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SUMMARY

The importance of haemorheolegy in clinical medicine has only
recently been widely realised. Haemorheological abnormalities
have been found in a variety of pathological conditions but very
little has been done in the fileld of obstetrics and gynaecology
either to define normal haemorheological values in the menstrual
cycle or in maternal and fetal blood in pregnancy, or to detect
haemorheological abnormalities in pathological pregnancy or

fetal diseass.

Haemorheological measurement technigues are constantly in need

of gvaluation and improvement, The first original work reported
in this thesis was the development of the Deer Rheometer for the
measurement of plasma and whole blood viscosity. Sample handling
and measurement protocols were developed which gave reliable, fast
and reproducible measurement of viscosity in biological fluids.
In the initial experiments whole blood filtration was used as the
method for measurement of erythrocyte deformability, but factors
other than erythrocyte deformability were found to influence the
rate of filtration., These factors were identified and eliminated
or reduced to a minimum so that a highly sensitive filtration
technique for the measurement of erythrocyte deformability was

developed.

Having established these two new methodologises and adding standard
methods for the msasurement of haematocrit and plasma fibrinogen,
the normal levels of haemorheological parameters were measured in
serial study throughout the menstrual cycle and normal pregnancy

and in healthy full term and preterm fetusas.
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The cyclical variation in haemorhsological parameters seen in
the spontaneous menstrual cycle was abolished by owvulation

supprassion with ethinyloestradiol 304P9 and norgestrel 250 pg
and the absolute levsl of each parameter was altered in such a

way as would predispose to thrombosis.

The effects of maternal cigaretite smoking on maternal and fetal
haemorheology were investigated in serial study. Cigarette
smoking caused a reduction in maternal erythrocyte deformability
throughout pregnancy, but did not affect other haemorheological
factors. In contrast, the fetal blood exhibited an imcreased
haematocrit and whole blood viscosity and reduced erythrocyte
deformability. These changes in fetal haemorheclogy were
assoclated with a significant reduction in birth weight in
cigarette smokers and hyperviscosity causing impaired perfusion
of the placental villi may be responsible for this fetal growth

retardation,

Pre~eclampsia resulted in elevation of maternal haematocrit,

plasma fibrinogen, plasma and whole blood viscosity and reduction
in erythrocyte deformability, In fetal blood the haematocrit and
whole blood viscosity were elevated but plasma fibrinogen and
viscosity and erythrocyte deformability were not altered. In the
mother pre-eclampsia is characterised by acute hyperviscosity state
assoclated with hypovolaemia and this could lead both to impaired
placental perfusion and eventually to disseminated intravascular

coagulation,

Essential hypertension of mild or moderate degree had little
effect on either maternal or fetal haemorheclogy and this was

in keeping with the good fetal outcome in the cases studied.
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Both during labour and in the immediate neonatal period the

infant is liable to anoxic acidosis. A series of in vitro and
in_vivo experiments investigated the effects of hypoxic acidosis

on fetal erythrocyte deformability. Fetal erythrocytes were
particularly sensitive fo the effects of hypoxic acidosis and

a hypothesis was deua%nped to show ways in which hasmorheclogical
factors might contribﬁte te the pathogenesis of anoxic intracranial

haemorrhage.

The last chapter dealt with the importance of haemorheological
factors in the pathogenesis of neonatal hyperbilirubinaemia
following inductien of labour. A prospective clinical study
showed that oxytocin used in the induction of labour caused a
decrease in erythrocyte deformability due to osmotic swelling

and resulted in increased haemolysis with consequent hyperbili-
rubinaemia. Bupivicaine, used in epidural anaesthesia, was shown
in in vitro studies to reduce erythrocyte deformability, but
prostaglandin E2, used in the induction of labour, had a variable

and clinically insignificant effect on fetal cells.

The work reported in this thesis is largely new and obviously
confirmatory work must follow. Haemorheological therapy is

already being used in pre-eclampsia and with a better understanding
of normal and pathological haemorheelogy in both mother and fetus

a wider application of haemorheological therapies will follow,
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CHAPTER 1

INTRODUCTION

Sections

i) HAEMORHEOLOGICAL FACTORS IN THE CONTROL OF THE
PERIPHERAL CIRCULATION

ii) THE COMPLEXITY OF HAEMORHEOLDGY

iii) ALTERED HAEMORHEOLOGY IN CLINICAL DISEASE
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INTRODUCTION

"It is the heart by whose virtue and pulss the blood
is moved, perfected and made apt to nourish and is

preserved from corruption and coagulation."
wWilliam Harvey (1628) (1)

This quotation from Harvey's classic work contains the essence of
haemorheology and of this thesis. Haemorheclogy is primarily
concerned with the movement of blood, and the purpose of this
movament, as Harvey pointed out, is threefold. Flow is necessary
for the blood to reach and 'nourish' the tissues. In pregnancy ‘
the utero-placental circulation is the source of nourishment for
the fetus and impairment of this flow by eltered hasmorheology
would be of great importance to the development and health of the
fetus. Blood must also flow to preserve itself from 'corruption!
or haemolysis. The alteration of erythrocyte deformability in
pathological states, as wsll as by the process of ageing, leads to
their hasmolysls and destruction and the study of erythrocyte
deformability is an important part of this thesis. Thirdly, Harvey
stated that stasis led to 'coagulation' and in pregnancy and in
patients on oral contraceptives coagulation leading to thrombo-
embolism is a major problem. The possible connaction bestween
hyperviscosity and thrombo-embolism is investigated. The studies
presented in this thesis sre self-contained with their own
introduction and literature review., This general introduction

will deal in broad ocutline with the role of haemorhesnlogical
factors in the control of the peripheral circulation, the complexity
of haemorheological measurements and, lastly, with those pathological
conditions in which it is known that haemorheological factors play

a significant part.
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i) HAEMORHEOLOGICAL FACTORS IN THE CONTROL OF THE PERIPHERAL
CIRCULATION

The control of the peripheral circulation has been ths object of
study and speculation sver since Harvey described the circulation
of the blood (1). Stephen Hales, a minister in Teddington, at

the start of the 18th century, first drew together the fsctors
controlling the peripberal circulatioﬁ whan he stated: "The
resistance which the blood mests in thess capillery passages may
be greatly varied, sither by different degrees of viscosity or
fluidity of the blood or the several degrees of constriction or
relaxation of these fine vessels" (2). A century later the French
physician Poissuille, studying the flow of fluids through narrow
tubes, related flow rate guantitatively to the driving pressure,
the fourth power of the radius of the vessel and inversely to the
viscosity of the fluid (3) (Table 1). When considering blood flow
through a vascular complex, such as the pregnant uterus, Ohm's lau
may be used to show the relationship between flow, resistance and
driving pressure (Table 1). Combining Poiseuille's and Ohm's
formulae, a third formula may be derived (Table 1) to show that
the resistance of a vascular bed is directly proportiocnal to the
length of the vascular segment and the viscosity of the blood and

inversely proportional to the fourth power of the vessel radius.

Under physiological conditions, regulation of ths peripheral blood
supply is dominated by vasomotor factors altering ths vessel radius
and viscosity factors play a negligible role. Howsver, in certain
pathological conditions and in pregnancy, the situation may be
totally different. During pregnancy there is a dilatation affecting

both the arterial (4) and venous (5) sides of the circulation and

secondly there is a decreased capacity for the uterine vesssls to

react to constrictor stimuli (4). This loss of vascular reactivity
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is also seen in hypoxic states where vasodilator metabolites are
produced which paralyse the vascular smooth muscle (6). This may
proceed to a point at which the vasomotor reserve is exhausted
and then the vasomotor compeonent of flow control is minimal and
viscosity factors become dominant. An additional difference
between vasomotor control and viscous limitation of perfusion
follows the same arqument. UWhile vasomotor shutdown of blood
vessels is effective in producing a rapid but short lasting
arrest in the circulation, metabolic autoregulation will paralyse
the constrictors and soon restore flow (7). Any kind of sustained
flow retardation or stasis must therefore be caused by an intra-
vascular obstacle, Physiologically or pathologically enhanced
hyperviscosity or cellular aggregation therefors may cause such

a state of maintained intravscular stagnation. Haemorheological
changes are unlikely to initiate slowing or arrest of flow but

they are capable of sustaining and worsening them,

ii) THE COMPLEXITY OF HAEMORHEOLOGY

In 1687 Issac Newton wrote in his Pringcipia "the resistance which
arises from the lack of slipperiness of the parts of a liquid,
other things being equal, is proportional to the velocity with
which the parts of a liquid are separated from one another". This
"lack of slipperiness" is now called viscosity. Viscosity, as
Hales (2) and Poiseuille (3) understood it, was a static fixed
property of the fluid under study which did not vary with flou
rate (Newtonian behaviour)., It is now known, howevsr, that whole
bleood viscosity is influenced not only by the constituents of
blood such as haematocrit (9), erythrocyte deformability (10),
erythrocyte aggregation (11), platelet aggregation (12), plasma

fibrinogen (13), globulins (14) and fats (15), and the metabolic
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state of the blood (16,17) but also by the rate of flow, with a
decrease in viscosity accompanying an increaese in flow rate
(non-Newtonian behaviour) (18), and also by vessel diemeter with
a decreasing viscosity as blood flows through capillaries of
diminishing radius (Fahrasus~Lindquist phsnomenon(19) ) down to
a critical radius below which the viscosity increases sharply
(Inversion phenomenon (20) ). This complexity of haemorheology
results from the complicated interaction betwsen the sgveral
constituents of blood., At rest, whole blood has a complicated
three—~dimensional structure of erythrocytes held in aggragation
by the action of plasma proteins interacling at the surface
membrans (21-23) and forming macromolecular bridges bstween
erythrocytes (24). To induce flow energy must be applied to
break these bridges (25). Initially, as increasing stress is
applied to static blood, ths matrix of cells undergoes visco-
elastic distortion and then once the yleld stress is reached,
flow begins (26), With the breaking of the erythrocyte matrix
and the start of flow, the erythrocytes remain in clumps or
aggregates and there is a dynemic state of aggregation and
disaggregation which results in the non-Newtonian behaviocur of
blood., As additional stress is applied, the aggregates and
rouleaux become smaller and once they are reduced to individual
cells, further increase in stress cannot reduce cell size any
more and the shear stress-shear rate relationship becomes almost
linear (27). This shear thinning effect is also influenced by
the deformability of the red cells. Under atress erythrocytes
change from discoid to slongated rod shapes. It has been
suggested that this change in shape also relates to the shear

stress—-flow rate relationship becoming a straight line independent
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of aggregation characteristics (28},

1ii) ALTERED HAEMORHEOLOGY IN CLINICAL DISEASE

Having reviewed the haemaodynamic context of hasmorheological
factors in the control of peripheral perfusion and the
complex and inter-related naturs of these factors, the
pathological processes that ars known to be caused by or to

be associated with altered haemorheology will be reviewed,

As there is greater awareness of the importance of haesmorhsology
in the pathogenesis of cardiovascular disease, so more associa-
tions are being discovered.  Patients with intermittent
claudication due to peripheral vascular disease have been

shown to have elevated whole blood viscosity (29,30) and reduced
erythrocyte deformability (31). These patients experience
symptomatic relief when their viscosity is reduced by either
reducing the haematocrit by venesection (32) or by reducing

the plasma fibrinogen with drug therapy (33). Patients who have
had a myocardial infaction or who suffer from angina pectoris
also have raised blood viscosity levels (34) and }herapy directed
towards lowering the viscosity by reducing plasma fibrinogen (35)
or by the use of B-adrenergic receptor blockers (36) produces
both symptomatic relief and improved leng~term survival, 1In
diabetes mellitus, there is hyperviscosity of both whole blpod
and plasma (37,38) and reduced erythrocyte deformsbility (39).
These changes are largely due to the metabolic abnormalities of
diabetes and haemorheological therapy is not yet of proven
bensefit. Cerebral arteriosclerosis is associated with hyper-
viscosity and reduction of haematocrit by venesection may

significantly improve the cerebral blood flow (40, The haemo-
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glabinopathies are associated with both an increased whole blood
viscosity and decreassd erythrocyte deformability (41,42). The
paraprotéinaemias, with elevated plasma viscosity, are amenable
to hasmorheclogicel therapy, and removal of the excess protein
by plasmaphoresis results in a considsrable improvement in
peripheral perfusion (43). Raynaud's syndrome is associatsd
with slevated blood viscosity and reduction in viscosity
ameliorates the symptoms (44). More recently, hyperviscosity
screening has been introduced to select high risk groups in

the prediction of venous thrombosis after surgery (45,46) and

during oral contraceptive therapy (47,48).

With this wide range of clinical pathology related to
hasmorheological disturbance, it is interesting that very feuw
investigations have been carrisd out into the hasmorhsology
of normal or pathological pregnancy or the fetus., What work
has been done will be reviewed in the relevant sections of

the thesis.
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METHODOLDGY

i) PATIENT SELECTION

All the women who took part in these studies did so voluntarily
after receiving a full explanation of the procedures involved and
their purpose. In ths case of samples taken from the baby's
umbilical cord vein at birth, consent was obtained from the
mother before delivery. All the experimental protocols have

been scrutinised and approved by the Ethical and Scientific

Committes of St. Jamaes's University Hospital.

The sevaeral different groups of patients who took part in the
studies are defined in the relevant sections of the thesis and
each group was separately matched with a control group of normal

healthy subjects.,

ii) STATISTICAL ANALYSES

The mean, standard deviation (sD)} and standard srror of the mean
(SEM) were calculatsd for all data. Where a test of statistical
significance concerned a change with time in the same group of
subjects, the calculation was based on the average change in the
group giving a pooled variance for obtaining a standard error of
the difference betwsen the means. The probability (p) of any
difference being due to chance was estimated by use of Student's
t-test and the results are expressed in the conventiognal way.
Results with a value of 'p' greater than 0.05 were regarded as
not statistically significant (ns)j; all other results are quoted
with the appropriate level of probability., When testing for
correlation between different parsmeters measured in the same
group of samples linear regression analysis was carried out to

determine the corrselation coefficient. When analysing the

variation in repeat measurements of a parameter the coefficient
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of variation was calculated by expressing the SD as a percentage

of the mean.

iii) DEVELOPMENT OF NEW METHODS

a) Measuremant of Whole Blood and Plasma Vigcosity Using

the Deer Rheomster

Early work in viscometry was done using capillary tube
viscometers such as the Ostwald or Harkness (49) viscometer.

The principls behind all capillary viscometers is the
megasurement of the time taken for a stendard volume of test

fluid to flow through a capillary tube of standard length and
diameter under & standard force at a standard temperature. These
instruments have the advantage of requiring only small volumes

of test fluid and show a relatively high degree of accuracy,

Thay have two disadvantages, Firstly, they opsrate at high

rates of shear which precludes their detecting the non-Newtonian
influence of cells in whole blood; plasma viscosity measurements
are not affected. The second disadvantage arises from the non-
uniform flow in the capillary which is slowest at the periphery
and fastest at the centre. The rate of shear varies across the

tube and mathematical analysis of this phenomenon is complex.

More recently rotational viscometers have been designed where
the test fluid is introduced between either a flat plate and

a wide angled cons bob or a cup and a suspended cylindrical bob,
Viscosity is calculated from the measured torque on the
suspending wires when the plate or cup is rotated at a varisty
of speeds. The shear rate depsnds on the speed of rotation

and such instruments have the advantage that viscosity can be

measured cover a wide range of shear rates, The Wells-Brookfisld
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viscometer (50) has been used extensively in whole blood
viscosity measurement but is not reliable at shear rates
below 23 inverse seconds (sec _1). Recent introduction of
the Contraves Low Shsar viscomster (51) allows measuremsnt

at shear rates as low as 0,07 sec -1.

The Deer Rheometer is a further modification of these
rotational viscometers. This instrument, shown in Figurse 1,
uses a fixed cup and rotating cylinder., The gap betwsen the
bottom of the cylinder and the floor of the cup is accurately
set by & micrometer and the measurements of the cup and
cylinder accurastely measured so that the moving area c% the
sample is known. The measuring geometry is shown diagrammat-
ically in Figure 2. The Deer Rheometer differs from the Wells-
Brookfield and Contraves viscometers in that the shear rate is
not fixed, but a shear stress of known dimension is applied to
the rotating cylinder by means of an induction type electrical
motor having performance characteristics in which torsional
force is linearly independent of angular velocity over the
full operational range of the instrument. All }otating parts
are supported upon the effectively friction-free air bearing
incorporated in the drive unit, thers being no mechanical
connection whatsoever between the rotating and the stationary
parts of the instrument. The displacement or angular velocity
of the roteting part is measured by one of two systems. In the
visco-elastic area and at very low shear rates rotationsl
displacement is measured by a non-contacting electronic

sensor that measures the gap bstween itself and the circular
ramp, or scroll, that is attached to the rotating spindle

(Figure 3). At faster rates of shear the angular velocity is measured
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by a tachometer disc attached to the rotating spindle and which
has a series of perforations round its perimeter. Passage of
the perforations is detectsd by a photoelectric cell that is
fixed to the instrument support bracket (Ffigure 3). By
standard calculations from the msasurements of the cup and
cylinder and the sample sizs, the shear rate of the sample
under test 1s calculated and hence the viscosity is determined
by dividing the shear stress in dynas/cm2 by the shear rate

in 390—1.

The Deer Rheomster has advantages over the fixed shear rate
instruménts. Firstly, it can be used to investigate the
visco~alastic and yield stress phenomena in heemcorheology.

It can also measure viscosity over a wide range of shear rates.
Its main disadvantage is the sensitivity of the measurement

of viscosity at shear stresses just exceeding the yield stress.

At this point there is a dynamic and constantly changing
aggregation and dis~aggregation of erythrocytes, as described in
the section on the complexity of haemorhsology. Because of

this phenomenon, measurements of viscosity at low shear stresses
tend to be erratic end variabls, depending on the balances of the
aggregation and dis—aggregastion. This is a natural phenomesnon

but it reduces the reproducibility of the method unless it is
eliminated., To overcome the variable influence of erythrocyte
aggregation, the sample is sheared by a shear stress of

10 dynes/cm2 for two minutes., This causes complete dis-aggregation
of the cells (52) and allows an aggregation-free measurement to be
made. The csells start to aggregate again about 30 seconds after
the cessation of movement in the sample and so the measurements

must be made immediately motion stops following the dis-aggregating
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shear. Studies of the visco—~elastic and yield stress properties
have been omitted from this thesis, as they are difficult to
interpret and were far too time consuming to be possible with

the number of samples in the studiss.

Measurement of Whole Blood Viscosity

Whole blood viscosity was measured in blood samples taken from
an antecubital vein without venous occlusion. The blood was
anticoagulated with Lithium Heparin and stored at 37°C until
measurement, which was completed within four hours of sample
collection. Ffor five minutes before measuremsnt the sample

was agitated in a circular fashion to ensure no separation of
cells and plasma and then a 2,5 ml aliquot was drawn up in a
clean glass pipette and placed in the measuring cup. The
measuring cylinder was lowered into the cup. The whole
measuring apparatus was enclosed in a water jacket that was

kept at 37°¢C by a circulating water heater. With air flowing
through the air-bearing under a pressure of 60 pounds per

square inch, the sample was subjected to a shear stress of

10 dynes/0m2 for two minutes. At the end of two minutes the
shear stress was withdrawn and the required measuring shear
stress selected. As soon as the cylinder had stopped, the new
shear stress was applied andallowed to stabilise for 30 seconds,
following which the angular velocity was measursd over a period
of & further 30 seconds., From the angular velocity the sample shear
rate was calculated and hence the viscosity was worked out,
Betwesn each measursment the cup and cylinder were carefully
cleaned with distilled water at 37°C and dried, great care being
taken not to leave any debris or threads on the meassuring surfaces

as that would profoundly affect the subsequent measurement,
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Figure 1 The Deer Rheometer
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Figure 2 Diagram of the Measuring Geometry of the Deer Rheometer
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Results

The non-Newtonian behaviour of whole blood was confirmad by
plotting the whole blood viscosity measursments made at a
series of different shear stress values. The mean and SD

of these measurements on 30 aliquots of the same blood sampls
are shown graphically in Figure 4. At the lowest shear stress
at which measurement was made ths coefficient of variation

was high at 18 per cent, whersas at higher shear stressses the

coefficient was significantly lower at bsetwesen 7.0 and 8.5 per cent,

The effect of haematocrit on whole blood viscosity is shown

in Figufe 5 where a series of samples of different haematocrits
were subjected to shear stress of both 0.574 dynes/cm2 and

5.739 dynes/cm2 and their viscosity calculated. Rising
haematocrit is associated with increasing blood viscosity.

This effect is, however, significantly influenced by the shear
stress. As the shear stress increases, so the effect of increased

hasmatocrit is diminishad.

Msasurement of Plasma Viscosity

Plasma was separated from blood, which had been anticoagulatsd
with tithium Heparin, by centrifugation st 5,000 G for 15 minutes.
Plasma aliquots of 2.5 ml werse measured in the Deer Rheometer at
37°C. with plasma there was no need for dis-aggregation shearing
and the samples were routinely measured at a shear stress of

0.574 dynas/cmz.

Results

The Newtonian bshaviour of plasma is shown in Figure 6, Increasing
shear stress does not alter the viscosity measurement, If the

white cells and platelets are not fully removed by centrifugation,
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then the 'contaminated! plasma will exhibit a modified degree
of shear thinning, alsc if the sample was left in the
measuring geometry for more than five minutes drying took
place at the sample-alir interface and this also gave riss to

apparent shear thinning.

Thirty aliquots of the same plasma measured at a shear stress
of 0.574 dynes/cm2 at 37°C gave a mean viscosity of 1.52
centipoise, S0 of 0.05 and coefficient of variation of

6.5 per cent,

Discussion

The Deer Rheometer gives rapid and reasonably reproductive
measurements of whole blood and plasma viscosity over a wide
range of shear stresses, The non-Newtonian behaviour of whole
blood found in this study is in agreement with other workers
(22,32,53). Aggregation of erythrocytes at low shear rates

has long been considered of great importance for the high
viscosities encountered under these conditions. Low shear -
viscosity relationships in many pathological states have been
described (54), but a recent report by Copley st al (1975)
(52), using a specially modified rotary viscometer, throus

some doubt on these findings, showing, as was seen in my sarly
experience with the Deer Rheomster, that at low shear rates
arythrocytes go through aggregation and dis~aggregation in an
unpredictable fashion that makes low shear viscometry very
difficult to interpret. Even though in the present study svery
effort was made to eliminate the effects of erythrocyte
aggregation, there is no doubt that the varisbility of measurement

is much improved at higher shear stresses.
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The influence of haematocrit on whole blood viscosity

is the subject aof conflicting reports. Using a capillary
viscometer, Hess (1911) (55) and others (56,57) described

a curvilinear relationship between haematocrit and blood
viscosity. Nyggard gt al (1935) (58) and others (59),

also using capillary viscometers, showed that the logarithm
of blood viscosity was related to the haematocrit and this
has subsequently bsen confirmed by several groups using

rotational viscometers (32,60).

Plasma viscosity is believed to be Newtenian in behaviour,
although doubts were cast (61,62) which were probably due to
methodological error (63). Certainly in this present study,
both inadequate separation of platelets and white blood cells
and sample-air interface drying both resulted in apparent

non-Newtonian bshaviour.

b) The Measurement of Erythrocyte Deformability

"An observation of Mr. Leasuwenhoek is very
well worth regarding: he took notice, that
when he was greatly disordered, the Globules
of his Blood appeared hard and rigid, but grew

softer and more pliable as his Health returned.”

Henry Baker (1743) in
The Microscope made Easy

Erythrocyte deformability may be defined as those physio=-
chemical characteristics which permlt erythrocytes whose
greatest diameter normally exceeds 8 um, to pass through

normal capillaries which range from 3 to 12 pm in diameter (64).
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This deformability is important in three situations. Firstly,
it is an important determinant of erythrocyts lifespan

in vivo (65-67). Secondly, it has a significant influence on
blood flow in the microcirculation (10,68,69). Thirdly, it is
a determinant of whole blood viscosity, particularly at high
rates of flow (70), and so it affects peripheral resistance

and hence cardiac work.

Erythrocyte deformability can be measursed by four typss of
method: viscometry (71); rate of centrifugal packing (72);
deformation of the membrane by micropipettes (73) and lastly,
by microfiltration through inert materials of known poricity

(74-77),

The method of whole blood filtration described by Reid gt al

(1976) (78) was selected as the simplest to use in the investigation
of erythrocyte deformability in this present study, but it was

soon found that this method was unreliable and the results were
affected by many other factors than erythrocyte deformability.

The following study sought to identify thess sources of error

and to eliminate or minimise them,

Experimental Msthods

Patients
Thirty healthy female volunteers aged between 20 and 40 years,

none of whom smoked cigarettes, were selected.

Apparatus
The apparatus, seen in Figure 7, experimental method and sample

handling were identical to the method of Reid et al (1976) (78) in
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the evaluation of the whole blood filtration method. Nuclepors
5 pym pore diameter filter membranes were used (Sterilin Ltd.,

Teddington, Middlesex).

Sample Handling

Venous blood was drawn into clean disposable syringes with
minimal venous occlusion. Each sample was asnticoagulated with
£EDTA. In the first section of sxperiments, whole blood was
used and in the ssecond section the samples were centrifuged

at 2,000G for 15 minutes then the plasma was separated, the
buffy coat aspirated and discerded and the erythrocytes
resuspehded in their native plasma to give a haematocrit of
between 0.15 and 0.20, The sample was stored at room
temperature until measurement, which was completed within

two hours of venepuncture. Haematocrit and white blood cell
counts were made on a Coulter Counter S Plus. Whole blood and
plasma viscosity were measured at a shsar stress of 5.7 dynes/cm2
at 37°c using the Deer Rheometer as described in section iii,
subsection 'a' of this chapter. Blood pH was msasured and
controlled as described in section iv, subsection i of this
chapter. Plasma fibrinocgen was measursd by the method of

Ratnoff and Menzie (1951) (79).

Erythrocyte filtration rate (EFR) was calculated as the volume
of erythrocytes passing through a 5 pym filter in one minute
under a perfusion pressure of 30 cm of water. Unless stated
otherwise, the sample and apparatus were kept in an incubator
at 37°C for 10 minutes prior to measurement in order to

standardise the measurement temperature. Erythrocyte Deformability
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Index (EDI) was calculated by correcting the Erythrocyts
Filtration Rate for variations in plasma viscosity. From
Figure 20 it can be seen that the Erythrocyte Filtration
Rate has an inverse relationship with the plasma viscosity,
the correlation cosfficient of this relationship is -0.825,
the slope is -0.091 and the standard érror of the slope is
0.015. Taking the Erythrocyte Filtration Rate of healthy
adult females as the standard and their plasma viscesity of
1.75 centipoise as standard, then the Erythrocyte Deformability
Index of a sample 'A' using the following formula derived
from the linear regressiocn analysis of Erythrocyte Filtration
Rate and plasma viscosity:

EDI(A) = EFR(A) ~ 0,091 x [1.75 ~ Plasma viscosity (@
Scanning electron microscopy of the filters was done by the

method described in section iv, subsection 'j' of this chapter.

Results

Section 1

Mgasurement delay had a significant effect on Erythrocyts
Filtration Rate (Figure 8). At three and six hours after
venepuncture, the mean Erythrocyte Filtration Rate was

significantly raeduced (p <{0.001).

The effect of varying the haematocrit of the erythrocyte suspensions
is shown in Figure 9, The most stable measurements of Erythrocyte

Filtration Rate were found at haematocrits between 0,10 and 0,.30.

Altering plasma viscosity by either evaporation or dilution with
normal saline varied the Erythrocyte Filtration Rate (Figure 10).

Linear regression analysis on the data in Figure 10 gives a
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Adjusted Haematocrit

Figure 9 Effect of Variation in Haematocrit on
Erythrocyte Filtration Rate (EFR)
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correlation coefficient of -0.825, a slope of ~0.091 and an

intercept of 1.149.

The duration of filtration also affected the Erythrocyte
Filtration Rate (figure 11). Using whole blood the volume

of erythrocytes filtered in each successive 20 second period
after 40 seconds was significantly lower than that filtersd

in the first two 20 sscond periods (p <<0.001). In order to
investigate the rsason for this reduction in Erythrocyte
Filtration Rate, spsecimens of blood were examined before and
after filtration. In ten samples the mean haematocrit before
filtration was 0.380 and after was 0.379, indicating no
significant loss of erythrocytes. The platelet count was not
significantly altered by filtration. However, the mean white
blood cell count fell from 11.6 x 109/1 before filtration to
10.2 x 109/1 after. Using a paired t-test this difference was
significant (p < 0.001), indicating that white cells werse being

trapped in the filter and could be blocking the pores.

This was confirmed by examining the filters with a scanning
@lectron microscope after filtration. Filters through which
whole blood with a white blood c¢ell count of 12,8 x 109/1 had
been filtered for periods of 20, 40 and 60 seconds ars shouwn

in figures 12, 13 and 14 respectively. White cells can be seen
progressively blocking more pores as the filtration time is
increased. Figure 15 shows a higher power view of one pors
blocked by six white cells with two erythrocytes unable to pass
through, The effect of removing the white cells from the
erythrocyte suspension is seen in Figure 11, with only a slight

reduction in Erythrocyts Filtration Rate over prolonged filiration
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Figure 12 Photoelectronmicrograph x 1,000 of Muclepore Filter

Membrane A fter 20 Seconds of Whole Blood Filtration
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Figura 13 Photoelectronmicrograph x 1,000 of Nuclepore Filter

Membrane After 40 Seconds of Whole Blood Filtration
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Figure 14 Photoelectronmicrograph x 1,000 of Nuclepore Filter

Membrane After 60 Seconds of Whole Blood Filtration
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Figure 15 Photoelectronmicrograph x 7,000 of One Pore From

Figure 14 Showing White Cells Blocking the Pore
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periods. The reduction in white cell blockage of the pores was
confirmed by scanning electron microscopic examination of the

filters (Figure 16).

Section 2

Thirty—-six repeat measursments were made on serythrocyte
suspensions prepared from 50 ml of blood from a healthy voluntesr.
The mean Erythrocyte Filtration Rate was 0.82 ml/min, SD 0.06 ml/
min and coefficient of variation 7.3 per cent. The mean plasma
viscosity was 1,72 centipoise, SD 0.12 and coafficient of
variation 7.0 per cent. The mean Erythrocyte Deformability

Index was therefore 0.82, SD 0.06 and coefficient of variation

7.3 par cent.

Reducing the temperature at which measurements were made from
37°C to 20°C resulted in a significant fall in Erythrocyte
Filtration Rate from 0.79 ml/min to 0.63 ml/min (p<0.01), and
a significant rise (p <0.001) in the plasma viscosity from

2.0 centipoise to 3.8 centipoise (Figure 17). The Erythrocyte
Deformability Index, however, showed no significant change

with temperaturs,

The effect of altering the sample pH is shown in Figure 18.
wWith a reduction in pH both the Erythrocyte Filtration Rate

and the Erythrocyte Deformability Index decreased significantly,
This was not due to changss in the plasma viscosity which was
only altered once the fall in pH went beyond 6.9 when the

proteins started to be precipitated.

Discussion

As an increasing number of disepases are shown to be associated
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Figure 16 Photoelectronmicrograph x 1,000 of Nuclepore Filter
Membrane After 60 Seconds of Erythrocyte Suspension

Filtration
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Figure 18 The Effect of Variation in Sample pH Level on Plasma
Viscosity, Erythrocyte Filtration Rate (EFR) and
Erythrocyte Deformability Index (EDI)
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with decreassd erythrocyte deformability (80) and this paramster
is mors frequently measured, so it becomes increasingly important

to evaluate the methods of msasursment.

In this study, six variablss were identified which affect the
measurement of erythrocyte deformabil;ty using the method of

Reid et _al (1976) (78). The importance of avoiding measurement
delay beyond two hours after venspuncture has besen demonstrated
and the significant effect of pore blockage by white cells
clsarly shown. In many pathological statses, in pregnancy and

in the newborn, the white blood cell count may be considerably
glevated and the measurement of arythrocyte deformability by
whole blood filtration would give erronsously iow deformability
values, The importance of adjusting haematocrit to betwsen

D.15 and 0.35 is clearly seen in Figure 9. This has alsoc been
found necessary by other workers (75,76), although Reid et al
(1976) (78) found their deformability measurement to be
independent of haematocrit bstween 0.20 and 0.70. Using a
suspension of erythrocytss, free of white cells, with a
hasmatocrit of between 0.15 and 0.35 gives a perfusate very
similar to that found in normal cepillaeriss where, because of the
effects of plasma skimming (81), the haematocrit is low. Plasma
viscosity affects the filtration rate and must be corrected for
when measuring srythrocyts deformability by a filtration technique
(75). Reid gt al (1976) (31), in the clinical evaluation of their
deformability measurement, ignored any effect of differences in
plasme viscosity between their groups of patients, and this alone
would have accounted for the finding of an apparently low erythrocyte

deformability in their pathological group.
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The independence of erythrocyte deformability from temperature
variation shown in Figure 17 has previously been reported by
Schmid=-Schonbein st al (1973) (75), who found deformability

to be independent of temperature betwsen 4 and 40°%c, Although
in this study all measuremsnts of erythrocyte deformability
were made at 3700, provided that the Erythrocyte Filtration
Rate and the plasma viscosity are measured at the same
temperature, thers should be no variation in the Erythrocyte
Deformability Index result, and this simplifies the technique
for measurement of Erythrocyte Filtration Rate which is most

easily carried out at room temperature.

The effect of pH on erythrocyte deformability is well documented
(16,82) and the results of this study confirm these findings and
show the sensitivity of this method in detecting changes in

arythrocyte deformability.

The few studies of erythrocyte deformability in pregnancy, in the
fetus and in oral contraceptive users, will be reviewed in the

appropriate clinical sections of the thesis.

iv) STANDARD METHODS USED IN THE STUDIES

a) Haematocrit

In the studies on pregnant and non-pregnant adult women, haematocrit
was measured on samples anticoagulated with sthylenediaeminotetra-
acetic acid (EDTA) 1.5 mg/ml, using a Coulter Counter S Plus. 1In
the studiss on fetal blood hasmatocrit was measured using a

Hawksley Microhaematocrit centrifuge. The samples waere spun at

15,000 G for 7 minutes.

b) _Platelet and Whits Blood Cell Counts

Platelet and white blood cell counts were made using a Coultsr Counter

60



S Plus and samples anticoagulated with EDTA.

c) Plasma Fibrinogen

In the studies on non-pregnant women and on fetal blood, the
plasma fibrinogen was estimated by the method of Ratnoff and
Menzie (1951) (79). In the pregnancy studies the method of

£1lis and Stransky (1961) (83) was chosen becauss it is less

time~consuming and the number of samples was considerable.

d) Plasma Lactate Dehydrogenass

Plasma lactate dehydrogenase was measursed by the method of

Wroblewski and La Due (1955) (84).

@) Plasma Bilirubin

Plasma bilirubin was measured autoanalytically by the msthod

of Gambio and Schreiber (1964) (85).

f) Plasma Haptoglobin

Plasma haptoglobin was measured by radial immunodiffusion using

M-Partigen plates supplied by Behring Diagnostics.

g) Serum Albumin_and Total Protein

Total protein was measured by the biuret method of Henry, Sobel
and Berkman (1957) (86), as was albumin after initial separation

by the salt fractionation technique of Wolfson et al (1948) (87).

h) Plasma Osmolality

Plasma osmolality was estimated by freezing point depression

with an Advanced Osmometer, using 0.2 ml samplses,

i) Blood pH
Blood pH was measured on an AVL Gas Check 937-C (Sandoz). The
pH of samples in the in vitro experiments was varied by

equilibrating the sample in a stoppered tube with varying
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concentrations of carbon dioxide and oxygen.

j) Scanning Electron Microscopy

Scanning electron microscopy of the filters was performed using
an ISI Mini-Sem Scanning Electron Microscope, after the filter
had been fixed in gluteraldshyde, dehydrated in acstone,
critical point dried and gold plated in a Polaron SEM Coating

Unit. Photomicrographs were obtained with a Polaroid Camera,

k) Technical Assistance

All measuraments of arythroqyte deformability, whole blood and
plasma viscosity, plasma osmolality, blood pH, haematocrit using
the. Hauwkslsy Microhaematocrit and plasma haptoglobin and the
scanning electron microscopy were carried out in the Department

of Obstetrics and Gynaecology of St., James's University Hospitel
by me., All the other estimations were made by the technical staff
of the Departments of Clinical Chemistry and Haematology in the

hospital,
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CHAPTER 3

HAEMORHEOLOGICAL PROFILE OF THE NON-PREGNANT ADULT FEMALE

AND THE EFFECTS OF THE ORAL CONTRACEPTIVE PILL

Sections

i) MENSTRUAL CYCLE VARIATIONS IN
HAEMORHEOLOGICAL PARAMETERS

ii) EFFECT OF THE ORAL CONTRACEPTIVE PILL
ON HAEMORHEOLOGICAL PARAMETERS
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HAEMORHEOLOGICAL PROFILE OF THE NON-~-PREGNANT ADULT FEMALE

AND THE EFFECT DF THE ORAL CONTRACERPTIVE PILL

i) MENSTRUAL CYCLE VARIATIONS IN HAEMORHEOLOGICAL PARAMETERS

In common with most biological measursments, rheological parameters
vary in response to the physiological rhythms of the body. Whole
blood viscosity, haematocrit and plasma protein levels show clsar

circadian variations (88), as do other haematological parameters (89).

The study reported in this section concerns the haemorheological
changes throughout the spontaneous menstrual cycle in a series

of healthy women.

Patients and Methods

Blood samples were collected from 12 healthy young women aged
between 22 and 34 years, none of whom smoked cigarettes or
was taking any medication. Blood samples wers taken, at the
same time each day in order to avoid any circadian variation
betwesen samples, on four occasions a week apart., The haemo-
rheological measurements were by the methods described in

Chapter 2.

Results
The results in this Chapter are presented figuratively against
a diagrammatic reprasentation of the cestrogen-progessterons

profile of the menstrual cycle.

The Erythrocyte Deformability Index (Figure 19) remained stable
in the follicular phase of the cycle and rose to a peak in the

mid luteal phase, falling off towards the onset of menstruation,

Plasma fibrinogen (Figure 20) remained stable throughout the

follicular and early luteal phasss, rising to a peak just prior
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to the onset of menstruation and then falling off during the

menses.

Plasma viscosity (Figure 20) fell by an insignificant amount
during the follicular and sarly luteal phases. There was

then a significant rise towards the time of menstruation.

Hasmatocrit (Packed Cell Volums) rose to a pesk at gvulation
and then remained relatively constant until the onset of

menstruation when it fell sharply (Figure 21),

Whole blood viscosity showed a slight, statistically
insignificant, peak at ovulation and then a second and
significant peak prior to the onset of menstruation with a

sharp fall during the menses (Figurs 21).

Discussion

In a study on haem catabolism during the menstrual cycle, Mercke
and Lundh (1976) (90) reported that erythrocyte filterability

was significantly depressad during the luteal phase, compared

with the follicular phase of the cycle. Although confirming a
decrease in the luteal phase, the present study suggests that

this is a reaction from a postovulatory rise rather than a cone-
tinuation of a fall from higher preovulatory levels. Although

both studies estimate erythrocyte deformability by microfiltration,
Mercke and Lundh (1976) (90) used erythrocytes washed and suspended
in artificial medium, whereas in the pressnt study, deformability

was measured with erythrocytes suspended in their native plasma,

The plasma constitusnts exert a considsrable effect on erythrocyte
deformability (91), as is shown in Chapter 5, section i, and this
may explain the difference in the two studies,

Variation in plasma fibrinogen level, with a peak at ovulation
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and a secondary rise prior to menstruation, has besn reported
by some (92), but this finding has not been confirmed by others
(93,94). The trend in the present study was in agresment with
that described by Howie gt _al (1970) (93), although their pre-
menstrual rise feiled to reach statistical significance., Other
individual coagulation factors do not appear to vary with the

menstrual cycle (93,94,95).

There is no published study of plasma viscaosity throughout the
menstrual cycle, so these findings require confirmation, howsver,
the trend in plasma viscosity does follow the general trend of
the plasma fibrinogen, its main determinant, in the premsnstrual
rise, but does not show the postmenstrusl decline in plasma
fibrinogen. The factors responsible for the maintenance of thea

plasma viscosity in the postmenstrual phase is not known,

There is agreement in the literature that haematocrit falls during
menstruation and then rises to a peak after ovulation (96,97).
The variations in haematocrit are mirrored by the whole blood

viscosity.

The two other published studies of whole blood viscosity in the
menstrual cycle, both by Dintenfass (98,99), described a pre=
menstrual rise which was reversed during menstruation with little
subseguent change, similar to the present study. The trend in
whole blood viscosity matches that of both plasma fibrinogen and
hasmatocrit, which are the two main dsterminants of whole blood
viscosity (9), and reciprocates the changes in erythrocyts
deformability with the lowest Erythrocyte Deformability Index

coinciding with the highest whole blood viscosity.

ii) EFFECT OF THE ORAL CONTRACEPTIVE PILL ON HAEMORHEOLOGI CAL
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PARAMETERS

Because of the strong connection betwsen arterio-venous thrombo-
embolism and oral contraception (100), much interest has been
focussed on the alterations in rheological parameters caused

by hormonal ovulation suppression (47,48,101-103). In very feuw
studies has any attention been paid to the physiological back-
ground against which oral ccntraceptiues exert their effect

and in the following studies comparison will be made with the
changes in the normal ovulatory menstrual cycle described in

the previous saction.

Patients and Methods

Two groups of healthy women aged between 22 and 34, none of

whom smoked cigarettes or took medication other than an oral
contraceptive preparation containing 30 Hg ethinyloestradiol

and 250 pg norgestrel. All subjects had been taking this

preparation for at least six months prior to the study. The

first group of eight subjects donated blood at the same time of

day on four occasions a week apart during their cycle. The

second group of 30 volunteers donated one blood sample between

the ssventh and twenty-first day of their cycle. All haemorhenlogical

measurements were made as described in Chapter 2.

Results
The results in this section are portrayed graphically in
Figures 22-24 against a diagrammatic representation of the

oestrogen~progestagen profile of the 'Pill cycle',

Erythrocyte deformability (Figure 22) fell over the first few days
of contraceptive steroid therapy and then rose to a peak at the
onset of menstruation,

Plasma fibrinogen remained stable throughout the psriod on
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treatment and then fell by a small but significant amount during

the time off therapy (Figure 23).

Plasma viscosity mirrored the changes in fibrinogen but none of

the variations were statistically significant (Figure 23).

Haematocrit {Packed Cell Volume)} did not alter significantly
throughout the ovulation suppressed cycles (Figure 24), nor did

the whole blood viscosity (Figure 24).

In the cross—sectional study, comparison is made in Table 2
between the 30 contraceptive pill 'Users' and the different stages

of the menstrual cycle in the 'Non-users'.

The level of erythrocyte deformability found in the pill
"Users® was significantly lower than the luteal phase peak
noted in the normal menstrual cycle, but was not different from

the levels at other stages,

Plasma fibrinogen was significantly higher in pill 'Users' than
at each stage of the normal menstrual cycle except the premenstrual

phase when the levels were not significantly different.

Plasma viscosity was significantly elevated in 'Users' when coﬁpared
with the pre~ and postovulatory phases of the normal cycle. At both
the pre~ and postmenstrual phases there was no significant difference

in pill 'Users',

The haematocrit was significantly higher in pill 'Users' than in the

normal cycle at every stage examined.

The whole blood viscosity was not significantly different when compared
with the ovulatory or premenstrual stages, but was significantly ele-

vated when compared with the postmenstrual and luteal stages,
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Discussign

Erythrocyte deformability has been reported as being reduced

in oral contraceptive users (104), although two other studies
found no change (102,105). The present study found erythrocyte
deformability to be reduced in pill users when compared with

the luteal phase of ths spontaneous cycle, but in the serial study
of pill users (Figure 22), it is seen that the erythrocyte
deformability falls during the first ten days on therapy and

then remains stable until the contraceptive therapy is stopped
when it rises to a peak prior to the onset of menstruation., This
is, therefore, in agreement with the work of Oski gt al (1972)
(104) and the reasons for the contention in the other studies
(102,105) may be due to irregularities in sample timing in

controls.

Several groups have reported an elsvaetion of plasma fibrinogen
lsvels associated with oral contraceptives (106,107,108) and a
similar effect is apparent in the present study when compared

with all stages of the normal cycle, except the immediately pre-
menstrual stage. Low oestrogen preparations (30 pg sthinyloestradiol)
are reported as having less effect of clotting factors than higher
doses (109). Progestagen only preparations have besn thought by
some to have little or no effect on blood clotting factors (110),
but others (109) have suggested that when combined with osstrogen,
progestagens may cause some potentiation of the ocestrogen effect.
In the menstrual study, Figure 20, the plasma fibrinogen only rose
in the luteal phase with the introduction of progesterone, thus

giving support to this latter suggesticn,

Oral contraceptives abolished the menstrual variation in plasma

viscosity and raised the absolute levsl in pill users when
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compared with the pre-~ and postovulatory stages., This is due to
the elevated plasma fibrinogen at these stages. Two other
studies (102,103) of plasma viscosity during oral contraception
found no change, although no details of control sample timing

were givene.

Hasmatocrit showsd no variation during the pill cycle and the
leval in contraceptive users was higher than at all stagss of the
normal cycle, in agrsement with other studies (101,103)., This
elevation of haematocrit in oral contraceptive users is due to
both a reduced menstrual loss end a stimulatory effect on haemo-
poiesis; as is seen in the spontaneocus menstrual cycls in the

luteal phase (Ffigure 21) and in pregnancy.

The combined action of the elevated haematocrit, fibrinogen and
plasma viscosity combined with the reduced erythrocyte deformability
results in the elevation of the whole blood viscosity in contra-
ceptive ussrs. Other workers (101,102,103) have reported this
increased whole blood viscosity and related it to an increased
incidence of venous thrombosis in oral contraceptive users.
Certainly hyperviscosity predispeoses to postoperative thrombo~
embolism (45,46) and cigarette smoking, which increases the risk

of thrombo-—-sembolism in oral contraceptive users also increases

haematocrit and other viscosity factors (111,112).

It is interesting to note, howsver, that with the exception of
hasmatoerit, none of the haemorheological factors examined in
this study were slevated out with the range found in the normal
menstrual cycle. The most striking effect of oral contraceptives
is the abolition of the normal menstrual variability and this
loss of variation may be important in the astioclogy of thrombo-

embolism,
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CHAPTER 4

THE HAEMORHEOLOGICAL PROFILE OF NORMAL PREGNANCY

Sections

i) INTRODUCTION

ii) SERIAL STUDY THROUGHOUT PREGNANCY

iii) COMPARISON OF PRIMIGRAVIDAE AND MULTIPARAE

iv) DISCUSSION
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HAEMORHEOLOGICAL PROFILE OF NORMAL PREGNANCY

i) INTRODUCTION

Pregnancy presents a unique challenge to maternal cardiovascular
physiology and the changes which take place during pregnancy are
among the most extreme alterations oc;urring in non~pathological
states, Not only is the blood flow to many, if not all, maternal
organs increased, but a virtually new vascular bed is dsveloped
which demands, over an extended period, up to 15 per cent of the
cardiac output. In the non-pregnant state the uterine blood flouw

is in the order of 20 ml per minute (113). The pregnant uterus

at term‘has a blood flow of bstween 500 and 750 ml per minute (113).
To cope with the increased demands of pregnancy the cardiac output
rises from the non-pregnant level of around five litres per minute
to between 6.1 and 6.8 litres a minute by 12 weeks, this levsl

being maintained until term (114,115) and the blood volume increases
by 30 per cent above non-pregnant lesvels (116). This rise in cardiac
output might bs expected to lead to an increase in mean arterial
pressure but, in fact, the mean arterial pressure falls in the first
trimester of pregnamcy beslow non-pregnant levels and then it rises
in the third trimester towards term (117,118). This fall in mean
arterial pressure in the face of increased cardiac output indicates
a significant fall in the total peripheral reslstance. Bader gt al
(1955) (119) showed, in catheterisation studies, that the total
peripheral resistance was 1,250 dyne sec cm =5 in the non-pregnant
state and this fsll to 986 dyne sec cm =5 by 14 to 24 weeks and then
rose progressively towards a normal non-pregnant figure of 1,250 dyne
ggc cm -5 at term., These findings have been confirmed by othsr

workers (114),

As was explained in the section in Chapter 1 dealing with the control
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of the periphersl circulation, the peripheral resistance in
pregnancy can be lowered in two ways. Firstly, there is clear
evidence of vascular dilatation in arterioles and capillaries
(4,120,121) and in the venous side of the circulation (5,122),
These changes are present by 12 weeks and are maintained until
term, returning quickly to non-pregnant levels in the pusrperium.
Secondly, peripheral resistence may be lowered by reduction in
whole blood viscosity and othsr haemorheoclogical parameters
(2,3,32), The following study deels with thase changes in haemo-—

rheological parameters and reviews the relesvant literaturs.

ii) SERIAL STUDY THROUGHOUT NORMAL PREGNANCY

Patients and Methods

Fifty patients were selected at the antenatal booking clinic. All
were less than 12 weeks pregnant, 30 were primigravidae and 20

were multigravidae, none had any significant illness or took any
regular medication., Blood was taken at monthly intervals until

28 wesks and then fortnightly until delivery. Patients werse not
given hasmatinics unless their haemoglobin concentration fell below
11.5 g per litre, when they wsere given ferrous sulphate 480 mg
twice daily and folic acid 5 mg daily. All blood samples were
collected betwsen 9 and 11 a.m. a2t the patient's routine clinic
attendance. All the haemorheological measurements were made in the

manner described in Chapter 2.

Results

One of the difficulties besetting obstetric research is that the
patient is rarely available for measurement before she becomes
pregnant and so non-pregnant lsvels are not available. In the
pregnancy studies reported here, the measurements made at six

weeks post partum are teken as the non-pregnant control levels,
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although it is realised that these may not correspond exactly to
the pre-pregnancy levels., The levels of all ths parameters measured
are shown in Table 3, The statistical comparisons are betwesn the

level mentioned and the 'non-pregnant! level.

Haematocrit had fallen significantly by 12 weeks (p¢ 0.05) and
continued te do so, reaching its nadir at 30 weeks (p<{0.001),
following which it rose slightly, remaining significantly below the

'non-pregnant' value at term (p<<0.001).

Plasma fibrinogen showed a steady rise during pregnancy, with the
level at 12 weeks already significantly elevated (p<0.001) and
reaching its zenith at 36 weseks and then falling insignificantly

towards term.

Total serum protein was not significantly lowsred by 12 weeks, but

was so by 16 weeks (p<0.05) and increasingly so until term (p <0.001).

Plasma viscosity was significantly elevated by 12 weeks (p<{0.001), but
then there was a trend of decline throughout pregnancy with the term
level staying only just significantly above the 'non-pregnant' level

(p<o0.05).

Whole blood viscosity was not significantly lowsred until 24 weeks
(p<0.001)., It remained significantly lowsr than the 'non-pregnant'
level until 36 weeks when it rose towards non-pregnant levels and

remained there until term,

Erythrocyte deformability was just significantly raised by 12

weeks (p(fO.US) but by 16 weeks it was increasingly raised (p<{0.001),
this trend continuing until 32 weeks (p< 0.001), following which
there was a slight decline in deformability, with the level at term

still significantly above the 'non-pregnant' lsvel.
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4ii) COMPARISON OfF PRIMIGRAVIDAE AND MULTIGRAVIDAE

The results in these two groups have been separated and are shown in
Tables 4 and 5 respectively. There were no striking, and few stat—
istically significant differences betwsen the two groups. Some points,
howsver, are worthy of mention. In the first half of pregnancy the
plasma fibrinogen was lower in multiparous patients, but in the second
half it was higher in multipara, suggesting a greater increase in
fibrinogen production in multigravides as pregnancy advances. The

total serum protein was generally lower in multigravid subjects and

this was reflected in a somewhat lower plasma viscosity in parous
patients. from 36 weeks onwards, parous patients had a highser whole
blood viscosity and past term this increase in whole blood viscosity

was even more marked in multigravidae, reaching statistical significance
at 41 weeks (p <<0.05). Neither haematocrit nor Erythrocyte Deformability

Index were different in the two groups.

iv) DISCUSSION

The 'physiclogical anaemia' of pregnancy has besen reported in
many studies (123-126) and appears in this study as a steady decline
in haematocrit (Table 6). This study also confirms the Pinding in

some studies (123-126) that the haematocrit rises towards term,

There is general agreement in the literature (Table 7) (127-130), that
plasma fibrinmogen levels increase during pregnancy and the present
study confirms this. The increased fibrinogen production in parous
patients seen in this study has not been previously recorded and its

significance is not clear.

Despite a variety of different methodologies, the published papers on
total serum protein are in broad accord with the present study (Tabls 8)

(131-133), The finding that multigravid subjects had a somewhat lower
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serum protein level throughout pregnancy is in kesping with the
observation that multigravid patients expand their blood volums
significantly more during pregnancy than do primigravid patients
(134) .

The two studies on plasma viscosity in pregnancy (Table 9) (135,
136) present contradictory data., Hamilton (1950) (135), using an
Ostwald viscometer, found plasma viscosity consistently reduced
during pregnancy, in contrast to Eastham (1964) (136), whose
measurements with a Harkness viscometer suggested an increase. The
present study is in agreement with the latter study. The plasma
viscosity represents a belance between the rising fibrinogen and

the falling total serum protein,

The literature is confused as regards the effect of pregnancy on (105)
erythrocyte deformability, for there are reports of both a decrease

and no change (137) and in the present study an increase in deformability
in pregnancy was found. All these investigators used microfiltration
techniques for deformability measursment, but both the other studies

usad washed erythrocytes in artificial media, thus removing the
physiological action of fibrinogen (91), which markedly increasss
erythrocytes deformability, and this may account for the increased
deformability found in the present study when erythrocytes were

measured in their native, fibrinogen rich plasma,

The literature with regard to whole blood viscosity requires careful
attention to the methods of measurement and the calculations by which
viscosity is derived. By and large the British and American workers
have reported straightforward whole blood viscosity measurements

ag in the pfesant study, whersas the German investigators (139,140)
report either 'relative viscosity', i.e. the ratio of whole blood to

plasma viscosity, or whole blood viscosity corrected to a standard
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hasmatocrit, In the present study the plasma viscosity, as well as

the whole blood viscosity is known and ‘relative viscosity' calculation
is of no additional help. The correction of whole blood viscosity

for haematocrit is not only unnecessary but may be clinically
unhelpful, as in many of the hyperviscosity states reviswed in

Chapter 1, section iv, it is thse elevated hasmatocrit that is of

greatest clinical importance.

Pillisier (1912) (141), using a Hess caepillary viscometer, showed

that whole blood viscosity was lowered by the later months of pregnancy
and Esiaschwili (1933)(142), by an undisclosed technigue, found a fall
in whole biood viscosity during pregnancy. The two most comprehsnsive
studies throughout pregnancy arse those of Cohen and Thamson (1936)
(138), who derived whole blood viscosity by a calculation based on the
haematocrit (58) and Hamilton (1950) (135) who used an Ostwald viscometer.
Their results are contrasted with the present study in Table 10, and

all three studies show a gradual fall in whole blood viscosity to a
nadir between 30 and 34 weeks, followed by a rise towards term.
Leonhardt st al (1975) (143), using a Wells—Brookfield viscometer, and
correcting the whole blood viscosity to a standard haematocrit, reported
a significantly raised 'corrected whole blood viscosity! in pregnancy,
but in fact this merely reflects the raised fibrinogen of pregnancy and
its effect on plasma viscosity and erythrocyte aggregation. Schmid-
Schonbein and his colleagues (140) reported the results of 11 pregnant
womsn whom they investigated for various haemorheoloqical parameters,
using a modified Wells—Brookfield viscometer. They found a rise in

‘relative viscosity' of blood and increased erythrocyte aggregation.

As stated in Chapter 1, section iii, whole blood viscosity is a complex

parameter which is influenced by many other haemorheclogical factors,
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Pregnancy presents us with a haemorheological workshop where the
cellular and plasma constitusnts of blood are physiologiceally

varied, so their intsraction may bs observed. The whole blood
viscosity profile in pregnancy follows that of haesmatocrit most
closely, but in the first half of pregnancy the whole blood

viscosity is maintained by the rapid rise in plasma fibrinogen. As

the plasma fibrincgen levels off and the total serum protein falls
along with the haematocrit the whole blood viscosity falls after the
24th week. The increase in erythrocyte deformability seen from

sarly pregnancy will also assist in the lowering of whole blood viscosity.
In the last four weeks of pregnancy the whole blood viscosity rises
towards term. This rise is compounded of an increasing hasmatocrit

and a decreasing erythrocyte deformability offset by a fall in the
plasma viscosity due to the slight reduction in plasma fibrinogen in
the last four wesks of pregnancy and the continuing fall in total serum

protein (Table 3).

The haemorheological changes described in this chapter are of obvious
advantage in the hyperdynamic circulation of pregnancy described in
the introduction and help to explain the alterations in peripheral
resistance found in pregnancy. Bader et al (1955) (119) and Pyorola
(1966) (114) both showed a reduction in total peripheral resistance in
early pregnancy that remained static until the last trimester, when it
rose to non-pregnant levels. This mirrors the described changes in
whole blood viscosity and reciprocates the changes in erythrocyte
deformability. The part played by haemorheological factors in the
peripheral resistance may be considerable during pregnancy, with the
degree of arterio-venous dilatation (120-122) and arteriolar insens-
itivity to pressor stimuli (4) that are present (Chapter 1, section ii).

Exaggeration of the haemorheological changss of pregnancy could obviously
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affect blood flow in the sensitive placental circulation and the
hasmorheological profiles of pathological pregnancy are reviewed

in Chapters 6, 7 and 8.

Attempts were mads to study the changaes in haemorhsological factors
during labour and the pusrperium, but because of the high incidence
of intravenous fluid therapy during labour, no standard measursments
could be gathered in sufficient numbers for analysis. Similarly in
the puerperium, with most patients being discharged from hospital

48 hours after delivery, and those whose stay in hospital was longer
had often had operative delivery or post partum complication that
renderad them unsuitable for physiological measursments to be made,
insufficient normal puerpsral cases have been available for useful

description and analysis.

All patients in the study were seen and had measurements made at the
post natal clinic six weeks after delivery. The raesults of thsse
measurements (Table 3), when compared with those measursments made
in non=-pregnant women who were not on the oral contraceptive pill
(Table 2), showed no difference in any of the haemorheological
parameters, suggesting that the return to the normal non-pregnant

state was virtually completa.

None of the patients in the study suffered any thrombo-smbolic
complication of pregnancy, either ante~ or post natally. It is well
established that pregnancy is associated with an increased risk of
venous thrombosis (144). Comparing the levels of haemorheological
change induced by oral contraceptives and pregnancy reveals tuwo

very different picturses, both of which may give an increased risk
of thrombosis. In oral contraceptive users (Chapter 3, Table 2)

all the haemorheological parameters are altered very slightly in
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a direction likely to predispose to thrombosis, In pregnancy, the
plasma fibrinogen is markedly increased and the plasma viscosity
moderately increased, whereas the erythrocyte deformability is
significantly increased, the haematocrit reduced and the whole bload
viscosity also reduced. The only common factor between oral
contraception and pregnancy is the loss of the rapid and pronounced
swings in all haemorheological parameters that take place in the normal

spontaneous menstrual cycls (Figures 19,20 and 21).
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CHAPTER 5

HAEMORHEOLOGICAL PROFILE OF THE NORMAL FETUS

Sections

i) INTRODUCTION

ii) COMPARISON OF THE HAEMORHEOLOGICAL PROFILES OF
FULL TERM FETUSES, ADULT FEMALES AND PREGNANT WOMEN

iii) CHANGES IN FETAL HAEMORHEOLOGY WITH GESTATIONAL AGE

iv) DISCUSSION
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HAEMORHEQLOGICAL PROFILE OF THE NORMAL FETUS

i) INTRODUCTION

The delivery of oxygen and nutrients to and the removal of waste
products and hormones from the feto-placental unit may be affected
by alterations in the blood flow rate on either the maternal or
fetal side of the placenta. Maternal haemorheology in normal and
pathological pregnancy, which may alter intervillous blood flow

in the placenta, is discussed in Chapters 4, 6, 7 and 8,

A great deal of attention has been paid to the haemerheological

status 6? the nswborn infant during the first few days of life.
Hyperviscosity states have been described causing neonatal plethora,
lethargy, jitteriness, convulsions, respiratory distrsss, cardiomegaly,
cardiac failure and cyanosis (145-149). The haematocrit, and hence

the whole blood viscosity, in the early neonatal period, is influenced

by the timing of cord clamping and by plasma volume changes in the

first hours of life (150), and for this reason haemorheological

studies in the neonatal period cannot be related to those in the

fetus in utero. However, if hyperviscosity states cause such ssvers
disturbances in the neonatal period, it seems reasonable to suggest

that hyperviscosity of fetal blood may affect intrauterine growth

and development, The fetal side of the placental circulation is
particularly vulnerable to haemorheologicel alterations, with the
sxtensive microcirculation of the villi being susceptible to changes

in erythrocyte deformability, plasma and whole blood viscosity.

However, little investigation has been conducted into fetal haemorheology
in either normal or pathological pregnancy. The literature contains only
a few superficial, and at times, contradictory, accounts of normal fetal

haemorheology.
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This chapter deals with the hasmorheology of healthy full term
fetuses and with the alterations that occur in haemorheological

parameters with variation in gsstational age.

ii) COMPARISGN OF THE HAEMORHEOLOGICAL PROFILES OF FULL TERM

FETUSES, ADULT FEMALES AND PREGNANT WOMEN

Having already described the normal hasmorheolegical profile in
adult women and in normal pregnancy, the fetal profile will be
presented in contrast with them and the diffsrences between them

investigated and discussed.

Patients and Methods

Firstly, 20 ml of blood was collected, without venous occlusion,

from an antecubital vein in 20 healthy pregnant women at betwsen

30 and 40 weeks' gestation, from 20 hsalthy adult female volunteers,
aged betwesn 22 and 34 ysars, and from the umbilical cord vein of

20 healthy full term fetuses at birth. Festal cord blood was collected
as soon as the baby was deliversd and before the placenta had separated.

Haemorheological parameters wsere measured, as described in Chapter 2.

Secondly, in a further group of samples from similar patients, the
plasma was separated and the erythrocytes washed thres times with
normal saline at 37DC. The erythrocytes were then suspended in plasma
to give a haematocrit of 0.15 to 0.20. Preparations were made of
erythrocytes from each group with the plasma of each group, the
suspensions were incubated for one hour and then the Erythrocyte
Deformability Index was measured. Samples from sach group were assayed

for plasma fibrinogen, albumin, total protein and osmolallty,

Thirdly, fetal blood and blood from non-pregnant adult womsn was
measured for f£rythrocyte Deformability Index at a variety of blood pH

levels as described in Chapter 2,
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RESULTS

The contrasting haemorheclogical profiles of the three groups are
shown in Table 11. For statistical comparison, the fetal and
pregnancy values of sach parameter were compared with those of

healthy non-pregnant adult females,

The deformability of fetal erythrocytes was less than that of
erythrocytes from adult females (p<0.001) and they, in turn, werse

less deformable than thoss from pregnant women (p< C.001).

The haematocrit of the three groups werse also significantly different
from each other (p<0,001), with fetal blood having ths highest and

pregnant women ths lowest values,

The plasma fibrinogen also showed significant differences (p<{0.001)
with pregnant women having the highest and fetal blood thse lowsst

levels,

Fetal plasma had a lower viscosity than adult female's (p<0.05) and

pregnant women's plasma had a higher viscosity (p<0.001),.

Whole blood viscosity was significantly different in all three groups,
with fetal blood the highest (p<0.001) and pregnant women's the lowest

(p<G.001).

Analysing the relationship bstween Erythrocyte Deformability Index and
plasma fibrinogen in the three groups (Figure 25) gave a carrelation
coefficient of +0.,733 with a slope of +0.167 and an intercept of

0.552.

The second set of experiments further investigated the relationship
between the Erythrocyte Deformability Index and plasma constituents
in the three groups. Table 12 shows the Erythrocyte Deformability

Index in sach of the nine erythrocyte-plasma combinations. When
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Figure 25 The Relationship Between Plasma Fibrinogen Concentration
and Erythrocyte Deformability Index (EDI) in Samples From

Pregnant Women, Adult Females and Full Term Fstuses
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measured in their native plasma fetal cells were less deformable
than adult cells measured in their native plasma (p <0.05), which
ware, in turn, less deformable than erythrocytes from pregnant women
measured in their native plasma (p<0.001). When the erythrocytes
were incubated with plasma from the other groups, these differences
were abolished and irrespective of the source of the erythrocytes,
the Erythrocyte Deformability Index was lowest when measurement was
made in fetal plasma (p<0.05) and highest when made in plasma from

pregnant women (p< 0.001).

The analysis of plasma constituents in the three groups is shown in
Tabls 13. Plasma albumin concentration was similar in the fetus

and pregnant women, but significantly higher in adult women (p<0.001).,
Adult women also had a higher total protein level than the other two
groups (p<'O.DD1). Pregnant women had a higher plasma fibrinogen

than adult females {p<0.001) and fetuses a significantly lower lavel
than adult females (p< 0.05). The plasma osmolality of fetuses and
pregnant women were similar and were significantly lower than that of

adult females (p<0,001).

Analysing the relationship between the Erythrocyte Deformability Index
and the several plasma constituents revsaled a positive correlation
coefficient of +0,754 and a slope of +0.,168. No other significant

correlation with any other of the plasma constituents was found.

The third set of expsriments investigated the alteration in the
Erythrocyte ODeformability Index in response to alterations in pH in

fetal and adult female's blood. These alterations are shown in

Figure 26, Decrease in pH caused a significant reduction in deformability
of both fgtal and adult erythrocytss, but below pH 6.9 the reduction in

deformability was greatsr in fetal than in adult erythrocytes, suggesting
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Figure 26 The Relationship Between pH Level and Erythrocyte
Deformability- Index (EDI) in Fetal and Adult Blood
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an increased sensitivity to anoxic acidosis in fetal cells.

iii) CHANGES IN FETAL HAEMORHEOLOGY WITH GESTATIONAL AGE

Apart from a number of studies describing the alterations in cord
bloed haemoglobin and haematocrit with increasing gestation (151,
152}, no work has been done on haemorheology in the preterm infant,
This study seeks to investigate the way in which the haemorheological

profile is altered by variation in gestational ags.

Patients and Methods

Cord vein blood was collected from 190 infants at the moment of birth.
These infants were born at a‘uariety of gestations, but casss were
excludéd where a clearly identifiable pathological cause was found
for the preterm labour. The parameters were msasured as described

in Chapter 2.

Results

The changing pattern of the four parameters measured with advancing
fetal age is shown in Table 14, The statistical analysis in the
table is a comparisaon of the measurement marked with the measurement

in the preceding gestational period.

The haematocrit showed a progressive rise from 34 weeks past term to
42+ weeks with significant increases in haematocrit between each of

the gestational periods measured.

Plasma viscosity also showed a gradual increase from 34 to 42 uweeks.
The rise from 34 to 40 weeks was significant (p £0.05), as was the

rise from 40 to 42+ wesks (p< 0.05).

Whole blood viscosity followed the trend of haematocrit and plasma
viscosity, with a significant rise between 34 and 36 wesks (p«.0.05)

and another significant increase betwsen 40 and 42+ weeks (p<.0,05).
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The Erythrocyte Deformability Index rose slightly, but not statist-
ically significantly, between 34 and 38 wesks and then levelled off

only to fall significantly between 40 and 42+ weeks (P<0.01),

iv) DISCUSSION

The fetus in utero has, until very recently, been inaccessible for
direct observation and measurement. Eoweuar, blood taken from the
umbilical vessels at birth gives the investigator a sample of

fetal blood which is representative of the fetus at the end of labour.
What changes come about during labour is not known, and just as
maternal haemorheology is altered by the intravenous and octher
therapies of labour (Chapter 4, section iv), so the fetal haemorheology
may be altered. Howsver, all the fetal samples collected in these
studies followed very similar types of labour, with no medication

that was known to have specific or profound affects on the paramsters
measured, Once more reliable and safe methods of fetal blood sampling
in uterc and micro-—haemorheological measurement techniquss have been

developed, these objections will be overcome.

Compared with his pregnant mother, the fetus is poorly situated to

cope with an increase in any of his hasmorhesological parametsrs. With

an elevated haematocrit and reducsd erythrocyte deformability combining
to give an slevated whole blood viscosity, the fetus's only advantage
lies in the low plasma viscosity which is d;e to reduced levels of total
protein and fibrinogen. Previous studies (153,154) have shouwn low levels
of fibrinogen in cord blood. Immunoglobulin lsvels, particularly 1gM,
are exceedingly low unless the fetus has been exposed to an intrauterine
infection (155)., The study of Foley, Isherwood and McNicol (1978)

{153) reported values of cord plasma viscosity, proteins and fibrinogen

very similar to the present study. The main area of difference between

these two studiess was in the values of whole blood viscosity. Foley,
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Isherwood and McNicol (1978) (153) found no difference in whole blood
viscosity between bloods from pregnant women and their newborn infants,
despite the marked difference in haematocrit. They accounted for this
lack of differsnce by the fact that the plasma viscosity in the fetus
was low, Certainly the whole blood viscosity in the fetus was mod-
arated by the low plasma viscosity in the present study, but the
difference between the two studies exists and confirmatory investigation
is required. It may be that the Deer Rheomster with its variable shear
rate charactsristics (Chapter 2, section iii) is more sensitive to

the aggregation of erythrocytes than the fixed shear rate Contravess
instrument used by Foley, Isherwood and McNicol (1978) (153). Fetal
erythrocyte deformability has been the objsct of study by two groups

of workers (82,156), both used microfiltration methods for deformability
measurement, Gross and Hathaway (1972) (82) reported that fetal
erythrocytes were less deformable than adult cells and also that fetal
cells wers more sensitive to anoxic acidosis. These findings were
confirmed in both aspscts by the prssent study. Bergquist, Bygdeman

and Rylander (1977) (156), however, found no difference in the
deformability aof fetal erythrocytes. The main difference in methodology
between the present study and that of Bergquist, Bygdeman and Rylandsr
(1977) (156) is that they measured washed erythrocytes suspended in
artificial medium and therefore eliminated any affect of the native
plasma fibrinogen, that has been shown to have such a sensitive affect

on erythrocyte deformability (Chapter 5, sections ii and iii) (76,91).

Even apart from the affect of the low fibrinogen level in fetal plasma,
there are other features of fetal erythrocytes that would tend to make
them less deformable., Availability of adsnosine triphosphate (ATP) is
a key factor in the maintenance of cell shape and deformability (157-
159), 1In fetal erythrocytes, stability of ATP is decreased (160),

ouabain-sensitive ATPase is low for cell age (161) and phosphate
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incorporation is diminished (162). Membrane lipids and their
interaction with plasma proteins are important for membrane
function (163) and it is known that fetal erythrocytes have a
diminished ability to handle oxidant stress and exhibit other
membrane lipid alterations (164,165). Structural differences in
the fetal erythrocyte, such as increased Heinz body formation re-
lated to low glutathione stability (160,162), pitting of the
erythrocyte surface (166), and increased pyknocyte formation (160,
167) would correlate with a decreased deformability. Erythrocyte
deformability is a major dsterminant of erythrocyte lifespan

in vivo (65-67) and it is clearly established that fetal erythrocytes
have a lifespan of around 80 days, compared with 120 days in the

adult (168),

Plasma factors, as well as cellular factors, have besn suggested as
being responsible for fetal erythrocyte differences (160,167,169).
Oski and Naiman (1965) (160), showed that incubating adult cells in
premature infant's plasma rasulted in pyknosis. Both increased
bilirubin and decreased tocopherol affect erythrocyte shape and

possibly deformability (169,170).

Turning to the changes in haemorheological parametsrs with gestational
age, The rising haematocrit found in this study agress with the
published works (151,152), as does the lavel of plasma fibrinogen

and protein (153,154). Walker and Turnbull (1953) (151) suggest

that during intrauterine life, there are two separate mechanisms

at work in the development af the blood picture seen in the fetus at
birth, Firstly, there is an increase in haemoglobin and erythrocytes
as part of the normal growth and maturation of the fetus. Sscondly,
an increased production of haemoglobin and erythrocytes may be forced

at any stage of the pregnancy by a fall in the oxygen supply to the
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fetus, and the affect of this abnormal stimulation may be super-
imposed on the normal growth pattern. They went on to present
evidence to show that fetal haemoglobin rises above adult levels
in response to diminished oxygen diffusion across the placenta
after about 36 weeks' gestation. Although Marks et al (1955) (171)
and Rooth and Sjosted (1957) (172) did not find elevated red csll
counts in postmature infants, and therefore doubted the ocecurrence
of 'placental insufficiency', careful studies by Bratteby ( 1968)
(152) confirmsed the relationship betwesn gestational age and cord
hasmoglobin and haematocrit values. This investigator studied
infants with gestatiornal ages betwsen 32 and 43 weeks, and clearly
demonstrated a positive association between increasing gestational

age and higher red cell volumes.,

A similar situation may well pertain with the whole range of haemo-
rheclogical parameters., Hepatic and immunological maturation result
in gradually rising concentrations of plasma fibrinogen, albumin and
globulins; maturation of the haemopoietic system results in a rising
hasmatocrit and consequent upon these changes, the plasma and whole
blood viscosity rise. Gtress situations, such as those dealt with in
the following three chapters, may cause an acceleration in production
of these parameters and then a vicious circle is set up, with hyper—
viscosity leading to impaired placental perfusion and further hypoxia
adding renewed stimulus to erythropoiesis, It is known that post-
maturity of the fetus is associated with an increased risk of fetal
distress in labour and with an increased perinatal mortality and
morbidity (173,174). In Table 14, it is evident that there is a
significant and rapid increase in haematocrit (p< 0.001), plasma
viscosity (p< 0.05) and whole bload viscosity (px(0.01) betwsen 40
and 42+ uweeks, and an associated decrease in Erythrocyte Oeformability

Indax (p<(0.01). The cumulative affect of these changes must be a
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significant reduction in villous perfusion on the fetal side of the
placenta, as well as an increased strain of the fetal heart because

of the increase in peripheral resistance. Once again, the situation
is open for a vicious circle of hypoxia increasing viscosity factors,
thus resulting in impaired perfusion and leading to furthsr hypoxia.
This situation could well meke a significant contribution to the
agtiology of fetal distress in labour in postmature fetusss whers

any intrapartum anoxia will further exacerbate the already compromised

hasmorheological state of the placental blood flow,



CHAPTER 6

THE EFFECTS OF CIGARETTE SMOKING ON MATERNAL

AND FETAL HAEMORHEDLOGY

Sections

i) INTRODUCTION

ii) THE EFFECTS OF CIGARETTE SMOKING ON MATERNAL
AND FETAL HAEMORHEOLOGY

iii) DISCUSSION
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THE EFFECTS Of CIGARETTE SMOKING ON MATERNAL

AND FETAL HAEMORHEOLOGY

"A custome lothsoms to the eye, hateful to the nose,
harmful to ths braine, dangerous to the lungs, and
the blacke stinking fume thereof, neerest resembling

the horrible Stigian smoke of the pit that is bottomlaess,”

James I of Great Britain (1566 -~ 1625)

in a Counter-Blaste to Tobacco, Chapter 4,

i) INTRODUCTION

King James I may be excused for omitting from his highly accurate
list of the evils of tobacco smoking the conseqguences for the
fetus of maternal smoking during pregnancy. It was not until 1935
that Sontag and Wallace (1935) (175) showed that cigarette smoking
caused acceleration of the fetal heart, Campbell in 1935 (176)
and 1936 (177) warned that smoking was prejudicial to efficient
childbearing, but little interest was shown in his observations,
In 1957 a report (178) was published showing that the incidence of
neonates weighing less than 2,500 g was twice as high in smokers
as in non-gsmokers, Sinmce then a large volume of evidence has
accumulated implicating cigarette smoking with low birth weight
(179-181), preterm delivery (182-184), increased fetal wastage
(179,180) and long term impairment of mental and physical growth
(185,186). Smokers also show an increased incidence of abruptio
placentae (187,188), placenta praevia and other causes of ante-
partum haemorrhage (180,188) and premature rupture of the membranes
(184), The only apparent advantage from cigarette smoking in
pregnancy is a lower incidence of hypertensive disorders of

pregnancy (180,182,184,189), although the perinatal risk in



smokers who do develop hypertensive disorders is much increased

when compared with non-smokers with the same problem (190).

The chemistry and pharmaceclogy of tobacco is complex and not
fully understood., The mechanisms whereby cigarette smoking
affects fetal growth is not clear. Nicotine crosses the placenta
and in animal experiments injection of nicotine intoc the pregnant
mother results in reduction of fetal birthweight (191,192),
Suzuki et _al (1971) (193) concluded that nicotine caused vaso-
constriction of uterine vessels with consequent reduction in
intervillous blood flow and hence fetal asphyxia., Carbon monoxids
appears'in much higher levels in the blood of smokers and crosses
the placental barrier (194). Astrup st al (1972) (195) exposed
pregnant rabbits to different levels of ambisni carbon monoxide
and found a pronounced effect on average litter weight, fetal

developmant and neonatal death rates,

The effect of cigarette smoking on haemorhsological parameters
has been studied in non-pregnant subjects. Chmiel et_al (1973)
(196) observed an increase in bleod viscosity in smokers, this
increase being much more marked immediately after smoking.
Dintenfass (1975) carried out a comparison of male smokers and
matched controls, He reported that smokers had an increase in
haematocrit, plasma fibrinogen, plasma and whole blood viscosity
and erythrocyte aggregation. All these findings have been

confirmed in a recent study by Leonhardt et al (1978) (102).

ii) EFFECTS OF CIGARETTE SMOKING ON MATERNAL AND FETAL
HAEMORHEOLOGY

The following study sought to investigate the haemorheological
profile throughout pregnancy 1n women who smoked regularly and

to investigate the weight and haemorheclogy of the newborn infants



of smoking mothers.

Patients and Methods

Firstly, twenty women of mixed parity who smoked 20 or more
cigarettes a day were identified at the antenatal clinic.
Initially, a larger number of hsavy smokers were guestioned

and advised about the dangers of smoking to the health of

their unborn child, The 20 selected declined to make any attempt
to reduce their smoking but agreed to enter the study so that a
close watch could be kept on their fetal growth., Blood was taken
at regular intervals throughout pregnancy and haemorheological
measurements made, A control group of age, social class and parity

matched controls was selected.

Sscondly, blood was collscted from the umbilical cord vein, at
birth, from 40 infants born to mothers who smoked more than 20
cigaraettes per day and from 40 infants born to mothers who did not
smoke. Haemorheological measurements were made on all samples as

described in Chapter 2.

Results

The haemorbheological parameters throughout pregnancy in the groups
of smokers and non-smokers are shown in Tables 15 and 16 respectively.,
The changes in the six haemorheological parameters measured in the
non—-smokers were not in any way different from the serial study of
patients shown in Table 3 (Chapter 4, section ii). Comparing the
results in Tables 15 and 16, using a Student's t-test, it was
found that in smokers the pattern of change throughout pregnancy
in haematocrit, plasma fibrinogen, total serum protein, plasma

and whole blood viscosity was not significantly different from
non-smokers., The Erythrocyte Deformability Index, howsver, was

decreased in cigarette smokers at all stages of pregnancy (p<0.05),
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this difference being most marked from 30 weeks onwards (p<{0.01).
Uhen the six weeks post partum measursments were compared betwesn
the two groups, the smokers had a significantly higher haematocrit
(p <0.001), and elevated plasma fibrinogen (p</0.05), a highsr
total serum protein concentration (p< 0.05), a higher whole blood
viscosity (p<{0.00%) and a reduced Erythrocyte Deformability

Index (p<0,05)., The plasma viscosity was not different in the

two groups.

The haemorheological measurements in the infants born toc smoking

and non-smoking mothers, with their gestational ags and birth
weights are sat out in Table 17. The statistical comparison was
made using Student's t-test. There was no statistical difference
between the gestational ages in the two groups, but the birth

weight was significantly less in the smoking group (p<0.01),

The haematocrit was elevated significantly in the smokers (p<0,001),
as was ths whole blood viscosity (p<0.02). The plasma viscosity
was the same in both groups but the Erythrocyte Deformability Index

was significantly lower in the smoking group (p< 0.02).

iii) DISCUSSION

1t is probable that cigarette smoking affects fetal growth by
several routes, Nicotine is said to cause a reduction in
intervillous blood flow (193), carbon monoxide certainly decreases
oxygen availability for the fetus (194) and there is clear evidence,
at least in the fetus, of a haemorheclogical effect that would
further reduce placental perfusion and lead to increased fetal
hypoxia. The only clear difference in the maternal hasmcrheology

of pregnancy, betwsen smokers and non-smokers, was the reduced
Erythrocyte Deformability Index throughout pregnancy in smokers.

This is probably due to carboxyhaemoglobin altering the internal
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viscosity of the erythrocyte as well as affecting the oxygen
availability for the cell's metabolism, and so reducing
deformability, Clear differencses did exist in all parameters,
except plasma viscosity when measurement was made at the postnatal
visit. These findings are in keeping with the published effects

of smoking in non-pregnant subjscts (196,197).

The altesration in haemorhecology produced by smoking was much more
pronounced in the fetus. The whole blood viscosity was elevated
becausse of the raised haematocrit and reduced srythrocyte deform-
ability. Chronic fetal hypoxia has been suggested as a stimulus
for erythrocyte production (151,198) and as with postmature infants
(Chapter 5, section iii), it is easy to see how a vicious circle
could be set up with carbon monoxide causing fetal hypoxia leading
to stimulation of erythropoiesis and therefore raised haematocrit,
causing increased viscosity of blood and hence reduced placental
perfusion leading to further fetal hypoxia. In support of this
hypothesis, elevated erythropoietin levels (199) and elevated
haematocrit have been reported in cord blood from babies whose
mothers smoked during pregnancy and in the present study increased
whole blood viscosity and decrsased erythrocyte deformability

complete the circle.

In conclusion, yet another way in which smoking may affect fetal
oxygenation and nutrition has been demonstrated. Haemorheological
factors operate in both the maternal and fetal sides of the
placental circulation and combined with the primary texic effects
of nicotine and carbon monoxide help explain the poor reproductive

performance of cigarette smokers,
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Table 17 Haemorheological Profile of Infants Born to

Cigarette Smoking and Non-smoking Mothers

Statistical
Nen-smokers Smokers .
Comparison
Number of Subjects 40 40
Gestational age 19,4 + 0.6  38.7 + 0.8 ns
(woeks) - -
Mean + SO

Birth Weight (g)

Mean + 50

3215 + 210 2897 + 252 p<0.01

Haematocrit

Mean + SD

0.496 + 0.031 0.558 + 0.041 p<<0.001

Plasma Viscosity
{(centipoise) 1.47 + 0,34 1.49 % 0.35 ns

Mean + SD

Whole Blood
Viscosity

(centipoise) 16.3 * 2.2 18.7 * 2.8 p<<0.02

Mean + SD

Erythrocyts
Daformability 0.79 + 0,10 065 + 011 p<{0.02
Index

Mean + SD

Statistical Comparison using Student's t-—test
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CHAPTER 7

HAEMORHEOLOGICAL CHANGES IN PREGNANCY COMPLICATED

BY PRE-ECLAMPSIA

Sections

i) INTRODUCTION

ii) MATERNAL AND FETAL HAEMORHEOLOGY IN PRE~ECLAMPSIA

iii) ODISCUSSION
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HAEMORHEOLOGICAL CHANGES IN PREGNANCY

COMPLICATED BY PRE~ECLAMPSIA

i) INTRODUCTION

The clinical association between pre-eclampsia and increased
perinatal morbidity and mortality is well documented (200,201),
but the exact astiology of pre-eclampsia is complex, with

several different pathological processes interacting and

combining to produce the widespread changes seen in the mother,
placenta and fetus, Abnormalities of the immunological relation-
ship between the maternal host and the feto-placental graft have
been described (202), as have breakdown of the normal haemostatic
mechanisms (203), abnormalities of the renin-~angiotensin system
(204) and morphological changes in the utero-placental vasculaturs
(205,206). Although the order and importance of thess abnormalities
in the pathogenesis of pre-sclampsia is not clear, the end result,
from the fetal point of viesw, is seen in the blood supply to the

microvasculature of the placenta.

The association batween pre—eclampsia and reduced intervillous

blood flow is well established by clinical studies (207-209). McClure
Browne and Veal (1953) (207), demonstrated a 33 per cent reduction in
intervillous blood flow in patients with toxaemia. Morris et al
(1955) (208) and others (209) indicated that the severity of pre-
aclampsia was proportional to the degree of reduction in blood flow.
It is not clear from these studies if the pre-eclampsia or the

reduced placental blood flow comes first,

Animal experiments have shown that artificial uterine ischaemia,
induced by partial occlusion of the uterins artery in pregnant
animals, produces a situation with maternal and fetal effects almost

identical to pre-eclampsia (210,211). Utero-placental ischaemia, as

123



a basic aetiological factor in the development of pre-eclampsia,

has been postulated for many years (212-214).

ii) MATERNAL AND FETAL HAEMORHEOLOGY IN PRE~ECLAMPSIA

Whether the reduction in utero-placental blood flow is primary
or secondary, this study was directed to investigats the
possible involvement of haemorheclogical factors affecting both

fetal and maternal sides of the placental circulation.

Patients and Methods

Firstly, patients diagnosed as having pre-eclampsia wers identified
in the antenatal clinics. The diagnosis was made on the basis of

a rise in diastolic blood pressure of greater than 15 mm of mercury
above the level rscorded in the first trimester of pregnancy and

the presence of proteinuria or cedema, in patients with no known
history of renal or hypertensive disease, Blood was taken for
analysis before any specific trestment was started., Control subjects
were matched for parity, approximate weight, smoking habits and

gestation.

Secondly, cord blood was collected from 30 newborn infants delivered
to mothers who had pre-eclampsia and from 30 gestation matched controls,

All measurements were carried out as described in Chapter 2.

Results

The haemorheological measurements of 120 patients who had pre-
aclampsia and 150 normotensive controls in cross~sectional study
are shown in Table 1B. Although the patients were all classified
as having pre-eclampsia, the definition used gave a lower limit
only and there was a greater incidence of more ssvere hypsrtension
and proteinuria in the patients at the earlier gestations. Twelve
of the patients at 32 wesks and 12 of those at 34 weeks had pro-
teinuria, whereas only 7 of those at 3B wesks and 2 of those at
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40 wesks had proteinuria,

At 32 weeks, patients with pre-eclampsia had elevated haematocrit
(p+"0.01), plasma fibrinogen (p~0.05), plasma and whole blood
viscosity (p<0.0%} and reduced Erythrocyte Deformability Index

(p<0.05).

At 34 weeks there was still elaevated haematocrit (p <0.05), plasma
fibrinogen (p <0.05), plasma and whole bloocd viscosity (p<0.01)

and reduced Erythrocyte Deformability Index (p<0.05).

At 36 weeks the only paramsters to be significantly affected were
plasma viscosity (p<0.05) and whole blood viscosity (p<(0.01),

both of which wsers elevated.

At 38 and 40 weeks only the whole blood viscosity was still raised

(p<{0.05) in the pre-eclamptic subjects.

The fetal blood measurements are set out in Table 19, The infants
born to pre-eclamptic mothers had a reduced mean birth weight

(p< 0.05), slevated haematocrit (p<{0.01) and raised whole blood
viscosity (p<{0.01). Neither plasma viscosity nor Erythraocyte

Deformability Index was significantly different.

iii) DISCUSSION

Fahraeus (1962) (215S) described eclampsia as 'a disease of the
checked microcirculation', Certainly thse results of this study

would indicate that, in pre—-eclampsia, haemorhsological factors

are altered in such a way as to increase peripheral resistancs,
elevate blood pressure and reducse blood flow in the microcirculation,
Independent of any vascular constriction, the increased whole blood
and plasma viscosity and reduced srythrocyte deformability seen in
maternal blood in pre-eclampsia would reduce intervillous blood

flow, A 10 per cent increase in whole blood viscosity causes a
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20 per cent reduction in peripheral blood flow (32).

The elevation in maternal haematocrit in pre—-sclampsia has been
previously reported (151), as has the elevation in fibrinogen
(203,215) and plasma viscosity (216). Heilmann, Mattheck and
Kurz (1977) (139) investigated thse haemorheology of 27 women
with pre~eclampsia and found an increasse in relative blood

viscosity and a reduction in erythrocyte deformability.

The cause of the observed phenomena is not clear. Certainly an
increase in hzematocrit may be due to the reduction in plasma
volume seen in patients with pre~eclampsia (217). Increased
plasma viscosity is related to raised fibrinogen levels and alsao
to an increase in immunoglobulins which occurs in pre-—-sclampsia
(216). Loss of water from the intravascular compartment due to
abnormal capillary permeability (217) may explain the alterations
in all haemorheclogical parameters in pre-eclampsia without
implicating increased production of any factor., The protein
concentration does not rise bescause the albumin travels with the

water leaving only the higher molecular weight globulins,

The relationship between hyperviscosity end disseminated intra-
vascular coagulation is one for speculation at present. Slowing

of the microcirculation due to hyperviscosity leading to further
hypoxia and hyperviscosity will predispose to the formation of
thrombi in the microvasculaturs, This process will operate not

only in the placenta but in maternal organs such as the liver,
kidneys and brain which are all affected by microvascular coagulation

in eclampsia (218).

Whereas the maternal blood samples wsre taken before therapy was
started, the fetel blood was collected after the mother had been
treated for a variable period of time. The fetus had also been
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exposaed to the hypotensive and anticonvulsant therapy given to
the mother and to the rigours of labour itself. In these
respescts the fetal samples from pre-eclamptic mothers differsed

from the controls.

The only consistent effect of pre—-eclampsia on fetal haemor-
heology was an increase in the whole blood viscosity due to
glevated haematocrit. Walker and Turnbull (1953) (151) proposed
that fetal hypoxia, due to placental insufficisncy from whatevser
cause, caused a sscondary polycythaesmia, and this may be the main
haemorheological consequence of maternal pre-eclampsia., If,
homeuer; fetal hypoxia became more pronounced, due to sither a
worsening maternal pre-sclampsia or the onset of labour, then a
deteriorating haemorheoclogical situation could develop, with
decreased erythrocyte deformability (Chapter 5, section ii),
hypercoagulability (219,220) and elevated whole blood viscosity.
The situation is then ripe for acute fetal distress and for
thrombosis and hzemorrhage at vulnerable areas of the fetal

circulation,

In conclusion, it is interesting to note that some commonly used
treatment regimes used in the management of pre~eclampsia have a
haemorheological basis to their actions., The restoration of
normel plasma volume with salt poor human albumin (221,222) or
Rheomacrodex (223) has baen shown to improve fetal outcome and
maternal renal function in pre~eclampsia, by increasing per=-
ipheral blood flow due to reduction in plasma viscosity, hasematocrit
and whole blood viscosity. In order to avoid overloading of the
circulation while giving plasma volume expanders, central venous
pressure monitoring is sessential (222,223), Another common
treatment of pre-sclampsia is to give thiazide diuretics. These

will further reduce plasma volume (224,225), increase haematocrit,

127



plasma and whole blood viscosity, and on the basis of thase changes
would be expected to reduce placental blood flow. An increasing
number of clinical studies (226,227) have shown that diuretic
therapy is not only unhelpful in the tresatment of pre-eclampsia

but may, in fact, be detrimental and there is certainly a good

haemorheological basis to support this,
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Table 19 Haemorheological Profile of Infants Born to Mothers

With Pre~eclamptic Toxaemia and Normotensive Controls -

Cross—sectional Study

Normotensive Pre-eclamptic Statistical
Controls Patients Comparison
Number of Subjects 30 30
Gestatibnal age
(weeks) 36.8 + 0,6 36.3 + 0.7 ns
Mean + SD
8irth Ueight (g) 3175 + 209 2885 + 215 P 0.05
Mean + SO
Haematocrit
0.477 + 0,024 0.537 + 0.037 p 0.0
Mean + SD
Plasma Viscosity
(centipoise) 1,42 + 0,30 1455 + 0.34 ns
Mean + S50
Whole Blood Viscosity
(centipoise) 15.8 #» 1.9 17.9 + 2.1 p 0.01
Mean *+ 5D
Erythrocyte
Deformability 0.72 + 0.10 0.67 + 0.11 ns
Index

Statistical Comparison Using Student's t-test
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CHARPTER 8

HAEMORHECLOGICAL CHANGES IN PREGNANCY
COMPLICATED BY ESSENTIAL HYPERTENSION
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HAEMORHEDLOGICAL CHANGES IN PREGNANCY

COMPLICATED BY ESSENTIAL HYPERTENSION

i) INTRODUCTION

Essential hypertension, unless it is severe or further complicated

by superimposed pre-eclampsia, carries a good fetal prognosis

(228,229).

The haemorheolegical conseguencses of hypaertsension have been little
studied. Dintenfass and Girolami (1978) (230) noted an increase

in red cell rigidity in hypertensive patients. Tibblin et al

(1965 and 1966) (231,232) observed that hypertensive patients had

an elevated haematocrit, plasma and whols blood viscosity and a
reduced plasma volume. They suggested that there was an increased
leakage of water from the intravascular compartmsent with hypertension
rasulting in reduced plasma volume and sscandary hyperviscosity,
similar to the mechanism postulated in the previous chapter of this

thesis to explain the hyperviscosity of pre-eclampsia,

ii) MATERNAL AND FETAL HAEMORHEQLOGY IN ESSENTIAL
HYPERTENSION

This study was carried out to observe the effect, if any, of
gssential hypertension on the haemorheology of the mother during

the third trimester of pregnancy and of the fetus at birth.

Patients and Methods

Firstly, 20 hypertensive patients were identified following their
first visit to the antenatal clinic and were followed up with serial
blood samples, as well as the routine antenatal care from 30 wegks
until delivery. Essential hypertension was diagnosed on the basis
of a resting blood pressure of 140/90 mm of mercury or greater in
the first trimester of pregnancy, in the absence of renal or other

causative disease. None of the patients were taking hypotensive therapy.
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Secondly, 25 infants born to mothers with essential hypsrtension
and 25 control infants born to normotensive mothers had blood

gampled from the umbilical cord vein at birth.

Haemorheological methods were as describsed in Chapter 2.

Rasults

All the pregnant women had blood pressures varying between
140/90 and 150/105 mm of mercury and prior to the onset of
labour none reguired regular hypotensive therapy. No patient

had proteinuria,

The haemorheological paramsters in the 20 hypertensive patients
and 20 controls are set out in Table 20. The only difference

between the two groups was a slightly elevated plasma viscosity
in the bypertensive group at 40 weeks., It was common policy to
induce labour in hypertensive patients between 38 and 39 weeks'

gestation and only half the original reached their fortieth week.

Fetal haemorheological profiles are shown in Table 21. There was
no differsnce in birth weight or in any of the haemorheoclogical

parameters measured between the two groups.

iii) DISCUSSION

The rise in haematocrit with hypertension found by Tibblin et al
(1965) (231) is more than offset by the 'physiological anaemia' of
pregnancy in the mild hypertensives who were the subject of this
study. Similarly, the reduced plasma volume, increased plasma and
whole blood viscosity (231,232) and the decreased erythrocyts
deformability (230) previously reported in hypertension in non-
pregnant subjects are swamped by the relatively large physiological

change that takes place in normal pregnancy {Chapter 4, section ii).

Whether or not the haemorheclogical picture would be different in
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severe hypertensives during pregnancy is a matter of conjecture,
but as severe hypertension does cause placental insufficiency
and fetal growth retardation, it is worth furthser investigating
this problem. Fortunately, there are relatively few patients

in this severely hypertensive category.

The lack of haemorheological change in pregnancy complicated by
mild essential hypertension is in accord with the clinically

good prognosis for the fetus.
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Table 21 Haemorheolongical Profile of Infants Born to Mothers

With Essential Hypertension and Normotensive Controls -

Cross—~sectional Study

Normotensive Hypertensive Statistical
Controls Patients Comparison
Number of Subjects 25 25
Gestational age
(weeks) 37,8 + 0.5 37.5 + 0.6 ns
Mean + SD
Birth Weight (g) 3107 + 207 3010 + 285 ns
Mean + SO
Haematocrit 0.485 + 0.032 0,493 + 0,035 ns
Mean + SD
Plasma Viscosity
(centipoise) 1.46 + 0,33 1.48 + 0,34 ns
Mean + SD
Whole Blood Viscosity
(centipoise) 16,5 + 2.4 16.7 + 2.6 ns
Mean + SO
Erythrocyte
Deformability 0.75 + 0.1 0.73 + 0.10 ns
Index - o
Mean *+ SD

Statistical Comparison Using Student's t-—test
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HAEMORHEOLOGICAL CONSEQUENCES OF FETAL ASPHYXIA

i) INTRODUCTION

In spite of the sophisticated antenmatal, intrapartum and neonatal
monitoring techniques designed to alert the clinician to signs

of fetal or neonatal asphyxia, hypoxic brain injury remains a

major cause of perinatal death or latef neurological disability
(233,234). Histological evidence indicates that nearly all

infants dying within the first few days after birth have hypoxic
brain injury (235). Computor assisted tomography has revealed

that more than 40 per cent of preterm neonates, with a birth weight
of less than 1500 G, have cersbral bleeds in the first three or
four days of extrauterine 1ife, but only 25 per cent of cases are
fatal and many preterm infants with cerebral bleeds remain symptom-

less or subseguently develop communicating hydrocephalus (236, 237).

The anatomical distribution of these hypoxic vascular injuries is
thought to be determined primarily by the vascular supply to these
regions. They arise in the border zones between the end fields of
the penetfating branches of ths middle cerebral artery and of sub~
ependymal branches of the choroidal vessels (238,239), Necropsy
dye injection studiss of Hambleton and Wigglesworth (1976) (240)
showed that the bleeding usually originated from the capillaries

in these regions,

The pathogenesis of hypoxic haemorrhage remains speculative. Many
workers have sought to show a relationship between hypoxic acidosis
and coagulation failure (241-243), but Chessels and Wigglesworth
(1972) (241) conclude that haemostatic failure is secondary and
that avoidance of hypothermia and correction of acidoslis are more

important than treating haemostatic abnormalities,

Recent work by Lau, Lassen and Friis-Hansen (1979) (244,245) has
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shown that asphyxiated neonates have both a markedly reduced
cerebral blood flow, and a loss of the normal autoregulatory
control., In the absence of vascular autoregulation, haemo-
rheological factors become of prime importance (Chapter 1,

section ii).

The following in vitro and in vivo studies were designed to
investigate thes effect of hypoxic acidosis on erythrocyte
deformability, and combined with data from earlier chapters

on the effect of pH change on whole blood and plasma viscosity,
form the basis for a hypothesis for the pathogensesis of hypoxic
brain iﬁjury.

ii) IN _VITRO EXPERIMENTS ON_THE EFFECT OF HYPOXIC
ACIDOSIS ON ERYTHROCYTE DEFORMABILITY

Materials and Methods

Thirty 10 ml aliquots of erythrocyte suspension prepared for
Erythrocyte Deformability Index measurement from fetal blood.

Ten aliguots were incubated at each pH level (7.4, 7.1 and 6,.8)

for four hours and then the pH of all aliquots was rsadjusted

to 7.4 for a further hour. Erythrocyte Deformability Index
measurements were made on each aliquot after one, two, four

and five hours' incubation, At sach sampling time the pH was
checked and adjustment of the carbon dioxide - oxygen mixture

made as necessary. The pH adjustments and Erythrocyte Deformability

Index measurements were made as described in Chapter 2.

Results

The Erythrocyte Deformability Index measurements in the samples
are shown in Table 22. DOecrease in pH was associated at each
measurement time with a significant dscrease in the Erythrocyte

Deformability Index (p«0.001). The time of incubation also
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affected the deformability at each pH level, with a significantly
lower Erythrocyte Deformability Index after four hours' incubation
at pH 7.4 (p<0.05), pH 7.1 (p<0.001) and pH 6.8 (p<0.001).
Reincubation of anoxic erythrocytes at a pH of 7.4 for one furthser
hour resulted in a return of the Erythrocyte Dsformability Index
to the same level as erythrocytes that had been at pH 7.4 for the

full five hours.

Figure 27 is a repeat of Figure 26 (Chapter 5, section ii) and
shows the effect of pH changs on adult and fetal srythrocyts

deformability.

Figure 28 is a rspeat of Figure 18 (Chapter 2, section iii) and
shows the effect of pH changs on plasma viscosity, Erythrocyte

Filtration Rate and Erythrocyte Deformability Index,

iii) ERYTHROCYTE DEFORMABILITY CHANGES IN CLINICAL
FETAL ASPHYXIA

Patients and Methods

Blood wass collected from 30 neonates who were delivered following
cardio-tocographic evidence of fetal distress. The haematocrit, pH

and Erythrocyte Deformability Index were measured in cord bleood.

Results

The cord blood pH and Erythrocyte Deformability Index are shown in
Figure 29, Comparing the reduction of Erythrocyte Deformability
Index in vivo (Figure 29) with that in vitro {Figure 27) with
decreasing pH levels gives a good comparison, with similar degrees

of reduction in both situations.

The mean haematocrit of the 30 samples was 0,597, SD 0,048, Comparison
with the haematocrits in infants of similar gestational ages, as

shown in Table 14 (Chapter 5, section iii), shows that these infants
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who showed evidence of fetal distress in labour had a significantly

higher haematocrit (p ( 0,001).

iv) DISCUSSION

The in vitro section of this study further illustrates the sens-
itivity of fetal erythrocytes to hypox;c acidosis shown in Chapter
5, section ii. This reduction in deformability is, however, a
reversible phenomenon, as shown in Table 22, This reversibility
of decreased erythrocyte deformability has been shown in several
studies on stored blood bank specimens and is due to the highly
sensitive metabolic dependency of the erythrocyte membrane enzyme

systems (246,247).

The clinical study confirms the in vitro effects of acidosis on
arythrocyte deformability and confirms previous obsarvations that
infants who exhibit fetal distress in labour have higher cord
haematocrit levels (151). This indicated that many of these
infants have been under chronic hypoxic stress for some time before
the onset of labpur, and the stress of labour has exacerbated an

already compromised hypoxic state.

The clinical implications of this study are interesting and a
hypothasis for a possible mechanism whereby hypoxic acidosis
may cause intracerebrzl and intraventricular hasemorrhage can be

constructed,

Hypoxic acidosis by causing a pronounced dscrease in erythrocyte
deformability (Figures 27, 28 and 29) and an increass in whole
blood viscosity, through this action on erythrocyte deformability,
in association with an already elavated haematocrit in the case of
growth retarded fetuses, will create a situation of hyperviscosity

which, when combined with the already lowered cerebral blood flow,
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lack éf autoregulation and hypotension of fetal asphyxia (245)
is ideal for thrombosis in the vulnsrable microcirculation of
the periventricular region. Capillary thrombosis may rapidly
lead to haemorrhage in a situation now complicated by secondary

coagulation failure (242,243).

This vicious circle of hypoxia and hyperviscesity may operate
during antenatal development as a chroniec situation, during
labour in & wmore acute way and also in the neonatal period,
Hypoxia from whatever cause 1s associated, in the neonate, with
hyperbilirubinasemia (248), impaired peripheral circulation (249),
oliguriaA(ZSD) and, if severe enodgh, with disseminated intra-

vascular coagulation (251).
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Figure 27 The Relationship Betwsen pH Level and Erythrocyte
Deformability Index (EDI) in Fetal and Adult Blood
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Figure 28 The Effect of Variation in Sample pH Level on Plasma
Viscosity, Erythrocyte Filtration Rate (EFR)
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THE PATHOGENESIS OF NEONATAL HYPERBILIRUBINAEMIA

FOLLOWING INDUCTION OF LABOUR

i) INTROOUCTION

Several iatrogenic factors have been implicated in the astiology

of meonatal hyperbilirubinaemia.

The association betwesn oxytocin-induced labour and neonatal
hyperbilirubinaemia is well documented (252-259). Several

reports (254-256) have shown that the degree of hyperbilirubinaemia
is related to the total dose of oxytocin given to the mother during
labour, . The actual mechanism whereby oxytocin caused hyperbilirubin~
aemia has been a matter of considerable debate. Ghosh and Hudson
(1972) (257) suggested that induced labour was associated with anoxic
damage to the fetal hepatic glucuronyl transferase enzyme system
which is necessary for bilirubin excretion. Davies et al (1973)
(256) proposed that the hormonal factors which initiate spontaneous
labour are necessary for the induction of fetal hepatic enzymes

which remain inactivated following induced labour., Oski (1975)

(258) put forward the theory that the strong uterime contractions
induced by oxytocin caused an increased placento-fetal transfusion
with a resultant polycythaemia in the neonate. Singhi and Singh
(1977) (259) reperted that fetal erythrocytes were more osmotically
fragile following oxytocin-induction and O'Souza gt _al (1979) (255)
found evidence of active haemolysis in cord blood and suggested that
the uterine contractions were in some way damaging the erythrocytes

and so accelerating their destruction.

Prostaglandin E2 given intravenously for the induction of labour was
shown in & study by Calder et al (1974) {260) to be associated with
neonatal hyperbilirubinaemia, but this was not confirmed by Beazley

and Weeks (1976) (281).
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Epidural analgesia with bupivicaine was implicated as a cause of
neonatal hyperbilirubinaemia by Friedman et al (1978) (252) but

Calder et al (1974) (260) had found no such association.

Instrumental and breech delivery are well known causes of neonatal
hyperbilirubinaemia (262,263) because of the tissue bruising caused

by forceful handling.

This study was stimulated by the cbservation that fetal erythro-
cytes were less deformable following oxytocin-induced labour than
after spontansous labour. Erythrocyte deformability is an important
determinant of erythrocyte lifespan in vivo (65-67) and decreased
srythrocyte deformability has been shown to be the precursor of
haamolytic anaemia iﬁ acute copper intoxication (264), cyanate

poisoning (265) and uraemia (266).

ii) HAEMORHEOLOGICAL, HAFMATOLOGICAL AND SIOCHEMICAL MEASUREMENTS
IN _CORD BLOCD FOLLOWING ELECTIVE CAESARIAN SECTION, SPONTANEQUS
AND OXYTOCIN-INDUCED L ABODUR

Patients and Methods

Ningty-five healthy newborn infants, who weighed more than 3 Kg
at birth and who had an apgar score of greater than seven at one
minute, had 20 ml of blood collected from the umbilical cord vein
as soon as the cord had been clamped and before the placenta had
sgparated, using a wide bore needle and gentle suction to avoid
haemolysis during sampling. The blood was anticoagulated with

lithium heparin.

forty of these infants had been delivered following spontaneous
labour and 40 following induction of labour by amniotomy and
intravenous oxytocin (Syntocinon) administered by Cardiff infusion
pump, The average dose of oxytocin given was 4,500 mU (range 3,0C0

to 7,000 mU). In the cases selected for this study the duration of

149



labour was bstween six and 14 hours and analgesia was achieved
using intramuscular pethidine, no patient had epidural analgesia.
In none of the cases was there clinical or cardiotocographic
evidence of fetal distress and all had spontansous vertex
deliveries. The remaining fiftesen infants wsre delivered by
elective caesarian ssction, Uithin two hours of delivery
haematocrit, plasma osmolality, Erythrocyte Oeformability Index,
plasma bilirubin, plasma haptoglobin and plasma lactate dehydro-
genase were measured on all samples by the methods described in

Chapter 2.

Results

The 95 infants, 44 male and 51 female, had a mean birth weight

of 3,420 g (range 3,005 to 4,108 g). Hasematological, haemorheological
and biochemical values in cord blood from these infants are shown

in Table 23,

There was no significant difference in any of the measured para-
meters between the elective caesarian section and spontaneous

labour groups. The oxytocin-induced group, howsver, shouwed stat-
istically significant evidence of active hasmolysis during labour
with a decreased haematocrit (p < 0.001), increased plasma bilirubin
concentration (p<0.001), decreased plasma haptoglobin concentration
(p<‘D.D1), and increased plasma lactate dehydrogenase activity

(p< 0.001). These infants also showed a significant reduction in
mean frythrocyte Deformability Index (p< 0.001) and plasma

osmolality (p<0.001%).

iii) THE EFFECT OF OXYTOCIN, BUPIVICAINE AND PROSTAGLANDIN E2
ON _ERYTHROCYTE OEFORMABILITY IN VITRO

Materials and Methods

In vitro studies were made on fetal blood obtained at birth from
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the umbilical vein of a number of normal infants.

Firstly, 3,000 yU of oxytocin (Syntocinon) were added to 20 ten ml
aliguots of erythrocyte suspension and 500 pl of normal saline
were added to a duplicate 20 ten ml aliquots prepared from the
same cord bloods, The samples were incubated at 37°C and the
Frythrocyte Deformability Index msasured at intervals on both sets

of samples.

Sgcondly, 50 five ml aliquots of erythrocyte suspension were
prepared and 500 pl of normal saline, 500 pU, 1,500 pu, 2,500 pU

or 4,000 pU of oxytocin were added to groups of ten aliquots which
were then incubated for four hours and the Erythrocyte Deformability

Index of each sample measured in duplicate.

Thirdly, 2,000 ng of bupivicaine wers added to 10 ten ml aliquots

of erythrocyte suspension and 500 pl of normal saline to a duplicate
set of aliquots. The samples wers incubated at 37°C and the
Erythrocyte Deformability Index measured at intervals on both

sets of samples.

Fourthly, 25 five ml aliquots of erythrocyts suspension were prepared
and 250 pl of normal saline, 250 ng, 500 ng, 750 ng or 1,000 ng of
bupivicaine were added to groups of five aliquots which werse then
incubated for four hours and the Erythrocyte Deformability Index of

gach sample measured in duplicate.

Fifthly, 3,000 ng of prostaglandin E2 were added to 10 ten ml aliquots
of erythrocyte suspension and 500 Pl of normal saline were added to a
duplicate set of samples., The samples wers incubated at 379C and the
Erythrocyte Deformability Index measured at intervals on both sets of

samples.,

Sixthly, 25 five ml aliquots of erythrocyte suspension were prepared
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from the same cord bloods and 500 pl of normal saline, 500 ng,

1,500 ng, 2,500 ng or 4,000 ng of postaglandin E2 were added to
groups of five aliquots which were then incubated for four hours
and the Erythrocyte Deformability Index of sach sample measursd

in duplicats.

Results

Incubation of erythrocytes with oxytocin showed both a time
related (Figure 30) and a dose related (Figure 31) reduction in
Exythrocyte Deformability Index. The incubation duration affected
the degree of deformability reduction., There was no difference
betwsen the oxytocin and control samples at one and two hours, but
there was a significantly greater reduction in deformability in the
oxytocin treated samples at four hours (p< 0.05) and at six and
eight hours (p<0.001). Varying the dose of oxytocin in the
erythrocyte suspensions showed that a dose of 100 yU/ml caused

no significant reduction in deformasbility, but 300 Pu/ml caused

a significant fall in deformability (p< 0.001) and a further

decrease at doses of 500 and 800 pU/ml (p <0.001).

Incubation of erythrocytes with bupivicaine showed both a time
related (Figure 32) and dose related (Figure 33) reduction in
Erythrocyte Deformability Index., The incubation duration affected
the degree of deformability reduction. There was no difference
between the bupivicaine treated and control samples at oneg, two
and four hours, but at six hours the bupivicaine treated samples
showed a significantly greater reduction in deformability (p<0.05)
and at eight hours the difference was even greater {(p<C.C01).
Varying the dose of bupivicaine showed that it was only at the
maximum dose tested, 200 ng/ml, that the Erythrocyte Deformability

Index was just significantly reduced (p<0.05).
Incubation of erythrocytes with prostaglandin E2 showed an initial
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reduction in Erythrocyte Deformability Index (p<.0.001) after 30
minutes (Figure 34), after one hour the deformability in prosta-
glandin E2 treated samples was still slightly less than in the
controls (p<0.C05) but at two and three hours there was no
differences between trsated samples and controls. Variation of

the dose of prostaglandin E2 gave a biphasic response (Figure 35)
with no effect of 100 ng/ml, a significant depression of deform-
ability at 300 ng/ml (p<0.0G1) an increase from that level back

to the control level at 500 ng/ml and an elevation in deformability
above the control level at a dose of BOU ng/ml of prostaglandin E2

(p<0.05),

iv) DISCUSSION

The clinical section of this study gives clear evidence of
active hasmolysis during oxytocin-induced labour. The reduced
haematocrit and elevated plasma bilirubin concentration after
oxytocin~induced labour confirm the findings of 0'Souza gt _al
(1979) (255), and the low plasma haptoglabin concentration and
increased plasma lactate dehydrogenase activity confirm that
accelerated erythrocyte destruction was taking place during
induced labour. The plasma haptoglobin level in neonates is
normally low (267), but the very low values observed in the
infants after induction suggests an active process of haemolysis
with release of haemoglobin into the circulation. The finding
that fetal erythrocyte deformability was reduced after oxytocin-
induction and the knowledge that decreased deformability leads
to accelerated haemolysis indicate the pathway of haemolysis in
the incuced group, and only the cause of the reduced deformability

remained to be proved.

The levels of oxytocin found in maternal blood during oxytocin-

induced labour are between 300 and 800 yU/ml (268) and although
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absolute evidence of materno-fetal transfer of oxytocin is lacking
in the human, in the sheep (269) and guinea pig (270) there is
clear evidence of placental transfer of oxytocin from mother to
fatus. The in vitro experiments demonstrate both a time and dose
related effect of oxytocin in a dosage range of 300 to 800 yu/hl
on fetal erythrocytes. The mechanism whereby oxytocin reduces
erythrocyte deformability cannot be absolutely defined, but the
finding of a lowered plasma osmolality in cord blood following
oxytocin~induced labour confirms the observations of Singhiand
Singh (1977) (259) and suggests that the vasopressin-like action
of oxytacin (271) causes activation of electrolyte and water
transport across the renal tubules but also across the erythro-~
cyte membrane with consequent osmotic swelling. Osmotic swelling
is a well recognised cause of decreassd erythrocyte deformability
and leads to accelerated erythrocyte destruction (272,273). 1In
the neonate whose hepatic enzymes are not able to cope with the
increassd bilirubin production, clinical hyperbilirubinaemia

ensues.

Placental transfer of bupivicaine from mother to fetus is well
documented (273-275) with fetal levels following caesarian
section under epidural anaesthesia with bupivicaine of up to

210 ng/ml (274). Following epidural analgesia in labour, the
bupivicaine concentration in fetal blood was up to 110 ng/ml
(275) and similar levels have been detscted following para~
cervical block with bupivicaine (276). The half life of bupivi-
caine in the necnate is in the order of two hours (2?4), so after
four hours after caesarian section, under bupivicaine epidural
anaesthesia, the fetal blood level will be around 50 ng/ml. In
the in vitro studies, it was shown that bupivicaine in a dose of

200 ng/ml incubated with fetal erythrocytes for four hours caused
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only a small reduction in deformability which just reached
statistical significance, It is questionable whether such small
changes in deformability would have a significant effect on
haemolysis in vivo, but as epidurel analgesia is commonly used
during induced labour, so the effects of oxytocin and bupivicaine

may combine,

Placental transfer of prostaglandin EZ2 from mother to fetus has

been demonstrated (277) with widely varying levels of prostaglandin
£2 in cord blood being reported. Seigler et al (1977) (278)
reported levels up to 1,480 pg/ml, and Pokaoly and Jordan (1975)
(279) found levels between 400 and 1,000 pg/ml. Using these levels
in preliminary in vitro experiments gave absolutely no effect on
srythrocyte deformability and it was at levels over 200 ng/ml

that the first alterations in erythrocyte deformability were saen.
Allen and Rasmussen (1971) (280) and Gruber and Gilbertson (1978)
(281) used similar ng levels in their experiments on the influence
of prostaglandin E2 on deformability and sickling of erythrocytes.
The effect of prastaglandin E2 in reducing deformability is short
lived, being maximal at 30 minutes and absent after two hours, This
sgrees with earlier work (281) as does the finding of a biphasic
dosage response (280). It seems highly unlikely that prostaglandin
£2 significantly effects erythrocyte deformability in induced labour
and if it is responsible for neonatal hyperbilirubinaemia (260), then

some other mechanism of action must be sought,

In conclusion, oxytocin is an important therepsutic agent in
obstetrics and probably its effect on erythrocytes cannot be
prevented other thamn by keeping the total dose used to a minimum,
The use of prenatal drug treatment with either phenobarbitone (282)
or antipyrene (283) to activate fetal hepatic glucuronyl transferase

and s¢ increase the neonate's ability to eliminate bilirubin has
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been suggested, but it would be more logical to prevent the
hyperbilirubinaemia by reducing the dose of oxytocin rather than
treat it with potentially toxic drugs. This may be safely done
with no added risk of hyperbilirubinaemia by the pre-induction

use of prostaglandin E2 given vaginally (284), cr by the combined
use of prostaglandin and oxytocin in the induction of labour (285).
The combined use of epidural analgesia and oxytocin-induction of
labour will continue to present a higher risk of neonatal hyper-—
bilirubinaemia but awareness of the problem should enable the

clinician to minimise the risks.,

156



Jnogey snoauejuods y3Tm P8INPUT UTD03Ax0 Butiedwoos 3ss3—3 s,3uspnis Ouisn psataap sem ,d,

100°0 (o) 9+ LLZ (ov) 9 + 062 (sL) v ¥ 982 1/T0wsou
A3TTEeTOWSy BWSETI]
L0D*0 (sz) 5Z * 9v¢g (sz) B ¥ €72 _— 1/n 1
sseuaboapAysg sie308] BWSETH
b4 . - . . - 3 ._.‘\@
L0°C (6z) s00°0 + £20°0 (cz) »20*0 + L60°0 -—
utqoTbojdey suwsetd
— — - T/Tow n
L00°0 (oy) S°L + 8% (op) ¢°L + g€ (L) Z°L + 1t
UTQNITTTR BWSBId
L00*0 (ov) 90°0 + L9°O (oy) »0°0 + 18*0 (s1) €0°0 + €8°0 xepul A3TTIqRWICsag 83A201y3Aa3
L00° 0 (o7) LO°0C + L¥°0 (0p) £L0°C + €5°0 (st) zi0%0 + 25°0 }TI00jBWSRY
(u) 35 ¥ uesy (u) 35 ¥ uesy (u) 35 ¥ uesy
vd IN0Qe] PBINPUI-UTD0AX( Incge snoeuejuods uoT308G5 UBTJIES82] an1l0871] PooTg PI03

——— — ——

poOTg pP403 UT SjuUswWaJinses) [801Weud0lg pPUB [BOIDO]O3JBWa@EH ° [e01b0io8ulouse 7 aT1gel

157



1-0 g

&
~
=
5 Control
-g ~$ 50 plnormal
E saling/ml
'—_§ 3O(;(ytocin ;
0 pulU/m
£ 4
S
s 04
. Q
O
Q
Q R
£ 02} Mean *SE
> n=20
w3
01§
! | j | ]
2 4 b 8

Incubation time ~ Hours

fFigure 30 Effect of Increasing Incubation Time With Oxytocin

an Erythrocyte Daeformability

158



s °7F
£
X o8l
g
x 078
Q
g [
£
> O'é [~
L o5k
g
3
‘-?-0 0.4 -
Q
o
.‘S:\ 0.3 -
(&)
o
< o2} Mean *5E
> n=20
| ..
L3

01 -

| | L | ]
Normal 100 300 500 800
Saline Oxytocin pU/ml
lOO,uI/mI

tigure 31 Effect of Increasing Oxytocin Dosage on

Erythrocyte Deformability

159



oL sdega.
o8 } § Control
50 pl normal

saline/m|

£
E
S
E
I
bt
g
£
= 06
Q Lo
Fal Bupivicaine
E o5} 200ng/ml
L
@
Q o4l
2
>o
O
e 03 -
£
-
wy 02 Mean tSE
n=10
o1}
1 — 1 1 §
] 2 4 ] 8

Incubation Time - Hours

Figure 32 Effect of Increasing Incubation Time With Bupivicaine
on Erythrocyte Deformability

160



1-0 r
0-9 &+
£
S
> o038
s B
|
*
07 |
< %
£
2 06
=
o]
E os}
L2
]
Q 0.4 -
L
>
|9
© o3
S
o
Y = Mean ! SE
n=10
01
, ] L | | |
Normal 50 100 150 200
Saline Bupivicaine - ng/ml
100 pl/mi

Figure 33 Effect of Increasing Bupivicaine Dosage on Erythrocyte

Daeformability

161



0?2 F
£
£
} 08k
E
; Control
_g 07 50p! normal
£ saline/m!
E 06| Prostaglandin E2
0 30 ng/ml
o]
E osp
2
]
Q ou}
2
=
o
9 03k
=
—
-
A B Mean £ SE

n=10
01
1 | ) ] J
Q-5 [ 2 3 4

Incubation Time — Hours

Figure 34 Effect of Increasing Incubation Time With Prostaglamdin

E2 on Erythrocyte Deformability

162



0-9

0-8

0-7

0-6

0-5

03

Erythrocyte Deformability Index - ml/min

0-2

01

- 2
r—
- Mean * SE
n=10
‘ | | | | J
Normal 100 300 500 800
Saline Prostaglandin E2 - ng/ml
100 pl/ml

Figure 35 Effect of Increasing Prostaglandin E2 Dosage on

Erythrocyte Deformability

163



Se

T

8.

REFERENCES

MHarvey, W. (1628) Exercitatio Anatomica de Motu Cordis
et Sanguinis in Animalibus,., Translated by K.J. Franklin

(1957). Oxford: Blackwell,

Hales, S. (1953) Statistical Essays. Volume 2.

London: Imrys and Mauby.

Poiseuille, J.L.M. (1946) Recherches experimentales sur
le mouvement des liguides dans les tubes de tres-petites

diametres, {Memoires de 1l'Academie de Science (Paris),

9, 433,

Bell, C. (1974) Control of uterine blood flow in pregnancy.

Medical Biclogy, 52, 219.

Goodrich, S5.M, & Wood, J.E. (1964) Peripheral venous
distensibility and velocity of venous blood flow during
pregnancy or during oral contraceptive therapy.,.

American Journal of Obstetrics and Gynecology, 90, 740,

Folkow, B, (1964) Autoregulation in muscle and skin,

Circulation Research, XIV and XV, Suppl. 1,

Johnson, P.C. (1967) Autoregulation of blood flow.

Gastroenterology, 52, 435.

Newton, I. (1687) Principia. London,

Begg, T.8. & Hearns, J.B. (1966) Components in blood
viscosity. The relative contribution of hasmatocrit,

plasma fibrinogen and other proteins. C(Clinical Science,

163



10.

1.

12,

13,

14,

15,

16.

17,

Schmid=-Schonbein, H., Wells, R, & Goldstone, J. (1969)
Influence of deformability of human red cells upon

blood viscosity. Circulation Research, 25, 131,

Brooks, D.E. & Seaman, G.V.F. (1972) An electroviscous

effect in the rheology of erythrocyts suspensions,

Biorheology, 9, 145,

Klose, H.,J., Schmid-5chonbein, H. & Brechtelsbauer, H,
(1972) Shear rate dependent blood coagulation:-
rheclogy of platelets in coagulation of platelet rich

plasma., Biorheology, 9, 156.

Weaver, J.P.A., Evans, A. & Walder, D.N. (1969) The effect
of increased fibrinogen content on the viscosity of blood.

Clinical Science, 36, 1.

Fahey, J.L. Barth, W.F, & Solomen, H. (1965) Serum

hyperviscosity syndrome., Journal of the American

Medical Association, 192, 646,

Newman, D.L. & Twinn, K.W, (1973) The influence of plasma
cholesterol on whole blood and plasma viscosity.

Biorheology, 10, 527.

Murphy, J.R. (1967) The influence of pH and temperature on
some physical properties of normal erythrocytes and
erythrocytes from patients with hereditary spherocytosis,

Journal of Laboratory and Clinical Medicine, 69, 756.

Dintenfass, L. & Burnard, £,0. (1966) Effect of hydrogen
ion concentration on the in vitro viscosity of packed

cells and blood at high haematocrit. Medical Journal

164



18.

19.

20,

22,

23.

24,

25,

26,

of Australia, 1, 1072,

Charm, S.E. & Kurland, G.S. (1974) Blood Flow and

Microcirculation. p 28. New York: \UWiley,

Fahrasus, R. & Lindquvist, T. (1931) The viscosity of

blood in narrow capillary tubes, American Journal

of Physiology, 96, 562.

Dintenfass, L. (1967) An inversion of the Fahrasus-
Lindqvist phenomenon in blood flow through capillaries

of diminishing radius. Nature (London), 215, 1099,

Charm, S.E£., & Kurland, G.S. (1972) Cardiovascular fluid

dynamics., VYol, 2., Ch. 15, New York: Academic Press.

Goldstons, J.H. Schmid-Schonbein, H. & Wells, R. (1970)
Rheoscope = a description of rouleaux breakdouwn

under shear, Microvascular Research, 2, 273.

Charm, S.E, McComis, W, & Kurlend, G.S5. (1964) Rheology
and the structure of blood suspensions. Journal of

Applied Physiology, 19, 127,

Replogle, R.L., Meiselman, H.N. & Merrill, E.w. {1967)
Clinical implications of blecod rheology studiss.

Circulation, 36, 148,

Chien, S., Usami, 5. & Dellenback, R.J. (1967) Blood
viscosity. Influence of erythrocyte deformation,

Science, 157, 827,

Merrill, E.wW., Cheng, C.5. & Pelletier, G.A. (1969)
Yield stress of normal human blood as a function of

endogenous fibrinogen. Journal of Applied Physiology,

26, 1.
165



27.  Virgilio, R.M., Long, D.M., Mundth, E.D. & McClenathan, J.E.
{1964) The effect of temperature and haematocrit on

the viscosity of blood. Surgery, 55, 825,

28, Schmid-Schonbein, H., Gosen, J. van, Klose, H.J. &
Volger, E. (1972) Transition from aggregation to

deformation of red cells. _Pfluegers Archiv, 332, R55,

29. Dormandy, J.A., Hoars, E., Colley, J., Arrowsmith, D.E,
& Dormandy, T.L. (1976) Clinical,haemodynamic,
rheological and biochemical findings in 126 patients

with intermittent claudication., British Medical Journel,

4, 576,

30. Stormer, B., Horsch, R., Kleinschmidt, f., Lons, 8.,
Bruster, H. & Kremer, K. (1974)., Blood viscosity
in patients with peripheral vascular dissease in the

area of low shear rate., Journal of Cardiovascular

Surgery, 15, 577.

31 Reid, H.L., Dormandy, J.A., Barnes, A.J., Lock, P.J. &
Dormandy, T.L. (1976) Impaired red cell deformability

in peripheral vascular disease, Lancet, 1, 666,

32, Dormandy, J.A. (1970) Clinical significance of blood

viscosity. Annals of the Royal Colleqe of Surgeons

of England, 47, 211.

33, Dormandy, J.A., Goyls, K.B. & Reid, H.L. (1977)
Treatment of severe intermittent claudication by

controlled defibrination, Lancet, 1, 625,

34, Dintenfass, L., Julian, D.G. & Miller, G.E. (1966)

Viscosity of blood in normal subjects and in patients

166



36.

37,

38.

39.

40,

41,

42,

suffering from coronary occlusion and arterial

thrombosis, American Heart Journal, 71, 587.

Postlethwaite, J.A. & Dormandy, J.A. (1975) Results
of ankle systolic pressure mesasurements in patients
with intermittent claudication being treated with

clofibrate, Annals of Surgery, 181, 799,

Dintenfass, L. & Lake, B, (1976) Beta blockers and

blood viscosity. Lancet, 1, 1026,

Barnes, A.J., Lockes, P., Scudder, P.R., Dormandy, T.L.,
Dormandy, J.A. & Slack, 3. (1977) 1Is hyperviscosity
a treatable component of diabetic microcirculatory

disease. Lancet, 2, 789.

Wardle, E., Piercy, D. & Anderson, J, (1973) Some chemical

indices of diabetic vascular disease. Postgraduate

fMedical Journal, 49, 1.

Schmid=-Schonbein, H. & Volger, E. (1976) Red cell
aggregation and red cell deformability in diabetes,

Diabetes, 25, Suppl. 2, 897,

Thomas, D.J., Manholl, J., Ross Russell, R.W., Wstherley-Mein,
G., Du Boulay, G.H., Pearson, T.C., Symon, L. & Zilkha, E.
(1977) Effect of haematocrit on cerebral blood flow in

man, Lancet, 2, 941,

Richardson, 5.G.M., Breeze, G.R. & Stuart, J. (1976)
Hyperfibrinoginaemia and hyperviscosity in sickle

cell crisis, Journal of Clinical Patholoqy, 29, 890,

Harris, J.W. & Murphy, J.R. (1973) 1In Sickle Cell Disease -

Diagnosis, Management, E£ducation and Research, ed. Abram, H.,

167



43,

44,

45,

46,

47,

48,

49,

50,

51.

Bertles, J.F. & Wethers, D.L. p. 164, 5t, Louis: Mosby.

McGrath, M.A. & Penny, R. (1976) Paraprotseinaemia:—
hyperviscosity and clinical manifestation. Journal

of Clinical Investigation, 58, 1155,

Tietjen, G.W., Chien, S., Leroy, E.C., Gauras, I., Gauras, H,
& Gump, FL.E. (1975) Blood viscosity, plasma proteins

and Raynaud's Syndrome, Archives of Surgery, 110, 1343,

Dormandy, J.A. & Edelman, J.B. (1973) High blood viscosity:
An aetiological factor in venous thrombosis, B8ritish

Journal of Surgery, 60, 187,

Humphreys, W.V., Walker, A, & Charlesworth, D. (1976)
Altered viscosity and yield stress in patisnts with
abdominal malignancy in relationship to deep venous

thrombosis. British Jourpal of Surgery, 63, 559,

Aronson, H.B., Magora, F. & Schenker, J.G. (1971) Effect
of oral contraceptives on blood viscosity, American

Journal of Obstetrics and Gynecology, 110, 997,

Lowe, G.D.0., Reavey, M.M., Forbes, C.D. & Prentice, C.R.M,
(1979) 1Increased blood viscosity in young women taking

oral contraceptives. Clinical Science, 56, 21P.

Harkness, J. (1963) A new instrument for the measurement

of plasma viscosity. Lancset, 2, 280,

Wells, R.E., Denton, R. & Merrill, E.W. (1961) Measursment
of viscosity of biologic fluids by cone plate viscomater,

Journal of Laboratory and Clinical Medicine, 57, 646.

Phillips, M.J. & Harknass, J, (1976) Plasma and whole blood

168



52,

53,

54,

55,

57.

59.

viscosity. British Journal of Haematology, 34, 347,

CUDlBy, A.LO, King’ R.Gc, Chien, So, Usami, S-,
Skalak, R. & Huang, C.R. (1975) Microscopic
obsarvations of viscoelasticity of human blood

in steady and oscillatory shsar. Bjerheclogy, 12, 257.

Brooks, D.E. & Seaman, G.V.F. (1972) An electroviscous
affect in the rheology of erythrocyte susgpensions,

Biorheology, 9, 145.

Dintenfass, L, (1971) Blood Microrheology. VYiscosity

factors in blood flow, ischaemia and thrombosis,

London: Butterworths.

Hess, W. (1911) Blutviskositat und Blutkorpherchen,

Archiv fur dig Cesamte Physiologie, 140, 354,

Kunitz, M. (1926) An empirical formula for the relation
betwsen viscosity of solution and volume of soluta.

Journal of General Physiclogy, 9, 715,

whittaker, S.R.F. & Winton, F.R. (1333) The apparent
viscosity of blood flowing in the isolated hind limb
of the dog, and its variation with corpuscular

concentration. Journal of Physiology, 78, 149.

Nyggard, K.K., Wilder, M. & Berkson, J. (1935) The
relation batwsen the viscosity of the blood and the

relative volume of erythrocytes. American Journal

of Physiclogy, 114, 128,

Burch, C.E. & De Pasqgualae, N.P, (1963) Phlebotomy. Use
in patients with erythrocytosis and ischasemic heart

disease, Archives of Internal Medicine, 111, 687,

169



60. Gregersen, M,1., Peric, B., Chien, 5., Sinclair, D.,
Chang, C. & Taylor, H. (1965) Viscosity of blood
at low shear rates: observations on its relation to
volume, concentration and size of red cells.

Procesdings of the 4th International Congress on

Rheology, ed. Copley, A.P. New York: Interscience

Publishers.

61, Copley, A.L. & Stainsby, G. (1960) Flow Properties of

Blood and other Biological Systems, p 97. Oxford:

Pergamon Press.

62. Wells, R.E. & Merrill, £,W. (1961) Shear rate dependence
of viscosity of human blood and blood plasma.

Rheology Bulletin, 30, 6.

63, Joly, M, (1962) Dispositife pour la viscosimetrie precise

de systems contenant des proteines. Biorheoloagy, 1, 15.

64, Weed, R.I. (1970) The importance of erythrocyte

deformability. American Journal of Medicine, 49, 147,

65. Weiss, L. (1962) The structure of five splenic arterial
vessels in relation to haemoconcentration and red ecsll

destruction, American Journal of Anatomy, 111, 131,

66, Harris, J.R., Brewster, H.A., Ham, T.H, & Castle, W.B.
(1956) Studies in ths destruction of red blood cells,

Archives of Internal Medicine, 97, 145,

67. Jandl, J.H. (1966) The pathophysiology of haemolytic

anaemia, American Journal of Medicine, 41, 657,

68, Braasch, D. (1971) Red cell deformability and capillary

blood flow, Physiological Reviews, 51, 679,

170



69.

70.

e

72,

73.

74,

5.

76,

77,

Jay, A.W., Rowlands, S. & Skibo, L. (1972) The
resistance to blood flow in capillaries.

Canadian Journal of Physiology and Pharmacolegy, 50, 1007.

Chien, S., Usami, 5., Dellenback, R.J. & Gregersen, M,
(1970) Shear dependent deformation of erythrocytes

in rheology of human blood. American Journal of

Physiology, 219, 136.

Jacobs, H.R. (1963) The deformability of red cell packs.

Biorheology, 1, 233.

Sirs, J.A. (1968) The measurement of haematocrit and

flexibility of srythrocytes with a centrifuge,

Biorheology, 5, 1.

Rand, R. P. & Burtonm, A.C. (1964) Mechanical properties
of the red cell membrane. 1. Membrane stiffness and

intracellular pressure. Bjiophysical Journal, 4, 115,

Gregersen, M.H. Bryant, C.A., Hammerle, W.E., Usami, S5, &
Chien, S. (1967) Flow characteristics of human
erythrocytes through polycarbonate sieves. Science,

157, 825,

Schmid=Schonbein, H., Weiss, J. & Ludwig, H. (1973)
A simple method for measuring red cell deformability

in models of the circulatien., Blut, 26, 369.

Baar, S. (1976) A convenient and reproducible filtration
technique for the determination of erythrocyte

flexibility. British Journal of Haematology, 34, 69.

Leblond, P.F. & Coulombe, L, (1979) The measurement of

erythrocyte deformability using micropore membranes.

171



78.

79,

a0.

81.

82.

83.

84,

85,

86,

A sensitive technigque with clinical applications,

Journal of Laboratory and Clinical Medicine, 94, 133,

Reid, H.L., Barnes, A.J., Lock, P.J., Dormandy, J.A. &
Dormandy, T.L. (1976) A simple method for measuring

erythrocyte deformability. Journal of Clinical

Pathologqy, 29, 855.

Ratnoff, 0.D. & Menzie, C. (1951) A new method for the
determination of fibrinogen in small samples of plasma.

Journal of Laboratory and Clinical Medicina, 37, 316.

© Anon. (1978) Erythrocyte deformability. Lancet, 2, 1348,

Palmer, A.A. (1965) Axial drift of cells and partial
plasma skimming in blood flowing through glass slits.

American Journal of Physiology, 209, 1115,

Gross, P, & Hathaway, W.E. (1972) Fetal erythrocyte

deformability. Paediatric Research, 6, 593,

Ellis, B.C. & Stransky, A. (1961) A quick and accurate
method for the determination of fibrinogen in plasma.

Journal of Laboratory and Clinical Medicine, 58, 477.

Wroblewski, F. & La Due, J.S5. (1955) Lactate dehydrogenase

activity in blood. Progeedings of the Society of

Experimental Bieclogy and Medicine, 90, 210,

Gambino, S.R. & Schreiber, H. (1964} The measurement
and fractionation of bilirubin by autcanalysis by

the method of Jendrask and Graf. Automation in

Analytical Chemistry., Technicon Symposium,

Henry, R.J., Sobel, C, & Segalove, M. (1957) Turbidimetric

172



87.

88.

B89.

90.

91,

92,

03,

determination of proteins with sulfosalicylic

acid and trichloracetic acid. Proceedings of

the Socisty for Experimental Biolaogy and

Medicine, 92, 748.

Wolfson, W.Q., Cohn, C., Calvary, E. & Schiba, F. (1948)
Studies in serum proteins, rapid procedure for
estimation of total protein, true albumin, total
globulin, alpha globulin, Peta gleobulin and

gamma globulin in 1,0 ml of serum., American Journal

of Clinical Patholoqy, 18, 723.

Seaman, G.V.f., £ngel, R., Swank, R.L. & Hissen, W,
(1965) Circadian pericdicity in some physiochemical
parameters of circulating blood. Nature (London),

207, 833.

Menzel, 3J. (1958) Krankheit und bislogische rhythmen.

Argtliche Mitt, 43, 1201.

Mercke, C. & Lundh, B, (1976) Erythrocyte filterability
and heme catabolism during the menstrual cycle.

Annals of Internal Medicine, 85, 322,

Dupont, S.A. & Sirs, J.A. (1977) The relationship of
plasma fibrinogen, srythrocyte flexibility and blood

viscosity, Thrombosis and Haemostasis, 38, 660.

Turksoy, R.N., Phillips, L.L., & Southam, A.lL.. (1961)
Influence of opvarian function on the fibrimolytic
enzyme system., 1. Ovulatory and anovulatory cycle.

American Journal of Obstetrics and Gynecology, 82, 1211.

Howie, P.W., Mallinson, A.C., Prentice, C.R.M., Horne, C.H.W.

& McNicel, G.P. (1970) Effect of combined oestrogen-
173



94,

95,

96,

97.

98.

99.

100.

101.

progestagen oral contraceptives, oestrogen and
progestagens on antiplasmin and antithrombin

activity. Lancet, 2, 1329,

Egeberg, 0. & Owren, P,A. (1963) Oral centraceptiocn

and blood coagulability. British Medical Journal,

1, 220.

Ygge, J., Brody, 5., Korsan-Bengtsen, K., & Milsson, C,
(1969) Changes in blood coagulation and fibrinolysis
in women receiving oral contraceptives. American

Journal of Obstetrics and Gynecology, 104, 87,

Danforth, D.N., Boyer, P.K. & Graff, S. (1946)
Fluctuations in weight, haematocrit and plasma protein

with the menstrual cycle. Endocrinology, 39, 188,

Vellar, 0.D. (1974) Changes in haemoglobin concentration
and haematocrit during the menstrual cycle. 1. A

cross—-sectional study. Acta Obstetrica et Gynaecologica

Scandinavica, 53, 243,

Dintenfass, L., Julian, D.G. & Miller, G. (1966) Viscosity

of blood in healthy young women. Lancet, 1, 234,

Dintenfass, L. & Yu, J.S5. (1968) Changes in the blood
viscosity and the consistency of artificial thrombi
in 17-year-old girls during the menstrual cycle,

Medical Journal of Australia, 1, 181.

Vessey, M.P, & Mann, J.I. (1978) Female sex hormones and

thrombosis, British Medical Bulletin, 34, 157,

Grigoleit, H.G. & Ganser, V. (1973) Erhohung der

Blutviskositat bei Kaninchen durch Athinyloestfodiocl.

174



Madizinische Welt, 24, 2085,

102, Leonhardt, M., Grigoleit, H.G. & Reinhardt, I. (1978)
Auswerkungen von Zigarettenrauch und orolen
Contrazeptsion auf die Plasma und Vollblutviskositat,

Medizinische Welt, 29, 880,

103, Horne, C.H.W., Howie, P.W., Weir, R.J. & Goudie, R.B. (1970)
Effect of combined oestrogen-prongestogen oral
contraceptives on serum levels of alpha-2~macroglobulin,

transferrin, albumin and IgG. Lancet, I, 48,

104. . Oski, FeA., Lubin, B. & Buchert, E.D. (1972) Reduced red
cell filterability with oral contraceptive agents.

Annals of Internal Medicine, 77, 417,

108, Durocher, J.R., Weir, M.S5., Lundblad, E.G., Patow, W.E,
& Conrad, M.E. (1975) Effect of oral contraceptives
and pregnancy on erythrocyte deformability and surface

charge. Proceedings of the Society of Experimental

Biology and Medicina, 150, 368.

106, Dugdale, M. & Masi, A.T. (1971) Hormonal contraception and
thromboembolic disease: effects of the oral contraceptives
on haemostatic mechanisms -~ a review of the litsrature.

Journal of Chronic Disease, 23, 775.

107. Kaulla von K.N. (1976) Oestrogaens and blood coagulation.

Iriangle, 15, 9.

108, Poller, L. (1978) Oral contraceptives, blood clotting and

thrombosis. British Medical Bulletin, 34, 151,

109. Meads, T.W., Chakrabarti, R., Haines, A.P., Howarth, D.J.,

North, W.R.S. & Stirling, Y. (1977). Haemostatic,

175




lipid and blood pressure profiles in women on oral
contraceptives containing 50 pg or 30 pg oestrogen.

Lancet, 2, 948.

110, Paller, L., Thomson, J.M. & Thomass, P,W, (1972) Effects
of progestagen oral contraception with norsethisterone

on blood clotting and platelets. British Medical

Journal, 4, 391.

11, Chmiel, H.,, Effert, S. & Mathey, D. (1973) Rheologische
Varandermungen des Blutes beim akuten Hezinfarkt und

dessen Risikofaktoren, Deutsche Medizinische

Wochenschrift, 98, 1641,

112, Dintenfass, L. (1975) Elevation of blood viscosity,
aggregation of red cells, haematocrit wvalues and
fibrinogen levels in cigarstte smokers, Medical

Journal of Australia, 1, 617,

113, Bartles, H., Moll, W, & Metcalfe, 3. (1962) Physiology
of gas exchange in the human placenta. American

Journal of Obstetrics and Gynecology, 84, 1714,

114, Pyorala, T. (1966) Cardiovascular response to the upright

position during pregnancy. Acta Obstetrica et Gynaecologica

Scandinavica, 54, Suppl. 5.

115. Leas, M.M,, Taylor, S.H., Scott, D.B, & Kerr, M.G. (1967)
A study of cardiac ocutput at rest throughout pregnancy.

Journal of Obstetrics and Gynascology of the British

Commonwealth, 74, 319,

116. Lund, C.J. & Donovan, 3.C. (1967) Blood volume during

pregnancy. American Journal of Obstetrics and

176



117,

118,

119.

120,

121,

122.

123,

124,

Gynecology, 98, 393,

Schuwarz, R (1964) Das Verhalten des Kreislaufs in der
normalen Schwangerschaft. 1. Der arterielle Blutruck,

Archiv fur Gynakoloaie, 199, 549,

MacGillivray, 1., Rose, G.A. & Rowe, B, (1969) Blood

pressure survey in pregnancy., Clinicsl Sciencse, 37, 395,

Bader, R.A., Bader, M.E., Rose, 0.3. & Braunwald, E. (1955)
Haemodynamics at rest and during exercise in normal
pregnancy as studied by cardiac cathsterisation,

Journal of Clinical Invastigation, 34, 1524,

Burt, C. C. {1950) The psripheral circulation in pregnancy.

Edinburgh Medical Journal, 57, 18.

Herbert, C.M., Banner, E.A. & Watkin, K.G., (1958)
Variations in the periphsral circulation during pregnancy.

American Journal aof Obstetrics and Gynaecoloagy, 76, 742,

McCausland, A.M., Hyman, C., Winsor, T. & Trotter, A.D.
(1961) Venous distensibility during pregnancy.

American Journal of Obstetrics and Gynecology, 81, 472,

Rath, C.E., Caton, W., Reid, D.E., Finch, C.A. & Conroy, L.
(1950) Haematological chanmges and iron metabolism in

normal pregnancy. Surgery, Obstetrics and Gynascoloqy,

90, 320.

Lund, C. J. (1951) Studies on the iron deficiency anaemia
of pregnancy, including plasma volume, total haemoglohin,
erythrocyte protoporphyrin in treated and untreated

normal and anaemic patients, American Journal of

Obstetrics and Gynecology, 62, 947,

177



125, Benstead, M. & Theabald, G.W. (1952) Iron and the

physiological aneaemia of pregnancy. British Medical

Journal, 1, 407,

126, Edgar, W. & Rice, H.M, (1956) Administration of iron

in antenatal clinics. Lancet, 1, 599,

127, Phillips, L.L. & Skrodelis, V. (1958) The fibrinolytic
snzyme system in normal, haemorrhagic and anaemic states.

Journal of Clinical Investigation, 37, 965,

128, Talbert, L.M. & Langdell, R.D. (1964) Normal values of
cartain factors in the blood clotting mechanism in

pregnancy. American Journal of Obstetrics and

Gynscology, 90, 44,

129, Bonnar, J., McNicol, G.P, & Douglas, A.S5. (1969)
Fibrinolytic enzyme system and pregnancy. British

Medical Journsl, 3, 387.

130, Condie, R.G. & Ogston, D. (1976) Sequential studies on
components of the hasmostatic mechanism in pregnancy
with particular reference to the development of pre~

eclampsia. British Journal of Obstetrics and

Gynaecology, 83, 938.

131, Studnitz, W. Von (1955) Studies on serum lipids and

lipoproteins in pregnancy. Scandinavian Journal

of Clinical and L aboratory lnvestination, 7, 329.

132, De Alvarez, R.R., Afonso, J.F. & Sherrard, D.J. (1961)
Serum protein fractionation in normal pregnancy.

American Journal of Obstetrics and Gynecology, 82, 1096,

178



133, Reboud, P., Groslambert, P., Ollivier, C. & Gormlads,

(1967) Proteines et lipides plasmatique au cours de

la gestation normale et due post-partum, Annalss de

Biologie Clinigua, 25, 383,
134, Dieckmann, W.J. & Wegner, C.R. (1934) The blood in

normal pregnancy. 1. Blood and plasma volumes,

Archives of Internal Medicine, 53, 71.

135, Hamilton, M.F.H. (1950) Blood viscosity in pregnancy.

Journal of Obstetrics and Gynaecoloqy of the British

Empirs, 57, 530,

136, Eastham, R.D. (1965) Plasma viscosity in the improved

haematological screening of antenatal patients,

Journal of Obstetrics and Gynaecoloqy of the British

Commonwealth, 71, 763.

137. Murphy, J.R. (1968) Haemoglobin CC disease -~ Rheological

properties of erythrocytes and abnormalities in cell

water. Journal of Clinical Investigation, 47, 1483,
138, Cohen, M.E. & Thomson, K.J., (1936) Studies on the

circulation in pregnancy. 1. The velocity of blood

flow and related aspects of the circulation in normal

pregnant women., Journal of Clinical Investigation, 15, 607.

139, Heilmann, L., Mattheck, C. & Kurz, E, (1977) Rheological
changes in the blood in normal and patholeogical
pregnancies and their influence upon oxygen diffusion.
Archiv fur Gynakologie, 223, 283.

140,

Schiid-Schonbein, H,, von Hugo, R, & Rieger, H. (1976)

In Die Bechenvenenen, ed.

Ludwig, H. & Karz, E, p 87,

179



Stuttgart: Schattauer, ,

141, Pellisier, M.P. (1912) La visicosite du sang totale
chez la femme anciente et accouches et ses rapports

avec la tension arterielle. Archives d'Obstetriguse,

11, 306,

142, Esiaschwili, I. (1933) Blutgerinnung und Viskositat in
der Schwangarschafts und Nackgeburtsperiode.

Zentralblatt fur Gynakologie, 57, 2712,

143, Leonhardt, H., Uthoff, A, & Stelter, I. (1975)
Veranderungen der Blut - und Plasmaviskositat bei

Patisnten mit Risikofaktoren, Medizinische Klinik,

70, 1997,

144, Whitby, L.E.H. & Britton, C.3.C., (1969) Disorders of the

blood. 10th edition. p 654, London: Churchill,

145, Mackintosh, T.F. & Walker, C.H.M. (1973) Blood viscosity

in the newborn. Archives of Diseasg in Childhood,

48, 547.

146, Gross, G.P., Hathaway, W.E. & McGauchey, H.R., (1973)

Hyperviscosity in the neonate. Journal of Paediairics,

82, 1004.

147, Van Der Elest, C.W., Malan, A.V, & Heese, H. De V., (1978)
Haematocrit values and blood viscosity in the newborn

infant, South African Medical Journal, 53, 494,

148, Mentzer, W.C. (1978) Polycythaemia and the hyperviscosity

syndrome in newborn infants, Clinics in Haematology, 2,

63.

180



149,

150,

151,

152.

153,

154,

155,

156,

Wesenberg, R.L. (1978) Neonatal thick blood syndrome.

Hospital Practice, 13, 137,

Usher, R., Shephard, M, & Lind, J, (1963) The blood

volume of the newborn infant and placenta transfusion,

Acta Pasdiatrica Scandinavica, 52, 497,

Walker, J. & Turnbull, E.P.N. {(1953) Haemoglobin and
red cells in the fetus and their relation to the
oxygen content of the blood in the vessels of the

umbilical cord. Lancet, 2, 312.

. Bratteby, L.E. (1968) Studiss on erythrokinetics in

infancy. X, Red cell volume of newborn infants

in relation to gestational age. Acta Paediatrica

Scandinavica, 57, 132,

Foley, M.E,, Isherwood, D.M. & McNicol, G.P, (1978)
Viscosity, haematocrit, fibrinogen and plasma
proteins in maternal end cord blood. British

Jouyrnal of Obstetrics and Gynaecglopny, 85, 500,

Bonnar, J., MchNicol, G.P. & Douglas, A.S. (1971)
The blood coagulation and fibrinolytic systems in the

newborn and mother at birth., Journal of Obsteirics

and Gynascology of the British Commonwealth, 78, 355,

Stiehmy E.R., Ammann, A.J., & Cherry, J.D. (1966) Elevated
cord macroglobulins in the diagnosis of intrauterine

infections., New England Journael of Medicine, 275, 971,

Bergquvist, G., Bygdeman, S. & Rylander, E. (1977)
Daformability of fetal erythrocytes, Biblotheca

Anatomica, 16, 510,

181



157,

158.

160,

161,

162,

163,

164,

165,

La Cells, P.L. (1969) Alteration of deformability of the
erythrocyte membrane in stored bloed, Iransfusion,

8, 238.

Nakao, M., Nakao, T. & Yamazoe, S. (1960) Adenosine
triphosphate and the mainterance of shape of tha human

red cell, Nature {(Landon), 187, 945,

Weed, R.I., Lo Celle, P.L. & Merrill, E.W. (1969)
Metabelic dependence of red cell membrane deformability.

Journal of Clinical Investigation, 48, 795,

" Qski, F.h. & Naiman, J.L. (1965) Red cell metabolism in

the premature infant., I, Adenosine triphosphate
levels, adenosine triphosphate stability and glucose

consumption, Pasdiatrics, 46, 104,

A

Whaun, J.M. & Oski, F.A. (1969) Red cell stromal adenosine
triphosphate of newborn infants. _Pediatric Research,

3, 105.

Zinkham, W.H. (1959) An in_vitro abnermality of glutathione
metabolism of erythrocytes from normal newborns, mechanism

and clinical significance. Paediatrics, 23, 18.

Cooper, R.A. (1970) Lipids of human red cell membrane:
normal composition and variability in disease.

Seminars in Hemateloqy, 7, 296.

Hurter, P,, Schroter, W., Schedel, I. & Gercken, G, (1970)
Phospholipids of red cells and blood plasma in adults,
newborn infants and patients with Rh erythroblastosis,

Paediatrics, 46, 259,

Neerhout, R.C. (1968) Erythrocyte lipids in the neonats.
182



166,

167,

168,

169,

170.

171

172,

173,

Paediatric Research, 2, 172.

Holroyde, C.P., Oski, F,A. & Gardner, F.H, (1969)
The 'pocked! erythrocyte - red cell surface alterations
in reticulo-endothelial immaturity of the neonate.

New England Journal of Medicina, 281, 561.

Taffy, P., Brown, A.K. & Zuelzer, W.W., (1959)
Infantile pyknocytesis:~ a common erythrocyts abnormality

of the first trimester. Amsrican Journal of Diseaseg of

Children, 98, 227.

i Pearson, H.A. (1967) Life-span of the fetal red blood cell.

Journal of Pediatrics, 70, 166.

Oski, F.A. & Barness, L.A. (1967) Vitamin E deficiency -
a previously unrecognised cause of haemolytic anaemia

in the premature infant. Journal of Psdiatrics, 70, 211.

Powell, L.W, Dinnicliff, M.,A. & Billing, B,H. (1968)
Red cell survival in experimental cholestatic jaundice,

British Journal of Haematology, 15, 429,

Marks, J., Gairdner, D, & Roscoe, J.D. (9155) Blood
formation in infancy. Part 111, Cord blood.

Archives of Disease in Childhood, 30, 117

Rooth, R. & Sjostedt, S. (1957) Haemoglobin in cord blood

in normal and prolonged pregnancy. Archives of Disease

in Childhood, 32, 91,

McKiddias, J.M. (1949) Foetal Mortality in Postmaturity.

Journal of Obstetrics end Gynaecology of the Hritish

Empire, 56, 386,

183



174,

175,

176,

177,

178,

179,

180,

181,

182.

Walker, J. (1953) Symposium on Anoxia of the Newborn

Infant., Oxford: Oxford University Press.

Sontag, L.We & Wallace, R.F., (1935) The effect of

cigarestte smoking during pregnancy upon the fetal

heart rate., American Journal of Obstetrics and

Gyneceloqy, 29, 77,

Campbell, A.M., (1935) Excessive cigarette smoking and
its gffect upon resproductive efficiesncy. Journal

of the Michigan Medical Society, 34, 146,

" Campbell, A.M. (1936) The effect of excessive cigarette

smoking on maternal health. American Journal of

Obstetrics and Gynecology, 31, 502.

Simpson, W.3.A. (1957) A preliminary report on cigarette
smoking and the incidence of prematurity. Amsrican

Journal of Nbstetrics and Gynercology, 73, 808,

Butler, N.R., Galdstein, H. & Ross, E.M. (1972) Cigarette
amoking in pregnancy: Its influsnce on birth weight

and perinatal mortality, British Medical Journal, 2, 127.

Kullander, S. & Kallen, B. (1971) A prospective study of

smoking and pregnancy. Acta Obstetrica et Gynascologica

Scandinavica, 50, 83,

Comstock, G.W., Shah, F.K., Meyer, M.B. & Abbey, H. (1971)
Low birth weight and neonatal mortality rate related

to maternal smoking and socio-aeconomic class, American

Journal of Obstetries and Gynecoloqy, 111, 53.

Butler, M.R. & Alberman, E.0. (1969) Perinatal Problems.

The second report of the 1958 British perinatal mortality

184



183,

184,

185.

186,

187.

188,

189,

190,

191,

survey. pe. 73. Edinburgh and London: E. & 5.

Livingstone Ltd.

Savel, L.E. & Roth, E. (1962) Effects of smoking in
pregnancy:- a continuing retrospective study.

Obstetrigs and Gynecology, 20, 313,

Underwood, P,.B., Kesler, K,fF., O'Lane, J.M. & Callagan, D.A,
(1967) Prenatal smoking empirically related te pregnancy

outcome, Obstetrics and Gynecology, 29, 1.

Goldstein, H. (1973) Smoking during pregnancy and its

effect on the child., National Childrens Bureau, 12, 26,

Butler, N.R. & Goldstein, H. (1973) Smoking in
pregnancy and subseguent child development.

British Medical Journal, 4, 573.

Goujard, J., Rumeau, C. & Schwartz, D, (1975) Smoking
during pregnancy, stillbirth and ebruptic placentae.

Biomedicine, 23, 20.

Meyer, M.B., Jonas, B,S. & Tonascia, J.A. (1976) Perinatal
events associated with maternal smoking during pregnancy.

American Journal of Epidemiclogy, 103, 464,

Andrews, J. & McGarry, 3. (1972) A community study of

smoking in pregnancy. Journal of Obstetrics and

Gynaecoloqy of the British Commonwealth, 79, 1057,

Duffus, G.M. & MacGillivray, I. (1968) The incidence of
pre-agclamptic toxaemia in smokers and non-smokers.

Lancet, 1, 994.

Becker, R.F. & King J.E. (1966) Studies on nicotine

185



absorption during pregnancy. I1. The effects of
heavy doses on mother and neonates. American

Journal of Obstetrics and Gynecology, 95, 515,

192, Beckery, R.F., lL.ittle, C.R.D. & King, J.E, (1968)
Experimental studies on nicotine absorptien in rats
during pregnancy. III. Effect of subcutanecus
injection 6? small chronic doses upon mother, fetus

and neonate. American Journal of Obstetrics and

Gynecoloqy, 100, 957.

193, . Suzuki, K., Horiguchi, 7., Comas~Urrutis, A.C., Mueller~
Heubach, E., Morishima, H.0. & Adamsons, K. (1971)
Pharmacological effects of nicotine upon the fstus and

mother in the rhesus monkey. American Journal of

Obstetrics and Gynecology, 111, 1092,

194, Longo, L.D. (1977) The biological effects of carbon
monoxide on the pregnant woman, fetus and newborn

infant, American Journal of Obstetrics and Gvnecology,

129, 69,

195, Astrup, P., Trolle, D.;, Olsen, H.M. & Kjeldsen, K. (1972)
Effect of moderate carbon monoxide exposure on fetal

development. Langet, 2, 1220,

196, Chmiel, H., Effert, S. & Mathey, D. (1973} Rheologische
Veranderungen des Blutes beim akuten Herzinfarkt und

dessen Risikefaktoren. Deutsche Medizinische Wochenschrift,

98, 1641,

197. Dintenfass, L. (1975) Elevation of blood viscosity,
aggregation of red cells, haematocrit values and

fibrinogsn levels in cigarette smokera. Medical Journal

186



1948.

199.

200.

201,

202,

203,

204,

205.

of Australia, 1, 617,

D'Souza, S.W., Black, P.M,, Williams, N, & Jennison, R.F.
(1978) Effect of smoking during pregnancy upon the

hasmatologicel values of cord blood, British Journal

of Obgtetrics and Gynascology, 85, 495,

Finne, P. (1968) Erythropoietin production in fetal
hypoxia and in anaemic uraemic patients. Annals of

the New York Academy of Sciencs, 149, 497,

Long, P.A., Abell, D.A. & Beischer, W.A. (1980) Fetal

growth retardation and pre-sclampsia. British Journal

of Obstetrics and Gynaecologys 87, 13.

Gruenwald, P. (1966) Growth.of the human fetus, 1. Normal

growth and its variation. American Journal of Obstetrics

and Gynaecology, 94, 1112,

Jenkins, D.M. (1977) Immunological aspects of the pathogenesis

of pregnancy hypertension. Clinics in Obstetrics and

Gynaecoloay, 4, 665,

Howie, P.W, (1977) The haemostatic mechanism in pre-

eclampsia. Clinics_in Obstetrics and Gynaecoleqy, 4, 651.

Broughton—Pipkin, F. & Symonds, E.N; (1977) The renin-
angiotensin system in the maternal and fetal circulation

in pregnancy hypertension. CLlinics in Obstetrics an

e

Gynascology, 4, 664.

Brosens, I.A. (1977) Morphological chénges in the utero-
placental bed in pregnancy hypertension. (Clinics in

Obstetrics and Gynaecology, 4, 573,

187



2064

207,

208,

209,

210,

211,

212,

213,

214,

215,

Fox, He (1967) Abnormalities of the stem arteries in the

human placenta., Journal af Ohstetrics and Gynascology

of the British Commonwealth, 73, 734,

MeClure Browne, J.C. & Veall, N, (1953) The maternal
placental bleod flow in normotensive and hypsrtensive

women, Journal of Obstetrics and Gynaecoloqy of the

British Empire, 60, 141,

Morris, M., Osborn, 5.8. & Wright, H.P. (1955) Effective
circulation of uterine wall in late pregnancy measured

with 24NaCl. Lancet, i, 323,

Pritchard, J.A. (1965) Changaes in the blood volume during

pregnancy and dellvery, Anaesthesielogy, 26, 393,

Hodari, A.A. (1967) Chronic uterine ischaemia and reversible

experimental ‘toxaemia of pregnancy'. American Journal

of Obstetrics and Gynecology, 97, 597,

Kumar, D. (1962) Chronic placental ischaemia in relation to
toxaemias of pregnancy. A preliminary report. American

Journal of Obstetricsg_and Gynecology, 84, 1323,

Dieckmann, W. (1952) Toxaemias of Pregnancy. St. Louis: Mosby.

Bastiaanse, M.A. (1954} Etiological aspects of the problem of

toxasmia of pregnancy. American Journal of Obstetrics and

Gynecoloqy, 6B, 151,

Beker, J.C. (1948) Aetiology of Eclampsia., Journal of

Obstetrics and Gyneecology of the British Empire, 55, 756,

Fahrasus, P. (1962) Eclampsia - a disease of the checked

micro circulation., Acta Obstetrica st Gynascolegica

188



Scandinavica, 41, 101.

216, Matthews, J.D. & Mason, T.W. (1974) Plasma viscosty and

pre-sclampsia. Lancet, 3, 409.

217, Hytten, F.E. & Thomson, A.M, (1966) Body water in pre~

eclampsia. Journal of Obstetrics and Gynaeceology of

the British Commonwealth, 73, 714,

218, Govan, A.D.T. (1976) The histology of eclamptic lesions

Journal of Clinical Pathology, 29, Suppl. 10, 63,

219, _ Condie, R.G. (1976). Components of the haemostatic mechanism
at birth in pre-eclampsia with particular reference to

fetal growth retardation, British Journal of Obstetrics

and Gynascelogy, 83, 943,

220, Cole, V.A., Durbin, G.M., Olaffson, A., Reynolds, E.0.R.,
Rivers, R.P.A. & Smith, J.F. (1974) Pathological
intraventricular hasmorrhage in newborn infants,

Archives of Disease in Childhood, 49, 722.

221, Orloff, J., Welt, L.G. & Stowe, C. (1950) Effects of
concentrated salt poor albumin on metabolism and
excretion of water and electrolytes in nephrosis and

toxaemia of pregnancy. Journal of Clinical Investigation,

29, 770.

222, Maclean, A.B., Doig, J.R. & Aickin, D.R. (1978) Hypovolaemia,

pre-sclampsia and diuretics. British Journal of Obstetrics

and Gynaecoloqy, 85, 597,

223, Cloeren, S.E. & Lippert, T.H. (1972) Effect of plasma

expanders in toxaemia of pregnancy. New England Journal

of Medicine, 287, 1356,

189



224,

226,

227.

228,

229,

230.

231,

232,

Leth, A. (1970) Changes in plasma and extracellular
fluid volumes in patients with essential hypertension
during long=—taerm treatment with hydrochlorothiazide.

Circulation, 42, 479,

Campbell, D.M. & MacGillivray, I. (1975) Thae effect of a
low calorie dliet or a thiazide diuretic on the incidence

of pre-sclampsia and on birth weight, Britisb Journal

of Ohstetrics and Gynaecology, 82, 572,

Gant, N.F., Madden, J.0., Siiteri, P.K. & MacDonald, P.C.
(1975) The metabolic clearance rate of dehydroiso-
androsterone sulfate., III The effect of thiazide

diuretics in normal and future pre-eclamptic pregnancies,

American Journal of Obstetrics and Gynecology, 123, 159,

Walters, W.A.W. & Lim, Y.L, (1977) Diuretics in the treatment

of pre-eclampsia. Patient Menagement, 6, 29.

Gruenwald, P. (1963) Chronic fetal distress and placental

insufficiency. Biplogica Neonatorum, 5, 215,

Chamberlain, G., Phillip, E., Howlett, B, & Masters, K. (1978)

British Birgths 1970, Vol, 2, London: Heinemann

Dintenfass, L., & Girolami, A, (1978) Rigidity of red cells

in essential hypertension., Hasmostagis, 7, 298,

Tibblin, G., Bergentz, S.E., Bjure, J. & Wilhelmsen, L. (1965)
Hammnatocrit, plasma proteins, plasma volume and viscoaity

in hypertensive diseass. Scandinavian Journal of

Laboratory Investigation, 64, 194,

Tibblin, G., Bergentz, S.E., Bjure, 3. & Wilhelmsen, L. (1966)

Haematocrit, plasma proteins, plasma volume and viscosity
190



in early hypertensive disease. Amgrican Heart Journal,

72, 165.

233, Reynolds, E.D.A. & Taghizadeh, A, (1974) Improved
prognosis of infants machanically ventilated for

hyaline membrane disease. Archives of Disease in

Childhood, 49, 505,

234, Harcke, H.T., Naeya, R.L., Storol, A. & Blanc, W.A. {(1972)
Perinatal cerebral intraventricular haemorrhage.

Paediatrics, 80, 37.

235, Schwartz, P, (1971) Birth injuries. In Pathology of ths

nervous system. ed. Minkler, J. p 1,779, New York:

McGraw Hill Book Company.

236, Papile, L.A., Burnstein, T., Burmstein, R, & Koffler, H.
(1978) Incidence and evelution of subependymal and
intraventricular haemorrhage: a study of infants with

birth weight less than 1,500 gm. Journal of Pasdiatrics,

92, 529.

237, Fraser, R.A.R., Schechner, S., Grassi, A.E. & Les, B.P. (1979)
Presented at the Mesting of the American Association of

Neurological Sciences, in April 1979 at Los Angeles.

238, De Reuck, J., Chattha, A.S. & Richardson, E.P, (1972)
Pathogenesis and svolution of periventricular

leukomalacia in infancy. Archives of Neurolegy, 27, 229.

239, Banker, B.Q. & Larroch, J.C. {1962) Periventricular

leukomalacia of infancy., A form of neonatal anoxic

encephalopathy. Archives of Meurology, 7, 386.

191



240,

241,

242,

243,

244,

245,

246,

247,

Hambleton, G. & Wigglesworth, 3.5. (1976) Origin of
intraventricular hasmorrhage in the preterm infant,

Archives of Disease in Childhood, 51, 651.

Chessells, J.M. & Wigglesworth, S. (1972) Coagulation
studies in preterm infants with respiratory distress

and intracranial haemorrhage. Archives of Disease

in Childhood, 47, 564.

Foley, M.E. & MeNicol, G.P. (1977) An in vitro study of
acidosis, platelet function, and perinatal cerebral

intravantricular haemorrhage. Lancet, 1, 1230,

Turner, T.L. (1976) Randomised sequential controlled trial
to evaluate sffect of purified factor II, VII, IX and X
concentrate cryoprecipitate and platelet concentrate in
management of preterm low birth weight and mature
asphyxiated infants with coagulation defects. Archives

of Disease in_ Childhood, 51, 6810.

Lou, H.C., Larsen, N.A. & Friis-Hansen, B, (1979) Is
arterial hypertesnsion crucial for the development of

cerebral haemorrhage in premature infants. Lancet, 1, 1215,

Lou, H.C., Larsen, N.,A., Friis-Hansen, B. (1979)
Impaired autoregulation of cerebral blood flow in the

distressed newborn infant., Journal of Paediatrics, 94,

118,

Giombi, A. & Burnard, E.D. (1970) Rheology of human fetal
blood with reference to haematocrit, plasma viscosity,

osmolality and pH. Biorheoloqy, 6, 315,

Sirs, J.A. (1977) Effects of storage on the respiratory

192



248.

249,

250,

251,

252.

253,

254,

255,

function and flexibility of rsd blood cells,

Blood Cells, 3, 409.

Farrell, P.M. & Avery, M.E, (1975) Hyaline membrane disease.

o
American Review of Respiratory Diseases, III, 657,

Bergqvist, G. & Zetterstrom, R. (1975) Submaximal blcod
flow and blood viscosity in newborn infants, Acta

Paediatrica Scandinavica, 64, 253.

Aperia, A., Bergguvist, G., Broberger, 0,, Thodenius, K.
& Zetterstrom, R (1974) Renal function in newborn
infants with high haematocrit valuses before and after
isovolaemic haemodilution., Acta Paediatrica Scandinavica,

63, 878.

Hardaway, R.M. (1966) Syndromes of disseminated intravascular

coagulation. p 116. Springfield: Thomas.

Friedman, L., Lewis, P,J., Clifton, P. & Bulpitt, C.J. (1978)
factors influencing the incidencse of neonatal jaundice,

British Medical Jourpal, 1, 1235,

Chalmers, I., Campbell, H, & Turnbull, A.C. (1975)
Use of oxytocin and incidence of neonatal jaundice.

British Medical Journal, 2, 116,

Beazley, J.M. & Alderman, B, (1975) Neonatal hyperbili-
rubinaemia following the use of oxytocin in labour,

British Journal of Obstetrics and Gyhaecology, 82, 265,

D'Souza, S.W., Black, P., Macfarlane, T. & Richards, B, (1979)
The effect of oxytocin in induced labour on neonatal

Jaundice. British Journal of Obstetrics and Gynaecology,

86, 133.

193



256,

257,

258,

259,

260,

261,

262,

263,

264,

Davies, D.P., Gomersall, R., Robertson, R., Gray, O.P.
& Turnbull, A.C. (1973) Neonatal jaundice and maternal

oxytocin infusion, British Medical Journal, 3, 476.

Ghosh, A. & Hudson, F.P. (1972) Oxytocic agents and

neonatal hyperbilirubinaemia. Lancst, 2, 823,

Oski, F.A, (1975) Oxytocin and neonatal hyperbilirubinaemia.

Amarican Journal of Diseases of Children, 129, 1139.

Singhi, S. & Singh, M. (1977) Oxytocin induction and

neonatal hyperbiiirubinaemia. British Medical Journal,

2, 1028,

Calder, A.A., Ounsted, M.K., Moar, V.A, & Turnbull, A.C.
(1974) Increased bilirubin levels in neonates after
induction of labour by intravenous prostaglandin E2 or

oxytocin. Lancet, 2, 1339,

Beazlaey, J.M. & Weeks, A.R.L. (1976) Neonatal hyperbilirubin-
aemia following the use of prostaglandin E2 in labour.

British Journal of Obstetrics and Gynaecoleogy, 83, 62.

Campbell, N., Harvey, D. & Normem, A.P. (1975) Increasing
frequency of neonatal jaundice in a Maternity Hospital.

British Medical Journal, 2, 5H48.

Mast, H., Quakernack, K., & Lenfers, M, (1971) Die Einfluz
des Gsburtsverlaufes auf den ikterus neonatorum,

Gebureshilf und Frauenheilkunde, 31, 443,

Adams, K.F., Johnson, G., Hornowski, K.E. & Lineberger, T.H.
(1979) The effect of copper on erythrocyte deformability.
A possible mechanism of haemolysis in acute copper

intoxication, Biochemica et Biopbysica Acta, 550, 279,
194




265.

266,

267.

268,

269,

270.

271.

272,

Duracher, J.R., Glader, B.E., Gaines, L.T. & Conrad, M.E.
(1974) Effect of cyanate on erythrocyte deformability.

Blood, 43, 277.

Rosenmund, A., Binswanger, U. & Straub, P.W. (1975)

Oxidative injury to erythrocytes, cell rigidity and
splenic haemolysis in haemodyalized ursemic patients.

Annals of Intsrnal Medicine, 82, 460,

Lundh, B,, Oski, F.A. & Gardner, F.H., (1970) Plasma
hemopexin and haptoglobin in haemolytic disease aof the

newborn, Acta Paediatrica Scandinavica, 59, 121.

Kumarensan, P., Anandrarangam, P.B., Dianzon, W, &
Vasicka, A. (1974) Plasma oxytocin levels during
human pregnancy and labour as determined by radio-

immunoassay. American Journal of Obstetrics and

Gynecoloqy, 119, 215,

Noddle, B.A. (1964) Transfer of oxytocin from the maternal
to the fetal circulatiaon in the ewe. Nature (London),

203, 414.

Burton, A-m;, Illingwﬂrth, D.U., Challis, J-'RQGQ &
McNeilly, A.S. (1974) Placental transfer of oxytocin
in the guinea pig and its release during parturition.

Journal of Endocrincoloaqy, 60, 499.

Abdul-Karim, R.W. & Rizk, P,T. (1970) The effect of oxytocin
on renal haemodynamics, water and electrolyte excretion,

Obstetric and Gynascological Survey, 25, 805,

Weed, R.I. & Reed, C.F. (1966) Membrane alterations leading

to red cell destruction, Amegrican Journal of Medicine, 41,

681, 195




273,

274,

275.

276,

277.

278 .

279,

280,

Rifkind, R.A. (1966) Destruction of injured red cells

in_vivo. American Journal of Medicine, 41, 711.

McGuiness, G.A., Merkow, A.J., Kennedy, R.L. &
Erenberg, A. (1978) Epidural anaesthesia with

bupivicaine for caesarian section. Anaesthesioloagy,

49, 270,

Scanlon, J.W., Ostheumer, G.W. & Luris, A.0. (1976)
Neurebehavioural responses and drug concentration in
newborns after maternal epidural anaesthesia with

bupivicaine., Apassthasiology, 45, 400.

Beazley, J.M. & Reynolds, F, (1972) Placental transfer
of bupivicaine after paracervical block. Obstetrics

and Gynaecoloqy, 39, 2.

Beazley, J., Brummer, H.C. & Kurjak, A. (1972)

Distribution eof 9—H3~Prustaglandin F2 in pregnant

and non-pregnant subjects. Journal of Obstetrics and

Gynaecoleqy of the British Commonwealth, 79, 800,

Seigler, R.L., Welker, M.B8., Crouch, R.H., Christenson, P.
& Jubiz, W. (1973) Plasma prostaglandin E2 concentrations

from birth through childhood. Journgl of Paediatrics, 91,

734,

Pokoly, T.B. & Jordan, V.C. (1975) Relation of steroids
and prostaglandin at veginal delivery and caesarian

saction. Obstetrics and Gynscology, 46, 577.

Allen, J.E. & Rasmussen, H., (1971) Human red blood cells:-
Prostaglandin £2, epiniphrine and isoproterenol after

deformability. Science, 174, 512,

196



281, Gruber, C.A. & Gilbertson, T.J. (1978) The effect of
prostaglandin E2 - induced echinocytic transformation
on the potassium loss, viscosity and osmotic fragility

of normal and sickle cell erythrocytes. Prostaglandins,

15, 429.

282, Trolle, D. (1968) Decrsase of total serum bilirubin
concentration in newborn infants after phenobarbitone

treatment. Lancet, 2, 705,

283, Lewis, PJ, & Friedman, L.A. (1979) Prophylaxis of neonatal

jeundice with maternal antipyrene treatment. Lancet, 1,300,

284, Gillespie, A. (1972) Prostaglandin - oxytocin enhancement
and potantiation and their clinical application,

British Medical Journal, 1, 150.

285, Beazley, J.f. (1972) 1Induction of labour with prostaglandins:

summary of present status. Journal of Reproductive

Medicine, 9, 469.

197



