not affect the transmitted

torque.
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The instrument is relatively inexpensive and simple
to use. It overcomes the disadvantages of the capillary
viscometer in that it allows estimation of blood viscosity
at a range of shear rates, while avoiding the expense and
comp]exify of the more specialised instruments. It is not
designed to estimate blood viscosity at very low shear rates

but is reasonably accurate down to a shear rate of 5.75 sec-1.
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CHAPTER SiX
RESULTS

Data from 30 separate limb perfusion models are summarised
in this section. The pressure flow data from the experiments
are shown in the appendix.

The results of two experiments, Nos. 6 and 7 are shown
individually (Figures 14 & 15) as illustrative of the series.
At each increment on the pressure/flow curve, the perfusion
pressure (mm Hg) & P, (mean arterial pressure -~ mean venous
pressure) is divided by the flow rate (cc per minute), Q, to

give an arbitrary value for resistance, R.

This is done for each of the bloods perfused and for Dextran.

This value, R, is then plotted against perfusioq pressure .to show the
relationship between resistance and perfusion pressure. It

appears that the resistance (R) is virtually independent of

pressure for blood of low haematocrit but as haematocrit increases
there is a progressive deviation from linearity at low perfusion
préssures. Inevitably in a preparation of this kind there is
variation from experiment to experiment but in each model the

same pattern was observed.

Method of Calculation

Although the 1imbs used in the experiment were approximately
the same size, in order to compare data from one experiment with
another some form of normalisation is required. Since eacﬂ limb
was perfused under the same conditions with Dextran 40/10% N

Saline, by dividing each value of resistance for test blood by
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the corresponding value of resistance for Dextran, a ''mormalised"
resistance is obtained. In practice the Dextran perfusions were
done fairly rapidly to minimise the length of time the limb was
ischaemic, and perhaps because of this the resistance values
obtained for Dextran were more scattered at the lowest perfusion
pressures. To allow for this a 'Dextran' value for each
experiment was obtained by taking the mean of the resistance
values for Dextran at perfusion pressure greater than 30 mm Hg.
This value ranged from 0.4 to 0.5. For each experiment each
resistance value for blood was expressed as a percentage of this
Dextran value thus making the results comparable from experiment
to experiment. This method, however, assumes that the
resistance of Dextran is constant. Although Dextran is
effectively Newtonian in vitro (that fs, its viscosity is
independent of shear rate in a viscometer), the resistance as
measured in the limb perfusion model tended to rise slightly at
both the lowest and highest perfusion pressures. This trend was
observed in almost all of the experiments, and presumably
represents a characteristic of the 1imb itself - such as
distensibility of the arteries - rather than a property of
Dextran. Support for this view is provided by the fact that:
similar behaviour is shown by blood of haematocrit less than 20.
The magnitude of this variation was assessed by expressing
each of the Dextran values as a percentage of the mean for & P
greater than 30 mm Hg for that experiment. These values for all
the experiments were then plotted against perfusion pressure.
When the results are grouped according to perfusion pressure

(Figure 16) it is seem that the values at the lowest (A) and the
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highest (H) end of the range of perfusion pressure are higher
than the middle (D,E,F) and that the lowest perfusion pressure
yields a higher resistance than the highest. Although the
variation of resistance with perfusion pressuré for Dextran is
small when compared to that of blood of normal haematocrit, the
differences between the resistance at both the lowest perfusion
pressure and the highest perfusion pressure are statistically
different from the mid range of perfusion pressures (Figure 16).
Because of this the reciprocal values of the mean at each
perfusion range were used as correction factors and applied to
the normalised resistance values. Thus in each experiment the
value of resistance for blood was expressed as a percentage of
the mean of the resistance values for Dextran at perfusion
pressures greater than 30 mm of Mercury for that individual
experiment. These percentage values were then corrected by the

correction factors derived above. The correction values are:

Perfusion Pressure Correction Factor
( P) mm Hg
0 - 10 .83
1 - 20 .89
21 - Lo .99
L1 - 60 1.04
61 - 80 1.04
81 - 100 1.02
i0.1 - 120 .98

120 ‘ .96
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Finally for each blood perfusion in each experiment
the corrected normalised values for resistance were plotted
against &L P aﬁd this graph used to obtain values at standard
increments of A P to allow comparison of resistance at the
same A P for different experime;its.

An alternative, and very much simpler method of calculation
would be to plot in each experiment the value of R for the test
blood and for the Dextran against A P and take a ratio of one to
the other, expressed as a percéntage. This would have yielded
very similar results in the experiments where a Dextran curve
could easily be drawn, but in several of the experiments at the
lowest perfusion pressures the Dextran results were rather
scattered making the drawing of such a line unsatisfactory, hence the
adoption of the somewhat cumbersome method described above.

Reproducibility

The duration of these experiments after isolation of the
limb was between two and three hours. During this time the 1imb
was perfused via the cannulae either by the 1limb donor dog, or by’
the perfusion circuit. During the development of the perfusion
apparatus it was established that continuous perfusion of the
limb yielded a steady value for resistance, at a constant flow
rate, for over three hours. However, since it was the intention
to alternate the limb's circulation between the perfusion
apparatus and the limb donor dog so that the test blood might be
changed, two preliminary experiments were performed in each of
which the same blood, haematocrit 48 and 38 respectively, was
perfused four times in succession, the limb donor dog being

connected to the limb for 10 minutes between each perfusion.
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As Dextran was not used the values obtained are not included
in the final results, but serve to illustrate the
reproducibility of the method of obtaining the pressure/flow
curve (Figures 17 and 18). On the linear part -of the graph
the results are virtually identical, with as expected, more
variation at the lowest perfusion pressures. However, even at
the low flow rates the curves obtained are acceptably close.

EFFECT OF HAEMATOCRIT ON VISCOSITY AND RESISTANCE

Viscosity in Vitro (Wells-Brookfield Viscometer)

Other than at very low shear rates viscosity in vitro is
determined largely by haematocrit. The relationship at 230 sec"1
is shown below (Figure 19). This is clearly non linear, but
when log viscosity is substituted a reasonable linear
relationship appears (Figure 20}, the coefficient of correlation
being 0.97. As shear rate is reduced viscosity increases, this
effect increasing with increasing haematocrit (inset Figures 14
and -15). Since plasma and blood of low haematocrit are little
affected by shear rate, as shear rate is reduced the slope of the
log viscosity/haematocrit regression line increases but the
intercept remains approximately constant. Thus at 11.5 sec—1 the
slope is 0.0178 (Figure 21) compared with 0.0113 at 230 sec”] and
0.0201 at 5.75 sec"1 (Figure 22). The linear relationship between
log viscosity and haematocrit is maintained at 11.5 sec—1 and
5.75 sec”! the coefficients of correlation being 0.96 and 0.95
respectively.

Vascular Resistance (Limb perfusion model)

With any particular blood sample resistance tended to be
constant with perfusion pressures greater than about 80 mm Hg,

resistance increasing as perfusion pressure fell below this level.
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As with the relationship between viscosity and shear rate this
effect wa§ miﬁimal when haematocrit was less than 20 or so but
increased considerably with increasing haematocrit thereafter.
At:AP >80 mm Hg resistance increased with increas‘ing haematocrit
(Figure 23). Between haematocrit 30 and haematocrit 70 this
relationship appears linear but the increase of resistance with
haematocrit is considerably less than that of viscosity with
haematocrit.* (Figure 19). From haematocrit 30 to haematocrit

70 resistance in arbitrary units increases from 83 to 128
(Figure 23), just over 50%, while the corresponding figures, in
centipoise, for viscosity at 230 sec” | (Figure 19) are 2.44 and
7.18, an increase of nearly‘ZOO%. At the lowest perfusion
pressures however, the slope is considerably steeper (Figures

24 and 25). The corresponding increases in resistance from
haematocrit 30 to haematocrit 70 at P=10 mm Hg and

AP =5 mm Hg being from 121 to 339 and from 138 to 417, increases
of 180% and 200% respectively. In making these calculations

the linear regression at each perfusion pressure of log
resistance against haematocrit was drawn. The value of the
equations are shown in Figure 26, each coefficient of
correlation exceeding 0.8. Values derived from similar regression
lines of log viscosity versus haematocrit (Figures 20, 21 and 22)
for values of haematocrit 30 - 70 and shear rate 230, 11.5 and
5.75 are shown in Table 3. It is seen that both resistance and

viscosity rise considerably as shear rate or perfusion pressure

(or flow rate) approaches zero, and as haematocrit rises. The

* Note that the units for vascular resistance are in arbitrary
'percentage’ values whereas the in vitro viscosity graphs
are in centipoise.
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FIG 24; The relationship between resistance (arbitrary units)
and haematocrit, AP = 10 mmHg. Experiments 1-13
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and haematocrit, AP =5 mmHg. Experiments 1-13
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increase in viscosity with haematocrit is however considerably
greater in vitro than in vivo.

When the results of these thirteen experiments are grouped
according to haematocrit, viscosity can be plotted against shear
rate, and resistance against perfusion pressure (Figures 27 and
28). Since these represent the results of different experiments,
the standard deviations are targe but the same trend is shown
by the individual experiments. It is clear that resistance is
considerably less affected by haematocrit than viscosity, and that
the shape of the viscosity/shear rate and resistance/perfusion
pressure curves are determined by haematocrit. At the lower
haematocrits,Group A, these areamost flat while at the higher
values, Group F, the asymptotic values are not quite reached at
the highest shear rates and perfusion pressures shown.

Correlation between Viscosity and Resistance

'lt is evident from the preceding figures, e.g. Figures 27
and 28, that there is a strong correlation between viscosity as
measured with the Wells-Brookfield Viscometer in vitro and
resistance as measured in the canine hind 1imb preparation.
Figure 42 shows the correlation at shear rate 230 sec-] and
A P> 80 mm Hg, while Figure 43 shows the correlation at shear
rate 11.5 sec ' and A P = 10 mm Hg. Not surprisingly the
scatter of results is wider at the lower shear rate and perfusion
pressure. However the coefficient of correlation are 0.88 and

0.82 respectively.
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