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SUMMARY

Deformability of red blood cells is defined as their
, ability to deform (ie; to assume new shapes) in response to
forces applied on the cell. This 1is essential for
effective b;ood floﬁ, particularly in the.microcirculation,
where red blood cells of about 8 um diameter flow through 3
to- 4 um diametér vessels. Thus deformability of red blood
cells‘ is an important determinant of flow through
microcirculation, of oxygen transport and rélease to the
tiésﬁes and aiso‘pf whole blood viscosity and red cell life

span.

Filtration'techniques are widely used as models of
the"micrbcirculation and for measurement of red cell
defofmability. These are based on measurements of the flow
of suspensions of cells through the filter membranes. The
filtration method de?eloped by Jones et al (1984 and 1985)
was uséd iﬁ this thesis to measure the red cell
.deformability.v The factors other than red .celi
deformability, which influence the rate of filtration were
‘eliminated so that'a sensitive filtration technique for

‘meaSuring'red blood cell deformability was used.
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- This study describes the fetal red cell
filterability measured in varying in vitro pH and
4témperature épnditions which are important in newborn .
‘infants in vivof The séries of experiments performed on
blood sampies froh‘newborn infants to see the effect of
*Changing rH and temperature showed that the RBCs are
‘sensitive to pH and temperature changes. Filterability of
red blood cells is decreased at low pH_and temperatufe when
compéred with nofmal blood temperature and pH. The‘effeCt
of low pH is‘fevérsible and possibly correctable.Thus
acidosis and‘hypothermia seen in newborn infants could
affect the deformability of red cells and this might be a
contributafy factor in clinical complicatiohé seen in these

babies.

"Filterabiiity of red cells from fetuses, newborn
infants and adults was measured. It was found to be
direétly related to the gestational age of the infant with
no significant difference between redrlblood cells of
gestational age matched fetuéesand newborn infants.
Howéver, RBCs from healthy newborn term ihfaﬁts-showed
sigﬁificantly decreased filterabilityvthan those frbm adult
RBCs,~‘Thus the fetuses and infants who were transfuséd
with adult"blood~ showed considerably improved flow

properties (four fold increase in filterability with adult

22



'plood traﬁsfusion)vwhen compared to gestational age matched
Luntransfused fetuseé'and infants; The filterability of red

cellé ﬁas negatively related to the mean cell volume (MCV)
of RBC. " However, multiple regression énalysis showed that
gestational age of the infant and MCV vwere iﬁdebendeht:
determinants 6f filterability. Theréfbre, apart from their
iarger size,.heonatal RBCs are inherently less fiitetablé

than-those of adults.

The_influence of HbF on the filterability of fetal

‘and neonatal erythrothes was also assessed. During

filtration,’through' 3 um pores, cells with a higher

proportion of adult haemoglobin fenﬁrge from the filter
sooner than the less mature cells with a higher proportion

of fetal‘haemoglobin.

Various clinical parameters were correlated with the

‘red cell‘deformébility in newborn infants, Preterm babieé
with major complications of preterm ‘delivefy? ie;

resﬁiratory distress syhdrqme and intraventricular

haemorrhage when compared with similar babies without these

complications showed decreased red cell filterability but
thékkrécordéd differences were not statisticaily

significant. However red cell filterability was decreased

v‘*in small’for date (SFD) infants compared to géestational age

‘matched'appropriate for gestational (AGA) infants.
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CHAPTER 1

ITNTRODUCTTION



GENERAL INTRODUCTION

The science of deformation and flow of fluid through
- channels under the influence of a drivihg pressure is known
as Rheoiogy(Greek,rhein,to flow). Siﬁce one of the mdst
impoftaht properties of blood is that it flows in the
circulatory system of arteries, veins and capillaries to
deiiver oxygen to the vital organé, it is apparent‘that fhe
rheological properties of blood play an important role in .
governing flow dynamics andﬂcirculatory transport in héélth'
‘and disease.The study of these properties is célled

haemorheology.

in recent yvears, there has developed an inéreasing
intefest in haembrhéology and this has contributed to a new
- understanding of the role of blood fluidity as it affects,
the microcirculation. A Varieﬁy ofvhaemorheological factors
. hés‘ been uncovered as being of significance in many

physiological andfpathological flow conditions.
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Definition of viscosity

All fluids resist attempts to alter their shape to'a.
greater or lesser extent and this resistance to flow is the
measure of fluid viscosity. During flow, as the iayers of
flhid‘move barallel to each other at different rates, a
Vélocity gradient is formed between thesevlayers and is
known és_shear rate (s-!'). The force required to produce
.thisbvélocity gradient is called shear stress (Nm-2). The
unit for measufing_éhear rate is reciproéal seconds (S-t)
:and thé'Syéteme Internationale (SI) units of shear stress
bare paécals‘(Pa);‘one pascal equals ohé newton per square’
metre (N.m-z). Due to the small shear stresses involved in_
haemorheology, millipascals (mPa) are used rather than
pascals. The'SI units of viscosity are millipascal—secohds
(m?a.s); one millipascal-second is equél to Qne»centipoise

~ (cP) in centimetre-gram-second (c;g.s.) units.

Viscosity of the fluids (n) may thus be defined as B
 the ratio of shear stress to rate. The unit of viscosity

being paséal seconds (Pa.s).
" Shear Stress (mPa)

Viscosity (mPa.s) = ----—--——------—-——-

Shear rate (s-1)
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Accofding to Hagen-Poiseuille equation,the flow fate
of fluids through narrow tube depends on the pressure
gradienf‘(driving pressure, P) along the tube;the length
and radius of the tube (1 and r); and the viscosity of the

fluid (q):

Flow rate = ——=————————-

In his Principia of 1686, Sir isaac Newton
hypbthesized that'the:shear rate in a fluid waé directly
- proportional fo the shear stress ie; the viscosity was
1constan£‘regafdless of the flow conditions. Newtonian
fluids are.thus defined as fluids with constant viscosity
despite differeht'shear conditions. Water and plasma are
.Newtdniaﬁ fluids. In‘non—Newtonian fluids, viscosity
varies with.shear éonditions. Shear fate increases with

flow rate and with decrease in vessel diameter.

1.1 . Blood Viscosity

Whole blood, which:is a mixture of plasma and blood
‘celis; is avnoanewtonian‘fluid. Hence as the blood flows
:from- wide _bore/high  pressure arteries to narréw bore
cépilléries and to wide bore/low pressure veins there are

~ large changes in shear rate and concomitant changes in

26



whole‘blood viscosity. Vessel diameter not only influences
~the shear 'forces Within the blood,but also requires
deformation of individual red and white blood celle when it
‘decreases below ‘the cell diameter(6 to 8 um), as in
‘nutritive capillaries:this also greatly alters the flow -

resistance of the blood.

The major determinants of blood viscosity are plasma
viscosity; red .cell‘ concentration, red blood cell’
aggregation, red blood cell deformation, the number of

leucocytes and their flow properties.

"1.1A. Plasma Viscosity:

This is dependent mainly on the concentration'of
plasma proteins, especially high’mblecularrweight proteins,
ie., fibrinogen and some globulins. in normal plasma
v,,eibumih cqntributes only 36% of the difference between
plasma and water viscosity, although it comprisesk60%.of
fetal plasma'protein by weight. _Thié is due to ifs low
molecular weight and reiative symmetfy. Serum globulins
have a greeter effect, ‘especially fﬁhe,'larger
macroimmunoglobulins. = Fibrinogen contributes 22% of the
‘ piasme water‘viscosity difference, although only 4% of the
totalvprotein by weight (Lowe, 1987a). Plasma viscosity

increases linearly with increasing total plasma proteins
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randrplasma fibrinogén'concentration. Total plasma protein,
concentration. of individual plasma proteins and plasma
' Qiscosity are very lqw in preterm infants, ihcreasé with
increasing gestational age and reach the highest values in

" adults (Linderkamp et al, 1984b).

Table 1.1

Plasma Protein Data from Linderkémp et al (1984b)

Neonates

a)Preterm b)Preterm c)Term d)Adults

Gestation age (Wk)  24-30 31-36 38-41

Number (n) 10 10 10 10

TotalPlasma Protein 4.5+0.4 5.1+0.5 5.8+0.6 7.4+0.8
(g/d1) | | |

‘Plasma Fibrinogen 171452  233+54  252+60 346+55
 (mg/d1) _

' Plasma Viscosity  1.04+.06 1.16+.08 1.25+.09 1.46+.11

(cp)
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1.1B.'Red cell concentration dr Haematocrit:

Inrthe nofmal infant red biood cells (RBC) constitute
'the 1érgest bercéntagé of blood cells and the haematocrit
iébthe.major‘determinant of biood viscosity. As the

haematocrit ‘rises, the increase in blood viscosity
accentuates (Chien, 1981). Oski and Naiman(1982) have
 shown that neonatal polycythaemia (defined as a haematocrit
over 0;65 g/i) is'the'main'cause of hyperviscoéify syndrome
in newbbrn'babies. bDevelopmentally, the haematocrit
increases ffom‘0;33/l at the 12th week of gestatioh to>

0.45/1 at the 28th week (Walker & Turnbull, 1955) and
0.52/1 at full term (Guest & Brown, 1957); A postnatal
haematocrit of 0.45—0f65/1 is considered normal in‘infants
(Linderkamp, 1987). In adults the normal value is 0.40/1 -
Q.GO/l. Tablell.z shows the haematological data observed in

preterm and term infants and adults.
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Table 1.2: Haematological Data for blood from Preterm and

Term Infants and Adults. (Linderkamp et al; 1986b)

Neonates (wks of gestation)

Adults
24-30w  31-36w 38-41w
n=10  n=10 n=10 n=10

Hematocrit (%)  43.5+ 2.2 | 48.042.8 | 49.4+4.7 44-313.11

MCV (f1) 123.2+10.1 1117.2+7.8 1107.8+5.7 90.144.9

MCH (pg) - .~ 40.5% 2.6 | 38.5 2.2 | 35.7i1.9 29.9+1.9

MCHC (g/ql) 32.6+ 1.7 | 32.9+1.5 | 33.041.5 | 33.2+1.3
 HaemoglobinF (%) 92.4+ 6.7 | 85.746.1 | 70.3+8.2 0.8+0.4

Reticulocytes 11.1+ 4.4 | 6.8+2.9 | 3.2+1.4 1.140.3

(% of RBC) ; ] {

Nucleated RBCs 70.3+56.7 118.7+13.8 | 6.3%2.8 0.0+0.0

(% of WBC) |

1.1C. Red Cell Aggregation

Fibrinogen and some globulins can be adsorbed onto_

red cell surfaces and bridge adjacent RBCs to cause their

, aggregation (Chien, 1975;Schmid-Schonbien, 1976). The

normal aggregation process requires contact of more than a

- second Dbetween adjacent red cells and therefofe occurs
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}only during blood stasis or at low shear rate (Linderkamp,
1987). Red cell aggregation increases with increasing‘
gestational age (Linderkamp et al, 1984a) and is less in
neonafes than in adults (Schmid-Schonbien et al, 1973;

Linderkamp'et al, 1984a). Decreased red cell aggregation,
in general correlates with the fibrinogeh concentration in’
" newborn infants. - However, preterm infants tend to have
weaker red cellraggregation thanrfull tefmvneonates at
gsimilar’fibrinogen concentrations. A special type of fetal
fibrinogen is found to be.c0ntributin§ tovthe decreased
aggregafion of these neonatal red cells (Rampling, 1985).
It is characterized by an increased sialic acid
concentration relatiVe to the normal adult fibrinogen. The
increased éhange due to sialic acid is thought to reduce
_the'interaction’between fibrinogen in pretern infants.and

their red cell membranes (Rampling et al, 1984).

Linderkamp et al (1984a) have shown in
crbss—suspension studies (neonatal red cells in adult
vplasma' and adult red cells in neonatal plasma) that
neonatalzand adult red cells have the same aggregation
patterns when fhey are suspended in the samé plasma.
‘ Moreover; neonatal and adult red cells demonstrate the same
strong éggregation' when  they are suspended in high
molecular weight dextran. This shows fhat specific plasma

properties are responsible for the decreased red Cell
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vaggregation in neonates, while specific neonatal red cell

properties do not affect_aggregation.

1.1D. Red Blood Cell Deformability:

Thé red céll, which consists of a haemoglobin rich
‘fluid éurrounded‘ by a flexible membrane, is highly
defdrmable'(Chien, 1981).‘_ It is this property of'the' '
‘erythrocyte which enables it to pass through vessels
smaller than its own diameter. Arterial blood flow in
the macrocirculation is also facilitated by the
deformability 6f erythrocytes since they can adopt an
~.ellipsoid shape and rotate (tank-tread) their membranes in,
respdnse to the high extrinsic: shear stress

(Schmid-Schonbein & Gaehtgens , 1981).

Deformability of red cellé 'is an important
determinant‘of biood flow in the microcirculation, of
- oxygen transport_and release to the tissues and of the red
| cell 1life span (Delobei et al, 1981, Koﬁ et al, 1983;
‘Linderkamp et al, 1986¢c). No significant difference in
deformability betweeh red éélls from fetuses, preterm and
- full term neénatés and adults was found when cells wére
studied under defined shear conditions in ‘rheoscope
(Linderkamp et al, 1986a), and ectacytometer (Coulombel et
- al, 1982) ot»viscometer (Linderkamp et al, 1981 and 1984b).

On the other hand, red cell deformability when assessed by
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filtration techniques, showed that the filtration rates of
'réd celis are mafkedly lower in full term neonates than in
adults (Gross & Hathaway, 1972; Tillman et al 1981;
-Reinhart et al, 1985). The red cells of preterm infants

show even_lower filtration rates than those of full term

infants (Holland et al, 1985; Linderkamp et al, 1986b).

*1.1E.>White Biood Cells and their flow properties:

White blood cells have negligibie effects on bulk
blood viscosity but have important effects on blood flow in
b,narrdw vessels, due to their higher internal viscosity and
their adhesiveness when activated (Lowe, 1987a) . ‘Neonatal
blood contains more 1eucqcytes and more immature
granulocytes'thén adult blood. In small preterm infants,
this count is even higher (Linderkamp et al, 1986b). White
cells have similar'diameters to red cells (6.2-7.5 um) butv
being spheres have twice their volume and are therefore .
mﬁch_mére rigid, due to théir figid nuclei and‘granular
cytoplasm. The adhesivé and poofly deformable white cells
. can have important effects on microcirculatory blood flowk
'(Chien,‘1988). An abnormally high leucocyte count édﬁld”

lead to hyperviscosity states eg; leukaemias.
This thesis will be concerned largely ‘with the
_contribution of red cell deformability to the flow

properties of blood in circulation. There follows a
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summary of the clinical conditions |, in particular
important perihatal and neonatal problems which are

~associated with the altered rheological factor.

1.2. Abnormal Rheology in relation to Perinatal and

Neonatal Disorders:

It has been demonstfated that‘fetal development is
- dependent onrthe uteroplécental blood flow. When this flow
“is feduced, fetal development is impaired. Kaibara et al
(1985) foﬁnd a positiye correlation between erythrocyte
filterablility of maternal blood  and birth weights of
ihfants. bReduced maternal erythrocyte filterability has
"been observed in pregnancies with dintrauterine groﬁth

retardation (Thorburn et al, 1982; Buchan 1984a).
1.2A. Intrauterine Growth Retardation:

The two most readily identifiable groups of infants
born in a growth retarded state are those born to mothers
With pre—eclampSia and to those who are heavy smokers

during pregnancy.
a) Pre-eclampsia: Pre-eclampsia has a complex
' aetiologyvbut from the fetal point of view, is seen as a

~conditiqn of reduced blood flow in the placental
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microcirculation. There is an increase in the blood
viscosity and a reduction in erythrocyte deformability in
pre—eclamptic women (Thorburn et al, 1982; Buchan, 1982) as

well as in the babies from such mothers (Buchan, 1984a).

Furthermore, these'infahts have a lower birth weight than

géstationkmatched healthy controls (Buchan, 1984a).

b) Smoking in Pregnancy: The association between
cigarette smoking in_pregnancy and’fetal intrauterine
‘growth retardation is well established (Pirani, 1978). The
haémor héological changés seen in adult smokers include an
increased haematocrit, plasmé fibrinogen, plasma viscosity;
whole blood viscosity and red cell aggregatioh
(Dintenfass, 1975). Buchan (1983), demonstrated lower
erythrocyte deformability values in smoking mothers.
Infants bornvto smoking mothers have a higher haematocrit
and whole blood‘ viscoéity, and a 1lower erythrocyte

filterability and mean birth weight (Buchan, 1983).

1.2B. Infants of Diabetic Mothers (IDM):

| Pfamanik & Mohandas (1984) suggested that RBCs of
~infants of diabetic mothers are less deformable than that
~of nbrmal infants. The biochemical basis for this is an
alteration in thevlipid bilayer, associated with increased

cholesterol and croSs-liﬁking of lipids in the red blood
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cells of infahts of diabetic motheré‘ Such red cells have
membranes with decreased élasticity (Linderkamp -and
Meiselman,’1982). ‘The haematocrit and plasma viscosity of
 thesé infants may be increased (Violaris et al, 1986).
Hyperviscosity resulting from increased haematoérit,
increased plasma viscosity and decreésed red cell
defprmability may contribute to the high risk of
thrombo-embolic complicétions to these  infants

(Linderkamp, 1987).

1.2Cf Neonatal Jaundice following the use of Oxytocin in
labour:

_A relation between oxytocin administration in labour
and the'subsequent development of neonatal jaundice is weli
documénted (Beazley and Alderman, 1975; Chalmers et al;
1975.and Fieidman. et al, 1978). Various causes are
'suggested,such as enhanced placento fetal transfusioh
- (0ski, 1975) and increased osmotic fragility (Singhi and
Singh;71977). In’1979, BuchanAreported,that infants born
aftef.oxytocin—inducéd labour, showed clear evidence'of}
~increased haemolysis associated with significantly
 decréased>erythrocyté deformability. In Qitro studies
.described ih this pﬁblication, showed’a time and dose
related reductién in erythrocyte deformability in response
‘to 6xytocin.. Buchan (1979) suggested that the

vasopressin-like action of oxytocin causes osmotic swelling
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of erythrocytes leading to decreased deformability and
hence more rapid destruction with resultant

hyperbilirubinaemia in the neonate.

1.2D. Asphyxiated and acidotic babies:

A decrease in pH causes.a significant decrease in the
bfilterability of fetal and adult erythrdcytes (Gross and‘
Hathaway, 1972). Buchan (1984b) recorded a greater
increase in viscosity and a greater decrease in red cell
filterability in fetal blood with falling pH than in
'adult'blood. A 1inear association between pH and red cell
filtration rates has also been shown in cord blood of
infants with fetal distress (Buchan, 1984b). Even the
stress of é normal vaginal delivery decreases red cell
filterability below that of dinfants born by elective
caesarian section (Kaibara et al, 1981) . Asphyxiated
"babies are prone to;develop polycythaemia.' Pochythaemiav
-and decreaSéd red cellydeformability with aéidaemia may
' ‘furthérk increasé the risk to the hypoxic fetus df
circulatory failure, decreasedkcefebral perquionrand brainv

damage.

1§2E._Hypervi$cosity Syndrome:
This is a serious condition affecting 1-5% of all
infants (Hathaway, 1983{ Wiswell et al, 1986).‘ Abnormal

rheology of heonatal blood may result from polycythaemia,
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decreased cell_ filterability, increased red cell
aggregation; changed distribution of leukocytes énd raised
plasma viscosity. The effects could 1lead to
vlife—threatening complications such‘vas ’convulsiOns,

congestive heart failure, respiratory distress, necrotising
enterocolitis, acute renal failure and peripheral gangrene,

(Hathaway, 1983).

1.2F. Neonatal Septicsemia;

' Rifers et ai (1985)‘have shown that in serious
'neonatal septicaenia, red sell deformability may be
markedly decreased as a result of membrane alterations and
loss of normal membrane elasticity. These alterations are
probably Caused by'ehdotoxins (Linderkamp et al, 1981).
Red cellyaggregation also increases due to increased plasma
b_macromolecules eg;‘fibrinogen (Rivers et al, 1985). These'
'valtsred rheological blood properties may‘contribUte‘to

circulatory compromise in septicaemia.

1.2G. Vitamin E Deficiency:

An anaemia»secondary tojvitamin E deficiency has long
been recognised in premature infants (Oski and Barness,
.1967).. The haemolytic process may be accentuated by
mediéinai iron and by incubation of red cells with hydrdgen
peroxide. Lubin and Chui (1982) found decreased filtration

rates of red cells from vitamin E deficient infants after
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incubation of these cells with hydrogen peroxide. This was
associated with the formation of aggregates of high
: moleculaf weight proteins and decreased ATPase activity in

red cell membranes. These changes which follow peroxidant'

injury, probably'contribute'to the shortened red cell
survival in vitamin E deficiency state (Lubin and Chui,

;1982)'
- 1.2H. Other'MicrOCirculatory Complications in Neonates:

Red cellrfilterability is found to be impaired in
newborn'babies, in particular infants borh'after preterm
deiivery (Gross ahd Hathaway, 1972; Reinhart et al, 1985;.
"Holland et al, 1985; Linderkamp, 1986b). This correlates
with short gestation as .does intraCraniél
ischaemia/haemorrhage;. jaundice, anaemia and necrotising

enterocolitis.

The high risk of intracranial haemorrhagé in preterm
infants may result in part from poor red cell aggregation,
impaired paéssagé of their large red cells through narrow
cgreﬁral capillaries, and increased bléod viscosity

T(Linderkémpb and Betke, 1985a). Irrespective of the -
cellular péthological causes fér the ﬁrematuriterelated _
bimpairment'of»red cell filterability, this finding méy 

reflect importahtvin vivo phenomena: the pathogenesis of
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- haemolysis, jaundice‘and circulatory stagnation, thrombosis
and haemorrhage in neonatal lifé may depend in part on this
malfunction of fetal red cells after birth (Holland et al,

11985) .

1.3. Decreased Red Cell Deformability and some'important

Paediatric Disorders:

1.3A. Irbn Deficiency Aﬁaemia:v

‘:v‘Iron deficient red blood cells afe less defdrmable
than norhal cells (Yip et al, 1983, Tillman and Schroter,
1980)., The diminishédbdeformability of the erythrocytes of
these patients is due to an unfavourable ratio of cell
surface areav to microcytic cell volume (Tillman and
Schroter, 1980). Linderkamp et al (1985b) found that the
surface area of iron deficient red cells was up to 20%
larger than that of hormal RBCs, the membfane elastic shear
modulus was increased by 20% (ie, elasticity was impaired)_
whereas the time constant for recovery from extensional
deformatidn was shértened by about 20% when compared to

normal RBC.

.1.33.'Sick1e Cell Anaemia:

There 1is 'an 'altered' red blood cell shape and
‘.decreased deformability both at normal and at reduced
ox&gen tension in sickle cell  anaemia (Stuart & Johnson,

1987) .
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Irreversibly'sickledcells cannot deform at ali and
therefore plug’narrow ¢apillaries. Subsequent’red cellsafe—
vblbéked{ releaée tneir oxygen, become sickied and_plng
adjoining_vessels,' thereby_initiating a sickle crisis

- (Linderkamp, 1985c).

1.3C..Tha1assaemia:

Tillnann and Schroter (1979) have shown that red celi
deformality. is diminished in B Thalassaemia. Microcytosis
and diminished fluidity of the haemoglobin were suggested
to begfespbnsible for the reduced filterability of red

blood cells from thé P Thalassaemia patients.

1.3D.kSome Other Péediatric Problems:

Decreased red cell deformability is recorded in many
other conditions, such as advanced 1liver disease,
_ nephrosis, renél failure, immune haemolysis, intrinsic RBC

defects and cystic fibrosis (Gross and Hathaway, 1974).

1.4. Altered Blood'Viscosity and some important medical

Disorders

1.4A. Diabetes Mellitus:
| A number of published studies have reported an
elevated blood viScosity associated with diabetes while

- many other feported studies have often produced conflicting
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résults. There is general agreement that diabetics have
increased levels of plasma and serum viscosity, red ceil
aggregation, 1ow-sheér blood viscosity and high shear blood
visc@éity -at standard haematocrit compared with
non;diabetics (Lowe, 1987b). These changes reflect
'ihcreased' levels of fibrinogen and serum acute phase
globulins (Barnes}et al, 1977; sChmid~Schonbein and Volger,
11976) . Blood‘filterability is decreased in diabetics
(Schmid—Schonbein and Volger, 1976’ and correlates with'
poor contrél,and with complidations (Barnes,etvél, 1977).
1.4B. Cardiovascular Diseases: | |
| The incidence of coronary heart disease is correlated
strongly with én increase in the factors that increase
whole blood viscosity and‘there is evidence that this,als&
affects the subseqﬁent _prognosis (Dormandy, 1987).‘
' Haemor heological abnormalities have also been observed ini
~adult patients}Suffering from pefipheral vasCular.diseases
(Alderman et al{ 1981) and blood filterability'is an
:important indicatof of prognosis in this disease (Reid et
al,'1976a). The filterability of red cells decreasedvinv
;patients with cerebro-vascular accidents as compared to
~ controls (Lorient-Roudant et al, 1981).
i.4C. Venous_Thrombosis:
| - Lowe (1987b) suggested that the increased viscosity
of whble blood is a major factor in the onset of venous

thrombosis. -
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1.4D. Renal Disease:

Decreased red cell filterability is found in chronic
rénal'ﬁailure, and this may cbntributé to the reduced
erythrocyte survival and anaemia in these patients (Lowe,

'1987b) .-

1.5. What is Red Cell Deformability?

In ordér to transport oxygen to the individual cells
of the'Varioﬁs tissues of the body - the red cell ﬁuSt 
deform‘both-in major and minor transpdrt channels. The
young erfthrOcyte enters and thé»old_worn—out céll leaves
the circulation via sinusoids on the basis of ~ deformation
_characteristics (Branemark, 1981). Transport via the major
vessels and the ‘distribution. within the microvasculature
coﬁparfmeﬁts of different tissues is strongly influenced by
 cytorheo1ogical: phenomena.Figures 1.1 & 1;2 are the
vértiSt's impression of the different flqw conditioné

encountered in microcirculation.
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Figure 1.1 ~ Different geometries adopted

l'by red blood cells in microcirculation.

1) Ooptimally deformed bullet shaped RBCs
charactistically seen in high speed flow
conditions.This allows rapid passage of individual

cells down a narrow tube.

2) A 'redﬁced flow rate referred to as "granular
flbw" due to occlusion of capillary by é slowly passing
‘granulocytef Note the ceil—freé bolué of plasma seen
in‘froht’of red célls which gradually gets larger as
plasma flows,faster than the red cells around the

occlusion.

3) Very slow blood flow leaving the red cells

collected together with very little plasma.

1) Pre-stasis with rouleaux formation. The pressure
due to blood flow behind these red cells could pack -
them tightly up against the vessel wall leading to

’complete’stasis.
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Figure 1.2 - demonstrates different flow

conditions within small blood vessels representing:

1 -

2 -

3 —.

.4 :

red-

5 -

Reticulated rouleaux formation in prestasis.
Granuléf blood flow.

Céll'FreeAPiasma.

Occlusioh 6f a'narrow vessel by a poorly deformable
cell.. |

Normal cells obstructed by the reduced lumen of the

vessel due to swollen endothelial cells.
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. 1.6. Factors Determining Red Cell Deformability:

The deformation of red cells in bulk suspension is
1inf1uenced >by_ several extrinsic factors eqg; shear
conditions, haematocrit and viscosity of the medium and by,b
vintrinsic factoré ie; the internal Viscosity, cell geometfy

and the membrane flexibility (Stuart, 1985a).

1.6A. Intrinsic Deformability of Red Cells:
The intrinsic properties are of‘primary impdrtance

for the red cell deformation in small-geometry vessels.

(a)' Intracéllulér Fluid Viscosity: This is dependent on
the concentratién of haemoglobin and its phySiochemiCal.
properties; For normal féd cells, the meaﬁ corpuscular
haemoglobin is‘approximately 32 g/dl,’corresponding to an
internal'viscosity of about 7 cP. Internal viscosity of
the RBC increases non-linearly with haemoglobin
cohcentration, the rise being very steep as haemoglobin is
elevated beyond the normal value (Chien, 1981).
Filterability of the red cell falls with increasing MCHC
(Stuart, 1985a). The relationship between the
intracéllular fluid viscbsity and haemoglobin may change in
haemogiobinopathies. For example; 'deoxygenated
"haemoglébin in sickle cell disease has avhigh internal

A\}iscosity \}alue at a giveri haemoglobin, 1leading to a
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reduced red cell deformability. Changes in cell cation and
water flux may result in cell dehydration, increased
internal viscosity and decreased deformability (Stuart &

Ellory, 1987). These changes may be relevant to decreased

deformability in sickling disorders (Stuart & Johnson,
1987) and vascular diseases (Lowe, 1987b). Increased
internal viscosity and decrease_deformability can be due to
_inélusion bodies, includiné malarial parasites (Miller et
al, 1971):‘nuclearvffagments in reticulocytes (Leblond and
' Coulombe, 1979); Heinz bodies (Lucas et al, 1983); globin
chain precipitates (Tillman & Schroter, 1983) énd

postsplenectomy inclusions (Robertson et al, 1981).

(b) Red Cell Geometry: The normal red cell has a surface
area"of approximately 140 um?2 and a cell volume of
approximately'QO um? . Since a sphere with a Volume’of 90
~um has a surface area of only 97 umz,tthé normal human RBC
 has'ah excess surface area of about 40%, ﬁhich allowé its
:Adéformation into a variety’ of shapes’»without area
expahsion..Loss of the bicdnéave,discocyte shape of the
érYthrocyte can compromise the advantageousv surfaée
area—to?vblume geometry of the nbtmal cell (Stuart, 1988).
Alterations .in shape when seéondéry to a éongenital
abnormality oftthe erythrocyte result in reduced red céll
tkdeformability eqg; hereditary sphérocytésis. Acquired

changes in erythrocytes shape that may also adversly
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influénce deformability>inc1ude the spur cells of 1liver
disease (Garnier et al,1983), the loss of surface membrane .
during splenic conditionihg in hypersplenism (Cooper et
a1,1974), the stomatocytes and macrocytes of alcoholism
(Wisloff et al1,1979) and the burr‘cells of severe renal

failure (Kikuchi et al,1982).

,(c)k.Red Cell Membrane: The red cell membrane consists of
a lipid bilayer and proteins located onithe membrane
surfaces aé well as extending into the hydrophobic cell.
The viscoelaétic .propefties of tﬁe red cell membrane
renders it easy tovbend which makés the cell readily
deformable at constant surface area. There is increasiog
evidence that the 1lipid composition of the membrane,
especially the cholesterol:phospholipid ratio, is a majof
determinant of membrane deformability and hence whole-cell
' deformability~(Garnier et al, 1985). Alterations of‘the
.moleoular organisation.of the red cell membrané”in disease
vstates‘,wou.ld lead to abnormalitiés of its rheological

properties (Chien, 1981).

1.6B. Extrinsic Factors:

The degree of deformation is dependent on extrinsic
influencesAOn RBC's as well. For example, shear stress
which’is a product of the shear rate and’oxternal fluid

viscosity; acting onvthe cell surface ie; plasma viscosity;
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'As the diaméter‘of the vessel is reduced to sizes smaller
than the red cell diameter, the layer of fluid surrounding
the cell becomes progréssively'thinner, therefore the shear
rréte in this thin layer and the shear stress aéting on the
" cell surface becomes élevated. A similar increase in the
shear stress results in bﬁlk flow. When there is aﬁr
increaée in haematocrit this leads to a greater degree of

RBC deformation.

The ability of the red cell to deform in response td _
an elevation of shear stress 1eadé tb an intereéting
autoregulatory behaviour which preventsb an exéessive
elevation of whole blood viscosity when there is - an.
increase in external fluid viscosity or a decrgase in
diameter of Vasculature or a rise in haematocrit. If the
‘red cells were not,deformable, such mechanisms requiring én
ehhanced RBC'deformétion due to increased shear stress
,would‘.not bev dperative and each of these external
disturbances would have caused a much greater increasebin

whole blood viscosity (Chien, 1981).

When a red cell enters a narrow capillary, pore or .
micropipette, it is deformed by extension and folding.
Four processes are involved in this kind of deformation

(Evans et al(1984):
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1. Cylindrical membrane extension without change in the
Surface area (resisted by extensional or shear rigidity).
2. Membrane bending and folding of the whole cell
.(feSisted by bending rigidity).

3. ~ Rotation ("tank-treading") of the membrane around the
cell content (resisted by membrane viscosity).

 4.' Shear and displacement of the cell contents (resisted

by haemoglobin viscosity).

Af low pressure and‘in narrow channels, membraoe
véktension’préVails, whereas at higher pressure and in
~wider channels, the cell folds. The pressure at which
'foldihg begins ié important for fhe entrance of red cell,
since the'fésistance to membrané folding is markedly less

than the resistance to membrane extension.

1.7. Measurement of Red Cell Deformability:

.Human red blood cells, when subjected to extrinsic
shear stress‘in circulation, are abie to deform because of
their low cytoplasmic viscdsity, high ratio of surface area
‘to cell volume and viscoelastic membrane.  Loss of
~deformability may arise from impairment of any one or a
combination of these properties. Similarly, the methods

7and' instruments available for measuring erythrocyte
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deformability are sensitive to these properties to
different degrees, so that no one type of method is equally

- sensitive to all aspects of erythrocyte deformability.

Basically, the methods for measuring red cell
deformability fall into two main'categories. ~ One is the
method in which erythrocyte suspensions are sheared in
1arge geometry systems in bulk suspensions and include
technidues such as viscometry and laser diffractometry.
OthervmethOds are those in which\erythrOcytes’are mede to
' tréverSe nafrow channels eqg; micropipettes or filter pores.
These techniques.measure various ranges of determinants of
red blood cell deformability and ’employ different 
methodologies fof‘monitoring the resulting deformatioh.
Each method is_one way of_expressing differeht aspects of
the-deformability of_the cells under investigation. A
standardisation of the conditions of measurement by all
techniques has been attempted by the International

Committee for Standardisation in Haematology (ICSH, 1986).

1.7A.‘Viscometry£
Red,cellydeformability is an important determinant of -

the whole biood viscosity and measufement of whole biood'
viscoéityv caﬁ be 'used;»as a measure of the red cell
deformability if .corrected for haematocrit or plasma

viScosity. Alternatively, the viscosity of washed cell
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shspensions in buffer and standard haematocrit (ICSH, 1986)
can be used. Measurements at'high shear rate will reflect
_the internal viscosity of the red cells whereas,

measurements at a low shear rate providesinformation on .

cell geometry and membrane properties.

1.7B. Laser Diffraction Ellipsometry (Ectacytometry):

| The EctacytOmeterv(Technicon Internation DiVision,
Saint Denis, Fréhce)‘is an instrument for‘measuring cell
elohgatibn under different conditions of flow. It combines
»viscometrylwith.lasér:diffractOmetry. The erythfocytes are
suspended ih a high viscosity medium (pblyvinyl'byrolidone
or dextran in buffer) and are subjected to shear forces in
a translucent cylindrical viscometer. A helium—neon‘lasér
beam passés ét right angles through the cell suspension
during rotatidnal shear (Stuart, 1985). The pattern of
diffracted light isxmeasuredbby an image analyser to give a

valué for cell elongation ie; Elongation Index (EI).

In one mode theblfed cells arerbsﬁbjected to .a
brogressive increase in shear stress to obtain a
defOrmatiqn stress pattern. On a second mode, the cells
are Subjectéd'to constant high shear stress while the
osmolality of the suspendihg medium is progressively
increased. vCell elongatioh-can thus be studied under hypo,

iso and hyper—ponic conditions and an osmotic deformability
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spectrum generated. This osmoscan plot is sensitive to
cell shape, the elasticity of the membrane and the internal

viscosity of the cell.

This is a.very sophisticated and versatile technique
withAadvantages of a small blood sample and pafticularly
‘low co-efficient of variation (=1%) for replicate>
estimationé but its high 1initial cost makes it very

expensive for routine use.

1.7C. Rheoscopy:
The deformability of a single cell is observed and

measured using a counter-rotating cone-plate Rheoscope.

. Red cells are subjected to constant shear forces and are

photographed with a suitably mounted microécope. The cell
deformation (D) is defined as the ratio (L—W/L+W)‘where L
»is thevprojected 1éngth of the cell in the direction of’
flow and W ié the width perpendicular to the direction.of,
flow.",The D value increases with increasing cellular
'deformatioh and is zero in the absence of deformation and

the cell appears circular (Linderkamp et al, 1982) .

1.7D. Centrifugation:
Flexible cells pack easier than hardened cells. This
packing of cells at high gravitational forces can be used

‘as a measure of their deformability.
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1.7E. Cell Transit Time Analyser:
This instrument measures the flow of 1000 cells

through 10-20 pores (5 um diameter) in a nuclepore

polycarbonate membrane. The Cell Transit Time Analyser
measufes changes in the,éleétrical conductance when a pore
is occupied by a single erythrocyte, the time of passage
’ beiﬁg'longer for less deformable erythrocytes. Measured

transit time is then displayed as a histogram.

1.7Ff‘singié,Erythrocyte Rigidometer:

The single’Erythrocyte Rigidometer (Hoechest Ag,
-Frankfurt, West Germany) measures the time required for 200
individﬁal erythrocytes to pass through a single pore of
3-6 um diamétep (Stuart, 1985). The passage through the
pore, 1located in a plastic (Macroford N) membrane is

) measured by change in the electrical resistance.

1.7G. Micropipette Aspiration:

Glass micropipettes of 1 um or 3-4 um in diameter can
'-be'used fo aspirate part of the red cell membrane or all of
the red cell, and the aspiration pressure can then be
meaéured‘or the deformabiiity is estimated by the time
taken for entry at a‘given'pressure. ’Micfopipette studies
.have’ given useful information on the visco-elastic

behéviour of‘the cell membrane and single cells. The

54



number of cells that can be examined by this technically
demanding procedure is likely to remain small and not
~suitab1e for attaining average values for a population of

cells.

-i.?H; Eiltration‘Methods:

These are the most widely used techniques for
~estimating red blood celi deformability.  The method
involves measuring the rate of flow of suspehsion of red
.cells through é filtration membrane. The ‘relative-
vimportance kof cell geometry, internal viscésity and
membréne bropertiés depend on the aiaméfer of the pores in

the filtration'membrane.

Theimost commdnly used filtratidn 9ystéms employ
poiycarbonate or metal filters with pore diameter 3 to 8 um
and 1ength abbut 10 um. These systems model flow
- conditions in nutritive capiiiaries,whose minimum diameter_
1(a§proximate1y;3 um) is 1less than the’resting diameter of
red or white blood celis‘(6 to 8'ﬁm). The filtration
methods are easy to perform, are cheap and have_ the
clinical advéntage of measuring a relatively largé number
~ of cells to obtain a result representative of the mean red

cell'deformability in the blood sample.
The work described in the present thesis analyses the
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deformability of red blood cells using a filtration method.
There now follows a brief description of theoretical models

used in filtration studies.

1.8 . Theoretical Models for measuring Red Cell

Deformability using Filtration Method

Since the development of a simplified filtration
.appa:atus (Reid et ai, 1976b) , - the measurement of
erythrocyte défprmability by flowing blood through 3-5 um
diameter pore of polycarbonate ’membranes has gained
considerable CIinicgl importance. 1In the_method described
by Reid ét”al, (1976b), 7 whole blood was filtered under’
a negative pressure and the passage time for a singlé_

volume of blood was taken as a measure of flow rate.

- A mathematical model was described by Blackshear et
“al ‘(1979),~'for the flow of cells suspension through
‘membranés,vthat allowed the calculation of the relative
resistance of flow of a suspensibn to that of buffer at a

constant pressure.

In 1981,_Skalak.described'the resistance of cells to
flow through Nucleopore Membrahes in terms of pressure

required to maintain a constant flow rate of cell
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SUSpénsion and cuspending medium. Cokelet - (1981),
~described a similar mathematical model but with different
terminology. In>this model, the proportion of pores,'
occupied by a given population of cells or suspending_
mcdinm, thaf are evacuated per second is described by a
proportionality constant (k)v wnich ‘describes the
conductance ofAthe'cell or medium throught the pore. The
,btheoreticalvmodels described so far, assumed a steady_rate
of flow of homogeneous suspensions of red cells. ,But
Buchan (1980), and Alderman et al, (1981) highlighted the‘
influencerof leucocytes on the filterability of whole biood
: tnrough !5 um Nuclepore membranes, using the technique of
Réid et al, (1976b)f They found that the measurement of
red cell filterability is very sensitive to the changeslin‘
leucocyte‘ concentration and concluded that the pore
blocking by the whiie blood cells should be’ kept ‘in‘

consideration while measuring red cell filterability.

In 1984 and 1985, Jones et al described mathematical
models which_extended the steady state treatment described
-by Blackshear (1979), for analysing flow_profiles.at
constant pressurebwith either 3 um or 5 um Nuclepofe
-membfanes. In thiS'approach, the rate of occupation of
porés by particles, (assuming there are two types of

particles), from the floWing suspension is given by:-
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dpP: /dt

]

ki (T-Py1-P2). - KkzP;

dPe/dt ks (T-P1-Pz2) - KkqP:z

Whete Pi; 'and P2 represent the number of pores
occupied by type 1 and type 2 particles respectively. T =
total nuﬁber of pores in the membrane. Ki and ks are the.
propoftion of ﬁnoccupied pores being occupied every second
by type 1 and type 2 particles respectively. Kz to Ka are
the proportions of pores occupied by type 1 and type 2

partic}es respectively being evacuated per second.
The rate of flow of medium (Buffer) is given by
dv/dt = Q (T-P1 - Pz )

where v = volume of the suspending medium collected at time
t second and Q = flow rate of suspending medium through a

single pore.

r.The‘flow profile of'suspensions with one type of
‘_particle ﬁould be obtained by setting Ks = 0 in the
relevant'veqﬁations. Values for the proportionélity
constants ki to_ké are‘obtained by comparing the measured
values of v‘at different times with those predicted by
integration‘of,theee equations. | Reference to computer

‘programmes for achieving these comparisons were given by

58



Jones et al, (1984). These authors concluded that the flow
iprofile of dilute suspensions of washed but unfractionated
blood cells could not be fitted to a mathematical model
based on the existance of one homogenous population of
cells. Alll flow profiles appeared to be adequately

E described by a model based oh the existanée of two
populations of ’particlés each Vwith' differing flow

properties.

All of these mathématical models are basically
éimilar:although the approach and terminology differs. A
fundahental difference between the various mathematical.
models ié the difference in the theoretical approach. The
model described by Blackshear, (1979),vCokelet, (1981) and.
Shalak, (1981 and 1983 ) all assume that the number of
pofes'.being occupied by the cells and subsequentlybf
evacuated'is eqﬁal to the number of celis that are filtered
thfoﬁgh the pores. Conversely, Jones et al, (1984, 1985)
déscribéd the calculation of the number. of occupation aﬁdv
.eVacuation~ events in a given time interval from the 
observed chénge in the_rate of flow of the suspending
medium, pfeSumed to_occurAlargely through the pores that
are §c¢upied by the cells. This approach'prédicts that a
‘ number of cells flow through a single pofev without
significant interruption by the suspending medium..  This

kinetic phenomenon is visualised as a clustering of cells

59



‘around a‘pore and the calculated size of these kinetic
clusters'increéses with the increasing ﬁumber ofvcells in
the suspension. The second slower particlés probably
containﬁrwhite,cellé. The results can be expressed as the
time taken by a single cell to crossva pore in thekfilter

membrane.

This Transiﬁ Time for red cells is calculated b§‘~
1/ (K2 wx N) where N is the number of cells in a Type 1
cluster. A combination of kinetic analysis and electron
microscopic examination of used membranes confirmed that
‘wifhv5 um mémbranes the slower particles were white cells
whereas, with 3 um membranes, the slower particles weré

largely clusters containing less deformable red cells.

All mathematiéal models can be extended, in theory to
include any number of particle types in the suspension. In
this way, a good fit between the expériment»and theory is
ekpéétéd. 'Howéver, increasing the complexity of a model
‘éan be counter productive'when an over complex model fails

to'proVide aAréalistic physical interpretation.

Kooshesh (1989) described the use of»statistical
calculations (the theory of runs) for selecting the
simplest mathematical model, based on either of the two

mechanisms described above, that gives an acceptable fit
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between the experiment and theory. This author found a
consistantly better fit with the models based on the
~assumption of clustering and described an automated

apparatus for collecting flow profiles of suspensions and

an énalytical procedure that allowed the calculation of the'
pofe,transit timé of the red cells which is_independeﬁt of
the number of white cells in the suspenéion and of the
viscosity of the suspending medium. In this thesis the
‘method described by Jones et al (1984,1985) and Kboshesh
(1989) is applied for recording and‘anaIYSing ~the flow

pféfiles of the,réd cell using the filtratibn techniqﬁe for

measuring red cell deformability.
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CHAPTER =2

MATERTITALS AND METHODS



Materiéls and Method

The work described in this thesis is based on the
measurement'of filterability of red blood cells using the

method developed by Jones et al (1984,1985).
2.1 Filters

Nuclepore polycarbonate membrane filters (Nuclépore
Corporatioﬁ, Pleaston, California, USA;Lot numberé 62A2B4,
62A5B30 and GZEOB3) were purchased from Sterlin Ltd.,
Feltham,-Englénd. They have the nominal pore diametervof 3
'um'and porevdénsity 6f 1 x 10¢ cm; Each membrane has the
diameter of 25 mm and thickness of 10 um. The filters of 3
um size were used throughout the study. Thé upper surface
'of'the membrane is shiny and the pores ére mostly uniform,
thdugh,some inhbmogeneity and pore coincidencevis'wéll
documentaed (Schmid-Schonbein et al, 1973; Stuart, 1985a).
_The 1Qﬁer sﬁrfaée of the fiiter membrane is duilland'poresk

are irregular (see figure 2.1).
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Figure 2.1la Scanning Electron Micrograph of the upper

surface (shiny side) of a 3um Nuclepore membrane filter.

Figure 2.1b Scanning Electron Micrograph of the lower

surface (dull side) of a 3um Nuclepore membrane filter.
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2.2 Chemicals

Phosphate buffered saline (PBS) was used to prepare

-cells suspensions. It contained 0.12M sodium chlorlde,

0.02M di-sodium hydrogen orthophosphateb and 0.005M
: Potaasium dihyvdrogen orthophosphate (Besis' and Mohandas,
; 1975);.The pH of the buffer was measured using Horiba pH
ameter (Model M.8L). The pH of this buffer is 7.4 and
~osmolality 295 mmols/kg. Phosphate of huffered saline
solutions made up of 0.02M sodium di—hydregen

torthophosphate and 0.02M di—sodium hydrogen orthebhosphate
ﬁixed_with 0}12M sodium chloride were used to alter the pH
,bf the suspensions. These chemicals were obtained fromv
British Drug Houses (BDH) Chemicals Ltd., Poole, England

and were of AnalaR specification.

Filterability of erythrocytes through 3 amvpores is
senSitive‘to’the»volume/surface ratio of the cells. Hence -
factors, such as pH, temperature and buffer cbmpbsition?
that affect the hydration of the cell have to be carefuliy‘
selected and controlled. The temperature of sys ‘tem was
malntalned at 37°C throughout the experiments. ‘The buffer
used for the work described in this the31s contalned 20- 30‘
mM phosphate with an osmolallty of 295 mmol/kg adjusted

w1th sodium chlorlde.
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Buffers of different pH were prepared from suitable
mixtures of 0.02M NaHzPO4/NazHPOs in 0.12 M NacCl. The

volumes required to achieve the required pH'values are

- shown in Table 2.1 .

Table 2.1
‘Mixtures of sodium phosphate salts required to give buffers

. of different pH values.

pH- ' Volume (ml) of NaHzPOsa added to 100ml
Naz PO4
7.0  61.0
7.2 40.0
7.4 - 24.0
7.6 15.5
7.8 | . 10.0
8.0 | 6.5

8.6 ' ' 0.0
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2.3 Ultrafiltration Cell

An ultrafiltration cell was manufactured by the

'Biochemistry Department of the University College, Cardiff.

eIt is an airtight apparatus for filtration of blood, made
up of perspex and consisting ef two parts; The'base, for
.hoiding the membrane filter and the upper double-walled
‘_portion which holds the eell suspension filled in for
filtration. The upner section has an outer closed covering
with’twonconneetions for a water pump in’which water is run
to maintain and change the temperature. - The inner ubper
1esection is fixed over the membrane filter during the
_experiment; © It has a connection on top for the pressure
1ine.,kThe>base of the apparatus can be dismantled after
eech experiment fer,cleaning and replacing the filtef

membrane. (see Figure 2.2).
2.4 Study Population and Blood Samples

Fetal and‘neonatal blood samples were’collected'with
approval of the Ethics Committee,Royal-Hospital for Sick
Chiidren;Glasgew . Parental consent was also obtained‘
-befere sempling.b Placental blood was collected from the
umbilical cord by drip methodAsoon after cord clamping, at
the_time of delinery .Fetal blood samples were obtained-

‘when in utero fetal blood sampling was 'performed
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Connection for maintaining
pressure at 10cm water

Outer covering containing
water for maintaining
temperature '

T

v

Inner upper section
for cell suspension
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2

Nuclepore membrane: -
filter. %

Connection for water pump

Base

Outlet for the ﬁltrate_

Figure 2.2 Ultrafiltration cell used to filter red blood cells suspension
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;for diagnostic and therapeufic purposes [see Nicolaides &
Rodéck (1987) for the details of the procedure]. In other
cases, blood was taken from bébiesreither by umbilical
arterial vcatheter, placed for routine intensive care
managément'or by venepuncture when blood was taken for
. routine diagnostic blood testing. pH of whole blood was
méasured by means of Corning 178, blood gas analyser.
Eéch _sample Waé anticoagulated with EDTA
(Ethylenediaminotetra—acetic acid,‘ 1 mg/ml). Full blood
count was performed in Haematology Depaftment by Model S
'_Coultéf Counter. Red cell count and haemoglobin values

obtained from such_ébunt‘were used for preparing cell

suspensions.
2.5 Blood Cell Suspensions

Cell suspensions were prepared by diluting whole
blood to a known number of red cells. By using the
- following formula,

NxV=N xV

where N = Number of red cells in blood sample,

~ V = Volume of blood required for making dilution,

N' Number ofyred blood cells required for suspension and

V' = Volume of buffer used for suspension.
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All dilutions were prepared with phosphate buffered
 sa1ine_that had previously been filtered through 0.2 um
filters (Acrodisc-DLL;Gelman Sciences Inc., Michigan 48106,

USA) .- 10 or 20 mls of suspension prepared in sterile

container (Sterilin Ltd., England) contained 30 x 10 red

blood cells/ml.

2.6 Fiitratioﬁ Assembly

| Nuclepore polycarbonate membranes were assembled in
the ultrafiltfation cell. 1In this assembly there are 6.3 x
106vpores available at the Beginning of eachvexperiment.
The pressure is keptbconstanﬁ ie., 10 cm of water for the
duration of the‘experiment. Each membrane was calibrafed
first by measuring the rate of flow of prefilteredkbuffer‘;
through the system,“AA sﬁspension of the blood'cells
'(Volume = 10 ml) was then filtered at the same temperature
and presSﬁre through.the 3 um membrane filter and flew
"brofiles recorded; During the stﬁdy, babies who .had'
receivediadult bloed transfusionbwere foﬁnd to have‘faster;
flow rates and ten mls‘of suspensibn flowed too quickly to
A recOrd>flow,profiles for one minute. In such cases 20ml of

suspension was used.
The complete flow . profiles were recorded by
lbcoliecting the eluate into a single container which was

weighed continuously by a strain gauge transducer (UFI}_»
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Figure 2.3 " Schematic representation of 3m. apparatus

10 cm

VALVE

STRAIN

- GAUGE

[

ULTRAFILTRATION
CELL

- WATER BATH

%
CONTAINER

PRINTER

BBC
MICROCOMPUTER
(VDU)

- AMPLIFIER

_

DISC DRIVE

70



"éoiden Controls Ltd., Graham Bell House, Roper Close, Roper
Road, Canterbury CT2 7EP).. The transducer collects,'
amplifies andifeeds the readings into a BBC Master Series
hMicrocomputer. ' The hardware was manufactured at the

University College, Cardiff. The start of the experiment
isvsynchronised with application-of'positive pressure by
_fthe computer through a magnetic valve (H. Kuhnke Ltd.; Unit
11A, Lane End lndustrial Park, High Wycombe, Bucks. HP14
- 336) installed in the pressure line. A printed copy of the
flow_profiles is recorded and used for manual entry to the
main frame computer;for further analysis. The information
is also stored’on the floppy disc. The information from the
disc,can,be transferred to the main frame computer directly
if a kermit link is provided between BBC microcomputer and
~ the mainframe computer. The software for the automated
apparatusfwas deVeloped at the University College, Cardiff.
The uhole system is represented diagramatically in Figure

2.3 and shown in Figure 2.4 & 2.5 .

Ink each experiment, a complete flow profile is
constructed‘from recording the mean weight of suspension
which is passed through the filter over a 0.1 second
interval and repeated every second. The weight of
‘suspension passed through the filter is summated and

visually displayed at five second intervals. The time span
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Figure 2.4 Automated apparatus used to measure

flow profilé of red blood cells.

v‘A. Water Batb' :

B. Water Liné |

C; Filtration Cell

‘D. Valve

E. Straianuage

G. Ai_f Line .

H. Pressure (10cm of water)
I. Amblifier

J. Disk Drive

K. BBC Microcomputér
L. Air Cylinder

M. Printer
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"Figure 2.5

Automated apparatUS'for measuring the flow

' properties of red blood cells.

A. Water Bath for maintaining temperature at 37 ¢
B. Water Line | v |

C. Ultrafiltration Cell

D. Magnetic Valve

E. Steain ‘Ga'uge |

YF, Coﬁtainer with filtrate

CG. Air Line fof keeping positive pressﬁre

of 10cm water
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for the compléte experiment is chosen by the user. The
minimum time for recording a flow of suspension is about

0.1 second as the resolution of time sampling is 10 ms.

2.7 Analeis of Flow Profiles

The flovaroperties of different particles predicted
by any mathematiéal model can be derived by least-~squares
fittingb of the éxperimental flow profiles to thé
appfopriate set of equations described theoretically fdr
'that,model. 'The minimization procedure was'obtaihed form
»the’NAG library (Numerical Algorithms Group Inc., Mayfield
House,'256 Banbury Road, Oxford 0X2 7DE) and available on
the main frame computer. The NAG library is an immense
1ibrary of algorithms for performing a wide variety of
mathematical manipulations. In order to fit a mathematical
expression fb é' series of experimentally determined
parameters one requifes a réutine for minimising the sumsf
of‘squares of the deviatidns of theoretical values from
ekperimental méasurements. In the method used in this
thesis, the»equations are based on rate conétants that
éannot have.negative valués. Accordingly a minimisation_-
'prOCedure is required that allows the user to place simple
'bounds»onvthese conétants. The choice of algorithm was
, then directed by é flow chart provided in the NAG-Library

literature (figure 2.6).
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Figure 2.6 SELECTION CHART
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vThe bold 1line ih this figufe indicates the route
taken that leads tovthe decision to use roﬁtine EO4JAF;' In
ofder to ;;E the élgorithim the ﬁser must writeva_short
programmevin FORTRANvto read the experimental dafa, call

the NAG subroutine EO4JAF and print the results of
minimisatiqn procedure and any consequential calcﬁlations,;
The user 'must‘ also brovidé a FORTRAN subroutihe;--to
,‘caiculate theoretical‘flow profilés from rate constants
proyidedvby EOéJAF and calculaté the deviations of each
value from the experimental one proVided.from'the main
ﬁrogramme. The.programmes used are the same as described by
Jones,(1984) and Kobshésh (1989). The complete algorithm
used in the analysis offflow profiles is provided in the
appendix to this thesis. These programmes are suitabie for
‘trahslation by any Fortran compiler. For'local use, they
have been modified for the VME system to allow interactive -

running.
2.8 'Scanning'Electron'Microscopy

A feﬁ nuclepore membranes were examined by electron
microscopy before and after filtration of red blood éellé.
\ Samples were fixed in 1.5% glutenﬁdehyde, washed in 0.1M
sodium cacodylate buffer and then dehydrated.in graded
ethanol. They were mounted on aluminium stubbs using‘silver

paints, then dried in a Emscope CPD 750 dryer and sputter
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¢oatéd with gold in Polaron E, 5000 sputter coater.
Microscopic examination was then performed by Jeol T200
~scanning electron microscope. Figure 2.7 shows the electron'

microscopic photograph of the 3 um Nuclepore membranevafter

the filtration experiment .
2.9 Reproducibility of the System

Eight separate.experiments were performed from one
blood samplé under:same conditidns. Suspensions were
prepared.from diluted whoie blood, cohtaihing 30 X 105 red
: cells/ml; All experiments were done at 37°C temperature,:
pH of 7.4, pressure of 10 cm Hz0 and flow profiles recorded
»fof'So seconds and analysed by main frame prdgramme.The
results are céllected in Table 2.2 |

TABLE 2.2

Filtration Parameters for red cell suspensions
Number = 8

Mean STD  SEM  CV(%)

Pore Transit

Time (s-) - 2.77  0.0817 0.0289 2.9

77



Figure 2.7a Scanning Electron Microsopic piCture
‘of thé Nuclepore membrane f»rom‘ the upper surféce
showiﬁg the deformation and'entry of ‘red blood

cells in 3um pores.

F’igur'e 2.7b Scanning Electron Microscopic
pi‘cture of the lowei*. surface of Nuclepore membrane

showing the exit of the deformed red cell from the

3um size pore.
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2.10 Fetallﬂaemoglobin (HbF) Estimation:

Estimation of the fetal haemoglobin was performed in

'~ the whole blood and the filtered red blood cells using the
method des cribed by Phillips et al (1986). HbF was

vestimated by an alkali denaturation procedure; - 10 ul of
whole blood was diluted (and red cells lysed) in 3 ml
ammoniated water (26mmol/1) and the opticalf dehsity'
meaSured. at 542 nm with a Pye—Unicem SP8-100
spectrophotometer. Denaturation uas initiated by adding 50
‘ul 4 u01/1~sodium hydroxide,_and the decline in opticalj_
density was mohitored over 12 minutes at 25°C. Computer
.analyéis allows estimation of the percehtage of HbF in the
original sample by least square fitting of the data to a
double experimental equation describing the simultaneous
denaturation of HbA and HbF. The curve-fitting pfocedure
, uses subroutine EO4JAF (Figure 2.6) from the library of
'Numerical Algorithms Group (Mayfield House; 265 Banbury

bRoad, Oxford).‘

Sinee the number of red cells was Quite low inbther
filtrate'and HbF estimation was not possible.ueing this’
method, in later experiments, the modified method described
" by -Phillips et al (1988) was employed which allows
quéntitatioh of % HbF in the very smail amounts of Hb

present. Using this technique, the cells were lysed in 250
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ul ammoniated water (25 mmol/l) in a microcuvette and 5 ul
4 mol/l NaOH added .to initiate denaturation. v The
denaturation reaction was followed at 415 nm with a Pye
Unicam SP8}100 spectrophotométer over a 12 minute périod.
Caléulation of the HbF percentage was dbne using thé same

computer analysis as described in previous method. .
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CHAPTER 3

.  RESULTS



SECTION A. LABORATORY CONDITIONS FOR MEASUREMENT OF

FILTERABILITY OF RED BLOOD CELLS.

VATP vdepletione-is associated with decreased
deformability of the red cell (Weed et al,1969). Therefore
Vavdecline in the metabolie activity during storage ex vivo
can lead to complex changes in the flow properties of red
blood cells and it is important that samples are collected
and stored in a way that will notreause deterioration of
bthe cells before routine testing of the samples can be

performed. -

’The pore tfansit time calculated for erythrocytes
4from blood collected from healthy adult Avolunteers
increases with decreasing pH and temperature (Stuart et ai,
1985; Kooshesh} 1989). Similar studies on.newborn infant§
eWholgtﬁglls were_performed by Buchan (1980) usihg 5um
Nuclepore membfane’and ebservations were made that the fali
in pHvleads to decrease in erythrocytic filterability but

- the temperature chahge does‘not have significant effect on

" red cell filtration.
The Arhenius equation, which describes the influence
‘of temperature “on .simple rate constants, is often

applicable to more complex systems such as enzyme reactions
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(Gutfreund, 1972), and even intact biological systems such
as the rate of walking of ants (Levy et al, 1959). The
effect of changing temperature on the filterability of

erythrocytes appears complex and dependent on the diameter -

of the pores in the filter membrane. Changes in the Index
 of filtration (Hanss, 1983) with temperature are predictedf

by the Arhenius equation:-
" Ln (1/IF) = A + Ea/RT

Where A'is a temperature-independent constant, R is
the gas constant (8.314 ki/mol/°K), T the absolute
temperature and Ea is'termed the energy of activation for
the parficulaf reaction (in this case:—vthe filterability
of _erythrocyteé). . The effect of ~temperature on the
filterability ef erythrothes through 3 um membranes is
however more complex and has been described'by_Kooshesh
(1989) and will be discussed in morebdetaii later in this

thesis.

The detailed investigations, described above, of the
effeet ef pH and temperature on the filterabiliﬁy of
erYthroeytes were performed with - human edult cells. No
such information is available for neonatal cells and it is
- of more ﬁhan academic interest. Attempts to relate red

'gcell filterability'to the onset or prognosis of any disease .
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state_shou1d pefhaps consider the flow of the cells under
conditions-likely to prevail inm vivo rather than théée
under_standard laboratory conditions. The present work was
v_undertakén in ofder to derive'SOme factor(s) for predicting
. the filtérability of erythrocytes iﬁ vivo 'from
~measuréments performed :in vitro at controliedvtemperéture
‘and pH.  This approach will alléw calculation of a
“correction factor" for adjusting the pore transit'time.
o 1.4 and temp of B
measgred ?t pHA37°C to that expected at the temperature and
pH reéorded in vivo. To this end, experiments to.
investigaté the influence“of pH on erythrocyte_'
2filterability were conducted‘with‘vafying mixtures of 0.02M
sodium_phosphate salts and 0.12M NaCl. This concentration
- of phoéphate is still within the recommended‘range quoted
by Keidaﬁ et al (1987) for maintaining the mean corpusculér
volume of RBC equal to that in whole blood. vadium salts
. were used thfoughout to avoid differences in Naf/Kfvat the
: different'pH,vaiues. Temberature was adﬁusted thrbugh a
thermostatically cbhtrolléd: watef chamber around ﬁhe

filtration cell .

Note: The flow of red cells from the'filter’membfane is

‘.défined mathematically by the expression:-

'dCells/dt = Kz * N * Number of poreé‘oécupied by a cluster

of cells.
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The curve*fitting procedure caleulates values for kz and N
b(the.number of cells in each cluster) and the Pore Transit
Time is then_defined as 1/(kz * N) [see Jones et 51,11985].'
The Pore TraneitVTime'is the time taken by a single cell to

Ztraverse a pore. Pore transit time is equivalent to the
" cencept_of ha1f41ife.of reactions used to describe‘the rate
ofuloss of drugs from the body or the rate of decay of
radioaCtive isotopes. For investigatihg factors that -
influence'the rate of flow of cells, the rate constaht ka2 N
is the appropriate descriptor of these properties. For the
sake of clarity, this rate cohstaﬁt will be referred to as

1/Pore Transit Time (1/PTT).

3;1.j Effect of Storage on filterability of neonatal

erythrocytes;

Bloed was cOllected into plastic tubes containing EDTA
(lmg/1ml blon) and kept at room temperature for varying
times to suit the plan of each experiment. Suspeneions
were prepared and' a filtration profile recorded 'es
described in ehapter 2.-~The‘resu1te are presented in Tabie
,3;1kanddshow that the calculated_pore‘transit'time is found
“to be constant for up to 4 hours after venepuncture.
Further storage of the blood leads to a variable”and
‘unpredictable’ deciine kiﬁ the filterability of the dred

'cells.r
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Table 3.1

Effect of storage at room temperature on filterability of

fétal.and neonatal erythrocytes.

Gestational : Pore Transit Time (s)
Age (weeks) Hours after
 .vehepuncture ...<2 o 4 6 24
22 | Lk 2.41 2.39  5.21 6.10
28 1.22  1.35 1.48  2.05
28 | 1.54 1.60  2.05  2.88
30 o 2.84 2.84 3.05 8.13

20 1.41  1.40  1.48  ND

3.2 Effect of pH and temperature on the filterabilitY'gL,

red_blood cells
3.2A. Effect of changing pH on the filterability of
‘neonatal erythrbcytes:

Suspensions containing 30 x 108 erythrocytes/ml were

then prepéred in each buffer and filtration profiles
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- recorded at 20°C, 30°C and 37°C. The results are
>summerised in figures 3.1 to 3.3 . Values for individual
blood samples are shown at 20°C and 30°C but mean values

have been used at 37°C for the sake of clarity. All data

have been analysed by linear regression and the calculated

'values'for each slope are given in Table 3.2.

Table 3.2

Effect of pH on filterability of neonatal erythrocytes.

: Temperature N Slope of Regression Line of

[QC] - ' 1/Pore Transit Time against pH
20 42 0.80 + 0.17

30 42 | 0.93 + 0.15

37 176 0.91 + 0.11

Note: Values are quoted with the standard deviation
estimated from the ‘regression line.There is no significant
- difference between the lowest and highest values for the

v slope (P = 0.21)
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Figurev3.1: The effectrof pH on the rate'of flow of
neonatal erythrocytes through 3 ‘um‘ Nuclepore filter
membrane.at 200C. Different symbols represent different
blqod samples. The flow rate»of erythrocytes is expressed

as [1/Pore Transit Time(1/PTT)].
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Figure 3.3: The effect of pH on the rate of flow of
neonatal erythrocytes through 3 um Nuclepore filter

membranes at 37 C. Values are means +SD .

0.50L

0.00

6.80

7.60

pH

89

8.00



'3}28. Reversibility of the effect of pH on the
ifiiterability of‘néonatal erythrgcytes.

Bloéd samples frbm'six individual babies were diluted
with 30 mM phosphate buffer in saline at pH 7.0, 7.2 and
7.4 to give 30 x 10 red cells/ml. Flow profiles were
recorded and'the Pore Transit Time calculated ih the usuai
way. Samples of-the_Same blood were also stored at pH 7.0 ,
and 7.2 in suspensions containing 150 x 10® red cells/ml
for 1 hour at room temperature. These were_thén diluted to 
30 x 106 red cells/ml in buffer at pH 7.4 and the Pore
Transit Time immediately meésured at that higher pH value
and 37°C,- The results [Table 3.3] show that the decrease

in filterability at low pH is répidly reversed when the pH‘_'

vv_is restored to 7.4 at 37°C.

‘ ‘ Table 3.3
Reversibility of the effect of pH on the‘filtefébility of
neonatal erythrocytes.
pH N ’Pore Transit Time (s)

[Mean + SEM]

7.0 e 5.8 + 1.44
7.2 6 2.5 + 0.46
7.4 6 1.4 + 0.28

7.0/7.4 6 1.5 + 0.27

7.2/7.4 6 1.6 + 0.21
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3.2C. Effect of Temperature on the filterability of

Neonatal Erythrocytes

» Blood samplesv from fﬁine kbabieS‘ were dilutéd in -
phosphate buffer in saline to contain ’30v x 10¢
erythrocytes/ml; Filtrationvprofiles were recorded at,fiVe
'different temperatureé and the Pore Transit Time for the
red ceils calculated. The results are presented graphically
N,in Figufe 3.4 and as an Arhenius plot in Figure 3.5 . The:
equiValentAArhénius plot for the flow rate of buffer is
bresentéd in Figure 3.6.. The energy of activétion [Ea] ,
caléulated from the slopes of these graphs, for red cell

~and buffer flow rate are 38.4 kJ/mol and 5.6 kd/mol

"respectively,
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Figure 3.4: The effect of tempefature’on the rate of flow
of neoﬁatal»érytbrocytes through 3 um Nuclepore filter
- membranes at pH 7.4 . The'rates of flow of erythrocyteé are

expressed as 1/Pore Transit Time (1/PTT).
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3.5. Correction factor for pH and temperature changes:

‘The présent work was undertaken to vcalculatef al
"correction féctor" for adjusting a Pore Transit Time_.in_
vitro to a‘Pofe Transit Time in vivo. The method used
 her§_is NOT affectéd by white cells or plasma_viscoéity
(see deshesh, 1989) and employs 3 um meﬁbranes’to mimic
the minimﬁm‘sized'capiiléries likely to be encounteréd by
the blood cells in'vivé._0ver the relatively narrow pH
range studied the rate of flow df neonatal erythrocytes
decreases 1ihear1y with decreasing pH; Hence the effect of
~ decreasing the Surfacebarea/voiume ratio outweighs fhe'
»dedréase in internalvviscosity~as Ehe cells swell at low pH-
(see Orringer, 1985). Linear regression analysis yieldsian
equation thét relates the Pore Tfansit Timé.and pH at any

température:*
1/Pore Transit Time = 0.94 * pH - 5.95
Defining Standard Pdre»Transit Time (PTT) as that measured
at pH 7.4 and Pore Transit Time in vivo (PTTiv) as that

predicted at a given pH in vivo (pHiv) -

1/PTTiy = 1/PTT - [0.94 * (7.4-pHiv)]
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Thé»energy of activation for the filterability of
bnednatal erythrdcytes is much higher than that expected for
a simple change in viscosity. This undoubtedly reflects the
importance of cell size in determining_the overall transit
~time of these’cells‘through such smalllpores. The Pore
Transit Time at any- temberature (T)‘ is giveh' by the

equation:-

"1/PTT = K * e [-Ea/nri

K * e [~4618/7T]
and the "correction" equation for temperature is,¥
.1/PTT1v = 1/PTT.* el-4618*%(1/T-1/310)]

The combined "correction" equation  for both pH and

temperature 1is given by:-

**************.*****‘***_*****‘*******************************

1/PTTiv= [1/PTT - (0/94%(7.4-pHiv)] * e [-4618%(1/T-1/310)]

********i************************************k*******_******
This equation has been' programmed into a BBC-Master Series

PC and is routinely used for predicting PTTiv from a

méasured PTT.
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SECTION B. Filterability of Red Blood Cells in Preterm &

Term Infants, Fetuses and Adults.

A tétal of 108 fetuses and babies, varying in.
: gestationél.age from 18 weeks to 42 weeks were studied with
the approvai ~of RHSC Ethics Committee. | The mean
gésﬁational age distribution is presented in Figure 3;7.
Blood sampleé from.six healthy adult volunteers were also
obtained. ,Fiftéenvsamples were taken from fetuses in
utefo.at gestationaibages between 18 and 33 weeks. Thésé
fetal blood bsamples were taken  for diagnostic and
~thefapeutic purposes - the residue of blood was used, for
“filtration stﬁdies. The remaining 93 blood samples wére :
tékeplfrOm'newborn infants within a few days of delivery.
All experiments were performed within 4 hours of collecfiﬁg.

theASample.
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~ Number (N) = 108

Gestational Number Histogram

Age (weeks)

18 1 + ' - + Fetus
20' ' -2 ++‘ x Newbo;h infant
24 - f 5 BT IEE
26 | 10 - kKRR KK
28 . , . 8 x**%*k**
30 'k '23 ' TP RRRRRRRARK KK KX KRR KK X
32. | 14 P AKAKAKAKKK KKK
34 , ,26 +**********££**¥****
36 , 5 Kkkkk
38 9, | KkKKKkkKkKk
40 L 6 AKXKKXK
42 5 : kkkkk
Figure 3.7 Histogram of the newborn infants and fetuses

in‘thé-study showing the frequency distribution.
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3.4. Clinical Data of Fetuses in the study:

 féta1 bldod'sampling invhtero.

table 3.4.

The fetuses in the Study are those who underwent

| The details are shown in

TABLE 3.4 Clinical details of fetuses in the study.
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Cése ’ GA 'Indication FBS*results /
NQ; - (weeks)  for FBS* Final outcome
102 ;18' High‘AFP* Triploidy Pregnancy/
’ } Tefmination of prégnancy
103 | 21 ' Maternél Age ‘ Normal femalevkaryotype/
Low AFP Normal pregnancy
108 22 High AFP Normal male karyotyping/
| Spontaneous abortion at
25 weeks of gestation
106 24 " High AFP Normal male kéryétype/
. | Still birth at 28w
117 .24 Raised Rh 'No Rhesus Incémpability/
antibody Normal pregnancy |
114 33 Abnormal Diaphragmatic Hernia/
ultrasound Normal progress,baby
scan well after herniavrepair



104 23 Raised Rh Rhesus incompatibility/

antibody | Normal progress
107 24 Rhesus in- IUT* / Spontaneous

compatibility _ abortion at 25w:
109 >25 ’ Rhesus incomp. IUT/Normal prpgress
110 '25 " Rhesus incomp. IUT/Normal progress
S111 _v26 | v Rhesué’incqmp. IUT/Normal progress
112 29 . Rhésﬁékincomp. IUT/Ndrmal_progfess
113 ,k29 o Rhesus incomp. IUT/Normal progress
115 30 '_ - Rhesus incomp. IUT/Normal progress
116 ‘30 Rhesus'incomp. IUT/Normal;progresé

'*EBS:EetaI bldod sampling
+AFP :Alpha fetoprotein

xIUT :Intrauterine transfuslon

3.5. Clinical Data of Preterm and Term Infants in_the

study:
93 newborn infants were studied with gestational ages

‘varYing from 24 to 42 weeks. Table 3.5 shows the details"

ofithese infants.
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 TABLE 3.5

Clinical data of the newborn infants in study.

24-29weeks 30-36weeks  37-41lweeks

 Number 28 | 45 20

- Sex | | g ‘
Male 20 217 9
 Female 8 18 11
Mean Eirth wéight(kg)v 1.10 ' 1.79- _'." 2.96

" Mode of delivery

svp 10 22 o1

 Fdrcéps/ventouse 2 2 , 5
Breech 6 2 0
Elective Caesarian. 4 E 4  ‘ 2
Emergency caesarian 6 v 15 , ;,‘  2
séction |

Apgar at 1 minute

1-3 5 | 7 1
4-6 13 19 2
7-10 B 10 20 17

~ Apgar at 5 minutes

1-3 : 2 0 0

-6 2 7 2

7-10 L 24 38 18
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Rescusitation needed

’Mucus,éxtraction 1A> 4 o 6

Faciallongeh_ - 0 | 11 3
~ Bag & mask Qentil~ 0 5 0

lation

Elective intubation - 15 '5 - 1
‘»Intubationbrequired- 12 14 : 2

No treatment needed 0 6 8

3.6  General Haematological Data:

General haematologial data from the preterm and T

term'neﬁborn infants and healthy adult volunteers is
presented in Table 3.6 . The redvcéll count increased
throughout, the gestational age and reached the highest
valuesvin kthe'édults; Mean’corpuscuiar volume (MCV), mean
cOrbusculai haemoglobin (MCH) and white celi ~~ count -
(WCC) decreaéed as .the gestational 'age increased and
reached the lowest values in adulfs. Mean'corpuscular
"‘haemoglobin COhcentrationblMCHC) was similér'in preterm
and term infants ahd adu1ts. Haemoglobih .and haematocrit
iﬁcreased with_gestational agevin babies bﬁt yalues'

inv adults were lower than in babies.

The filterability of red cells measured as Pore

 Transit Time through the filters was found to be much
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' higher_in preterm babies with gestational age less than 30

‘Wweeks than term babies and in adults the values were very

low.

Table 3.6. vHaematological data and fiitration time of red

blood ceils(meaniSD).

Adults

 Neonates (Wk of gestation)
24-29 w 30-35 w 37-42 w
n=20v n=40 n=20 u n=6
Red celis coﬁnt
(x1012/1)  4.2+0.6  4.4+0.6 4.8+0.7 5.1+4.6
Héematocrit(%) 51.0+7.1 51.7+7.8 56.1+8.3 45.9+3.1
Haemoglobin  16.8+2.4  17.1+2.8  18.6+3.6 14.7+1.6
tgray) | o
MCV (£1)  120.7+8.9 115.9:7.6 114.5+7.0 90.9+2.9
MCH (pg) . 39.7+2.9  38.3+2.8  38.1+2.8 ' 29.211.5
‘MCHcr(g/di),'v 132.9+0.7  33.1+1.1  33.2+0.7 32.1+0.9
White Blood B | |
_ célis(xloe/l) *'15.019;9 13.949.2  13.4+5.9 6.1+1.6
iTransit Timé, -> 7 | | | »
(Seconds) 2.03+1.0 0.7440.4 0.59+0.4 0;1710}1

values are mean+SD.
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3.7. Statistical analysis of results

Ail stetistieal analyses of the results were
pefformed with Minitab (Ryan et al,1985). The student's
;tftest’was used te assess the significance of‘differences
betweenvmean values,ih most-cases. In the presence of
Sﬁfficient ‘evidence of non?Gausiah_ distribution, the
Mann;Whitney non—parametrie test was employed.>Corre1ation',
eand-regression>ana1ysis were hsed‘to find the associationb
'kbetween differeht,variables. Correlatien tells us how mucﬁ
eSSOCiation therevisjbetween two variables; but regfessi6n 
goes further; It gives us ah equetion that; uses one
variable to help explain the variation ih‘another'variable.e
The,statistieal significaﬁce'(P value) of the correlation
was derived from the correlation coefficient (r)_using the
.staﬁdard sfatistical values (see appendix 3). |
' 3.8. Definition of pore transit time in vivo (PTTiv)

Previous work has established that the pore transit

time of neonatal red blood cells depends on the pH and
temperature of the‘test system. Pre-term infants are often
acidotic,:aﬁd/or hypothermic and a pore transit time
measured under sﬁandard conditions in vitro mey‘not be‘a
fealistic expression of the deformability'of fed.cells in
vivo,: Fer‘ this reason, all statistieal :tests were
performed Qith'fhe~measured pore transit time (PTT) and
vthet adjusted 'te conditions in vivo (PTTiv) using

correction factors described earlier.
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‘3.9. Effect of transfusion of adult red cells on the

filterability of fetal and neonatal blood

As shown.in Table_3r6 thefe wés a very Significént_
difference in the méan bore transit time between'adulf red
“cells and the red blood cells of infants. In order to
evaiuate the effect that blood trahsfusidn might have on
the Hpore>.transit time of the neonatal red cells, -
stétisticai,analysis was performed on twenty'fetuses and
,infantsi(Meah GA:29.6+3.3) who had been transfused before
'fhe’measurement of filterability. In all of»thesévcaSes
there was a marked differencevin filtérébility from_those
ndt transfuséd (Méan GA:31.6+3.3). The mean pore trahsit
’time'of red blood cells in untransfused and transfused
fetusés and newborn babies were 1.31 + 1.45 and 0.28 + 0.30
’_S'ilrespectively.  The difference'ih these mean values_areA
highly ,significant' (P value  $ 0.0001 'by 't—test  OR -
.nbn%pérametric Mann—Whitney test). ‘Figures 3.$ and 5.9,
~show plots of pore transit time in Vivov(PTT) énd in vitro
~(PTTxv).against_the gestational age of the infants. Figures
3.10 *and 3.11 afé the fespective 'piots of 16@
i trahsformatioh of pore»transit times versus the gestational
age. »Subsequént to this observation, analysis wés limited

to the untransfused infants.
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Figure 3.9 Corrected‘Pore Transit Time in vivo (PTTiv) in
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plotted against their gestatibnal age.
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3.10 Statistical distribution of calculated tranmsit times

- in all‘of the un-transfused study infants

The distribution of the values for pore transit time
around.the»mean,of»1.3i s-1 wasvinvestigated_using tﬁe.
Normal Score test (nscore). 1In this test a sample of
random,numbers with a meén of 0 and standard deViatioﬁ 1;0
is selected 'withl thev number of values equall to the
populaﬁion being invéstigated. Both populations are then
arranged in ascehding’order and plotted'égainst each other
in a'twb—dimensional'graph.’ A progressive~de?iatioh from
linearity in this plot is évidence that the distribution of
" the measured parameterﬁvélues is not ”ndrmal" (Gaussian)
and statistical tests based on an assumption of normality
are not valid. 'Under these conditions, it is pérmitﬁed to
select mathematical  transformations of the originai 'data:

that yields a population of normally distfibuted values and
| berform'the‘tests_oh this transformed daté} Eigurésf3.12g& 
'3.13 show a normal score {Nscore) Plot for PTT énd_PTT;v_
respectively.: Clearly both_experiméntal parameters are not
distfibuted"nofmallyk and are not suitable ‘fbr' many

conventional statistical test procedures.
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Befbre seeking mathematical transforms of'the transit
times to vyield a Gaussian distribution, it is worth

considering the meaning of this experimental parameter.

It representé the time takeﬁ by a red céll to cross a
single_ pofe “in the filter membrane. The computer
algbrithms actualiylcalculate the rate at which a cell
. crosses avpdre and‘this is a better répresentatidn of the _i
flow properties of the red cell. This rate is in fact the
reciprocal of the transit time and has units of s-1!. Uéing‘,
'thié parametér to express the property of the red ceil is
analogous to quétiﬁg the speed of a cér on thé highwayk'
rather than the time it takesttb travel from Avto B.
HbWever,‘ as both expressions of transit time are not
~distributed normally, their reciprocalsbalso-show a skewed

‘distribution.

Figures 3.14 & 3.15 show the Nscore Plots for log
(1/PTT) and 1log (I/PTTxv) respectively and establish‘that
the distribution of transit times can be described as

log—normal.
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- 3.11. Gestational Age of the Fetus and Newborn infant and

Red Cell Filterability

vFilterabiiitQ 'of RBCs was correlated’-against‘ the )
-geétationallage of fetuSes and newborn infants in»study.'
The relationship between the Pore Transit Time and the
’Vgestational age of the infant is shown in Figuré 3.16.:' Av
linear:fegressibn of log (1/PTT) against gestational age ié

presented in_table 3.7 and shown in'Figurev3.17.

- TABLE 3.7

Regression . analysis of log 1/Pore Transit Time and

Gestational Age (GA)-

The regression equation is

Log (1/PTT) = -3.45 + 0.113 x GA

Predictor =~ Coefficient Stdev. ~ t-ratio
Constant ~3.455 - 0.464 | -7.44
Gestational Age  0.113 . 0.014 - 7.87
Correlation Coefficient (r) = 0.64
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The positive correlation found between the
gestationalb age and the rate of filtration of red

cells(l/PTT) is statistically significant (P value < 0.05).

Similar relatibnship between PTTiv (corrected boré
transit time) and the gestational age‘is séen in Figure
'3.18 .The @ regression analysis‘between the gestational age

and Log of corrected filtration rate of the red cells

(1/PTTiv) is presented in tablé 3.8 and plotted in Figure'

3.19.

TABLE 3.8

Regression analysis of Log 1/Pore Transit Time (Log

1/PTTiv) and Gestational Age(GA).

The regression equation is

Log (1/PTTiv) = -3.72 + 0.120 x GA
' predictor - ”Coefficient - sp t-ratio
. Constant o -3.721 0.452 -8.23
Gestational Age 0.120 0.014 . 8.56

Correlation Coefficient (r) = 0.68
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| Again there.iS'stronQ positive correlation between
vi/red cell pore trénéit time (rate of filtation).and the
vgestatiohal age.of the baby showing decreased filterability
of RBC ih premature ﬁewborn infants. The probabi1ity that

these correlationsvarose by chance is < 0.05 in both cases.
3.12 Sex of the newborn infant and RBC deformability

rvThirty two fémale ahd fortyvmale'gestati§na1 ége‘
mapchedf newborn infants who were not transfused with‘the
adultkblood were Vstudied and filterability'of red ceil
éompared using the student's t-test . The statistical
analYSis'shOWed‘no significant difference betweenbboth

groups. The results are presented in Table 3.9 .

Table 3.9 'Filterability of RBCs in male andvfemale,babies

SeX' o No GA weeks Filtefability of RBCs
mean+SD (Log 1/PTTiv) mean+SP

Male 40  32.28+4.40 ~ 0.258+0.871

Female 32 32.40$4.32 0.23740.694

P =0.90
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3.12 Mean Cell Volume (MCV) of RBC and the Filterability

Since the mean cell volume of red cell decreases with
- the increasing gestational age in infants and reaches
lbWest<values in adults (Table 3.6), the effect of.MCV on
filterability.of RBC was aﬁalysedvto see ' any correlation

" between the two parameters.

._The‘relationship'betwéen RBC pbre transit time and the
,corresponding 1/log transformatiqn with ‘the ﬁean
ccrbuscﬁlar volume is shown in. Figure_ 3.20 'a»;&. b
»resﬁectiVely; The regression analeis_isvdescribed in_

‘table 3.10.

Table 3.10 Regression analysis of Log (1/PTT) and MCV

The regression equation is

Log (1/PTT) = 4.90 - 0.0399 x MCV

 Predictor - Coefficient sD t-ratio

Constant . 4.899 0.761  6.44
MCV ) ~0.039 . 0.006  -6.27
Correlation Coeffient (r) = 0.56 P < 0.05
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"‘Figure'3.20(a) Pore Transit Time in vitro (PTT)

- plotted versus the Mean Corpuscular Voiume:{MCV);

- Figure 3.20(b) Cbrrelation plot of Log 1/ROre'
 Transit Time in vitro (1/PTT) and Mean
 Corpuscu1ar Volume (MCV) of the fetal

and neonatal red:blood cells.
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Figure 3.21 (a & b) plots the corrected Pore Transit
:Time (PTT;Q) and corresponding 1/log tranéformation'against
~the mean corpuscular volume and table'3;1i’presénts_the‘
fegression analysis. The regression gives a negati?e
¢orre1ation coefficieht of 0.59_with‘the brobability'that

this correlation arose by chance is < 0.05.

TABLE 3.11

'Regréssion analysisrovaog (1/PTTiv) and MCV

The regression equation :

Log (1/PTTiv) = 5.17 - 0.0426 X MCV

Predictor ; ~ Coefficient sD t-ratio
Constant  5.169 ~0.749  6.90
MoV -0.0426 . 0.006 ~6.80

~ Correlation coefficient = 0.59
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" Figure 3.21(a) Pore Transit Time in vivo(PTTiv).

plot versus the Mean Corpuécular Volume(MCV).

| Figuré 3.21(b) Correiation plot OfFLog
.1/Pore'Transit Time in viVo(L¢g 1/PTTiV)
and the Méén Corbﬁscular VOlume{MCV);
No#e'the negati?e relationship between

_the filtration rate (1/PTTiv) and MCV.
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3.14 Mean Cell Volume as the determinant of RBC

filterability in relation to the gestational age.

There is a strohg'négative correlation betweénjmcv and
vthe_gestational age.‘ To investigate the possibility that
fhé vnegatiQé ‘correlation between MCV and red cell
’fiiterability is coincidental with the negative correlafion
of MCVuwith gestational age (Corréiation éoefficient for
‘this regression is —0.49)[_both parameters Qere examined in 
va multiple.regréssion analysis. The results of this.

regression are COllected in Table 3.12.

TABLE 3.12

Correlation of log_(llPTT) with gestational age and MCV

The regression equation :

log (1/ttst) = 0.07 + 0.0806 X ga - 0.0209 x MCV

Predictor . o Coefficient SD t-Ratio
Constant ~ 0.075 1.127 0.05
' Gestational Age 0.0806 0.0162  5.42

© Mcv A -0.0209 0.0065 -3.40

Correlation Coefficiént r = 0.69
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Thé‘results of a multiple regression of log (1/PTTiv)

versus gestational age and MCV are collected in Table 3.13.

TABLE 3.13

- Correlation of log (1/PTT1v) with gestational age and MCV

The regression equation :-

log (1/PTTiv) = 0.07 + 0.0855 x ga - 0.0226 x MCV

Predictor I Coéfficient' ' sSD t-ratio
Constant 0.07 1.069  0.06
Gestational = 0.0855 0.0153  5.96

MCV o 0.0226 -0.0062 -3.85

Correlation Coefficient r=20.73

Both tables 3.12 & 3.13 show that the t-ratio for
gestational age and MCV remain high for both transit
times durihg a multiple régression analysiSv.j_ Hence
the ‘iﬁf1uence of gesfational agev'and MCV on the
' filtérability' of neonatal red blood cells arebindepéndent

and statistically significant. This was further confirmed
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by:usihg correction féctors. Correlation coefficient
(r= 0.54)v __remainéd statistically significanf~(p <0.05)"
_ﬁhen the filteration was corrected for MCV and then
 correlated with’gestatiénél 'agek.. Simiiarly, as shown‘in'
Figute 3.22 , the correlation persisted when  Log(1/PTT)
was cbrrected first for gestational age ~ and. then

:correlated'with mean cell volume (r = 0.59, p <0.05).
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~ Log(1/PTT) corrected og’oinst MCV

Gestational Age(weeks)

"Figure 3.22 Log 1/Pore Transit Time corrected against the .
MCV and then correlated with the gestational age. Note the
positive correlation between the filtration rate and the

gestbational age even without the MCV factor.
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Filterabilityv vof‘ fetal and neonatal red cells
when chpared with adﬁlt red blood’cells, demonstrated that
adult fed cells filter much faster (Table 3.6). ' The
maih determinant faétor for this differénce%@ is the

mean  corpuscular volume (MCV). When the filtration

rate(1/PTT) is  plotted against the MCV of fetal,

neonatal and adult red blood cells on the same plot
(FigUré 3.23), the 'negative’éorrélafion between - MCV
'and red cell ,filterability (Logl/PTT) remained and
the samé line of besf fit applies to the adult H.RBCS
which have‘ lower‘,MCV and higher filtration rates. The

- regression analysis is presented in table 3.14 .

,TABLE 3.14 RegresSion analysis of Log (1/PTT) and MCV of

- Infants & Adults RBC.

Regression equation is

Log (1/PTT) = 7.51 - 0.0622 MCV(Infants+Adults)

Predictor Coefficient SO t-ratio
~ Constant 7.5087 ~0.801 -~ 9.37
‘MCV(Infant+Adult)  -0.0622 0.006  -9.08

Corfelatipn Coefficient r = 0.69 (P < 0.05)
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Log(1/Pore Transit Time)

80 100 30 130 160

Mean Corpuscular Volume

F‘igure 3.23 Correiation plot of Log(1/PTT) versus the mean
corpuscular - volume (MCV) of fetal, neonatal and adult red
blood cells. Note'the"adult(A) and fetal & neonatal (*)

points are plotted on the same line of best fit.
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3.15 Red Cell Count and the Filterability of RBC |
The correlation between log (1/PTT) andvthe‘red cell
gounf (RCC) is shown in table 3.15 and plotted in
Figure 3.24. The pfobability that this correlation arose
by chance is < 0.05. However, there is also . a
correlation between RCC and gestational age and the
question arisés'whether the correlation between  transit

time and RCC is coincidental with this correlation.

2. _ : *

Log(1/Pore Tronsit Time)

L S— 1 1 g 1

1.50 2.33 3.17 4.00 4.83 5.67 6.50

Red Blood Cells

Figure 3.24 Correlation plot of Log(1l/PTT) versus the red
‘cell_count. Note the pos?itive correlation between the

filtration rate and the red cell count.
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A multiple~_régress10n of 1log(l/PTT) versus
gesfational age'and réd cell count is also summarised .in
~ table  3.15 . This‘~analysis shows that the StatiStical

significancev.of the‘correlation with' RCC diséppéars
with the iﬁcluSion of gestational age. Eigure 3.25 also
j confirmé this. Hence Uniike _MCV,V the ‘ RCC count is
| hét. 'én»‘ ihdepéndent déterminant vof- pore ‘tfanéit time 

"~ in these infants.

TABLE 3.15

Correlation of log (1L/PTT) with RCC and gestational age

The regression equations are:-

log (1/PTT) = -1.77 + 0.456 x RCC  (r = 0.48)

"

log (1/PTT) = -3.33 + 0.134 x RCC + 0.0916 x ga (r = 0.65)

 Pfedictof CoeffiCient' SD t-ratio - t-ratio

_(Mu1tip1e) ' (single)

Gestational 0.0916  0.0189  4.84 7.85
RBC  0.134 0.108 1.24 4.72
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,3516~Mean corpuscular haemoglobin concentration (MCHC)_and

the filterability of RBC .

There'Was no correlation between the filterability of
red blood cells (Log 1/PTT) and the mean copuscular
haemoglobin concentration . The results of this analysis

- are presented in Table 3.16.

TABLE 3.16

Regression analysis’between the filterability of RBC and

- MCHC .

" The redgression equation is

Log (1/PTT) = 0.47 - 0.0076 x MCHC (r = 0.00)

Predictor , Coefficient , SD - t-ratio
Constant 0.469 . 3.255 0.14
MCHC -0.007 | 10.098 -0.08
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3.17 White Cell Count and the filterability of RBC's

The flltratlon procedure was . designed to
allow measurement of the flow propertles of red blood cells

whlch is unaffected bv the presence of whlte cells.vr

B f'Flgures ﬁ3 26 & 3 27 conflrm that there is no correlatlon

‘between‘ elther verslon_ of log (1/PTT) and ‘thee white
' cellf count - (WBC). The correlation coefficient for these-
analees»are .Oj'and .08 respectiVely. The probabiiity
that these correlations arose by chance is 5'0'05

’Flgure '3.28 shows the electron mlcroscoplc photographs of
Nuclepore membrane f11ters after the flltratlon of blood/
suspen81on, conflrmlng that the cells fllterlng through the

pores are red blood cells .
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a. Upper surface of the b. Lower surface of the

Nuclepore filter membrane. Nuclepore filter membrane
Magnification x 3500 Magnification x 3500
c. Upper surface x 2000 d. Lower surface x 2000

Figure 3.28 Scanning electron microscopic photographs of
3um Nuclepore filter membrane after filtration of blood

suspension
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3.18 RBC filterability_from FetusAcompared to Newborn

Infant

- There was no éfatistically signifiéant difference
~ between red cell filterabiiity in biOod samples collected
fromkfetuSes COllecﬁed in utero and those ffom gestational
égé matéhed newbérn infants .The results ére collecfed in

- Table 3.17 ..

_TABLE 3.17 TWo sample t-test between fetal and infants ‘red

blood cell_filterability .

N GA weeks Logl/Pore Transit Time

| ~(PTT)
‘Fetal red 8 25.12:4.16 . -1.055:0.813
- cell fiiterability | A |
Infant_‘ red cell 12 26.50+2.24 0.399+0.713

filterability

P = 0.15

values are + SD
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3.19 Effect of Fetal Haemoglobin (HbF) on the

: filterability of erythrocytes

Tillman et’a1‘(1980) suggested that the presence of _ 
HbF ‘in the red' blood cells of ,newborn'~infants lmight
contribute to their,rigidity,o It was postulated that if
-the - high fetal“haemoglobinv in the infant's red cells
.‘affec_ted‘their bdeform'abilit‘:y‘,” the cells with lower fetal
haemoglobin> might filter faster ie; the'HbF percentage in
the SuspensionSj oollected in ethe early filtrate whould
bellower thah‘the‘later samples. Experiments were done
on fetal 'and” ‘neonatal blood samples to estimate
percentage'of:fefal haemoglobin (HbF) . Fetal haemoglobin
wes estimated by alkaline denaturation orocedure using thek'
method described by Phillips et al (1986)l.’ Thevexperimentsf'
were deeigned. to establish the effect  of -Hva on
filterability of red blood cells. The HbF cohtent of a
whole blood Samplekﬁas measured and a cell euspension was
pfepared’for filtretion. Aliquots of the,filtrate were
~ collected et' 15 seconds interval in separate contaiﬁere.
HbF was,estimeted on eaoh 15 second filtered suspeneion
semble. ‘Since,thelredvcell'count in each 15bsecondv
"filtered sample'was very low (sometimee 5vx 106/m1),7the
estimates of HbF were difficUlt by this'method{ Other
#methods’were' therefore tried including electrophoresis and

Kleihauer acid elution technique» which involves_staining
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for cells containing fetal haemoglobin (Kleihauer &
fBetke,1958)b; vFinaliy the modified alkali denaturation
.procédure described:by'Phiﬂips et al (1988) was selected
for HbF estimation in whole blood and eéch 15 second
filtered'suspension. The results are présénted in Table
3.18 and éhown grapnically in.Figure 3.28 . The results 6f
thié initial Stndy shbw that the HbF content of the RBCs"
filtered increases gradually with the  highest fetal
7:haemoglobinbconéentration‘observed in suspension éollected

after sixty seconds .
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TABLE 3.18

Fetal haemoglobin percehtage in whole blood and filtered

suspensions collected after - - 15 seconds interval.
Sample no. GA(weeks) Type of sample . Hb F%
1 40  whole blood . 74.8%
1la ‘40 o 15 seé»filtered suspensién 69.0%
b 40 30 sec filtered suspension _89.1%
le 40 45 sec filtered suspension = 91.3%
1d' 40 60ksec'filtered:suspension 91.0%
2 37 whole blood - 75.2%
2a 37 15 sec filtered susp. 50.0%
2b . 37 30 sec filtered.SuSp, ’ 47.0%
2¢ 37 45 sec filtered susp. = 60.7%
24 - 37 60 sec filtered susp. - 63.2%
3 a3 . Whole blood  '88.3%
3a . 33 ’V15;séc filtered suspension ' 65.8%
3b : _ '33 . 30 sec filtéred'suspension  82.7%
3¢ 33 45 sec fiitered-Suspension ,70,0%

- 33 133 60 sec filtered suspension  95.5%
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Figure 3.29  Fetal haemoglobin petCentage (HbF%)"plottedb
.Aagainst fhe filtréti’on ‘time. Each _‘exp‘erimenbtal point
' represents tbé mean kof HbF% values meas_ured in bth_e blood
.befofe ‘the fi'l tration and then in the eluté afterv - 15

- seconds interval .
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3,20'Filterabi1ity of red blood cells and clinical outcome

in newborn infants

Infants; both preterm or at term who» had not
vreceived blood transfusion were selected to compare their

clinical outcome with red cell pore transit time. The

. pore transit time of red cells from  infants ‘_with
‘each major clinical complication was compared with the
relevant éonirol, group and for this analysis, each

clinical condition was considered in isolation and

coincidence with any other complication was ignored.

3.20A. Intréuterine growth‘refardation
k Erythrocyﬂe'filterability wasvmeasufed in thirteen
néwborn infants who suffered from intrauteriné growth
'rétardationuThé birthvweight of these infants was below the
10th’Centi1e when plptted oﬁ the gréwth centile charts

prepared by Gairdner and Pearson (1971).0f these 13 TIUGR

o infants,2 were smaller of ' twins, 2 suffered from

pre—eélampsia»and mothers»of 6 IUGR ihfantS'Smoked more

than 20 ciéeréttes per day durihg,thevpregnandyylnvthe
remaining.3,no pfobable cause of iUGR éould»be found.fhe
filﬁerabilityvof red cells in infants with intfauterine
 gpowth.retardatidﬁ7was»cbmparedvwith sixty oneléestational
age hatchedappfopriéte‘for gestational age babies’.Thefe»v

was. a’stétistically significant difference in red cell
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filtration‘in.both groups .The results are presented in
‘table 3.19 . |

TABLE 3.19

J

- No Gestational Pore tansit Pore Transit

Age weeks  Time  Time in vivo
Small for 13 = 32.62+4.40 1.25+0.73  1.43+0.97
date infants | | | ., - A
- Appropriate for 61 32.6245.20  0.96+0.84 1.01io.73V'
 gestational - “ -
 age'infantsV1
P = 0.023

Values are f_sb.
3.20B Respiratory Distress Syndrome | |
Fifty five Qf all the 73 preterm babies invthis study
‘sufféred7from’fespiratory, distress syndrome (RDSY ‘which
ié ‘Qhe of the'majér éompliéationé of preterm :deiivéry;
Most of fheseibabies  were 'lessfthan 33- weeks of
"_gestational age{ | The-severify of respiratory distfeSs
Vsyndrome'variéd_from.mild ﬁo severe , _dependihg Vupon 'thé
J,lthe  c1ihica1 éonditionf radiological appearance and’the‘.
'véntilatoryAréquifénwwts(Roberton,1987). of tﬁe 55 RDS
babiesvléxsuffered from mild, 17 from moderate and 19

’fromgsevéré respiratory distress syndrome. Most of the

147



babies Suffering fromv moderate to sevefe‘respirafory
distress required ventilatory  manégément and 8 of these
.develoﬁed pneumbthorax while on ventilators;‘None of the
term iﬁfanté,and eighteen preterm ‘babies showed | any
feature of respiratory distress = syndrome. 'Thirty eight
pretefm_babies suffering from RDS who had not’recéived
Vahy b16od »trahsfdsion' beforé. the - filtration étudy were
compared with the "non RDS" babies. Table 3.20.shows'thé’
cphparisonfbetwéen pore transit time.of"réd  ¢e11s in
both gfoups.v |
| | Table 3.20.
’Rélétiqnship'between red ééll pore transitvtime and =

respiratory distress syndrome.

N GA mean Transit Transit
(weeks) Time in | Timeiin
| Vitrob(si . vivo (s)
‘Respiratory Distress |
Syndrome 38 30 '1.173+0.91 1.287+0.96
Noh,RDS (Control | | o ,
group) 22 33 0.779+0.62 0}80410.61
Moderate to'sevéreb | v | | ‘
RS 21 29 1.38140.91 1.553+1.0
cOntrdl_gfoﬁpk 22 33 0.779+0.62 0.804+0.61
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“‘Using thé' non-parametric Mann—Whitney test  or
“student's_t—teét on log 'fransformations; there ﬁas' no
significant'difference (P = 0.07) in filter§bility 'of‘
r'réd " cells of babies _without RDS and babies with

respiratb_fy distress syndrome of all degrees of se.ve"r,ity

(mild , moderate ' and severe). However, when babies
having moderate to severe RDS were compared  with
"non RDS" babies,  the difference in filterability

appééred,to _be stétistiéaily significant (P = 0.01).‘
:VAlthéughkboth,RDS and non RDS babies were group matched for
’gestatiénal_ége,k and the’fange of géstational aée‘ was
similaﬁ {in' both groups; there was a difference in mean
géstatiohal-ége. Thérefore-the transit ‘time‘was correéted
for'gestafional age in both groups and the differendéb in
-pore‘trénsit'vtime' of red cells which was Statistiéally

significant disappeared.

3.20C;  Cerebr51vI§Chaemié and-Infraventricular Haemdrrhagé :

| .Intraventﬁcular haemorrhage (IVH) and ischaémia
which is'é serious complicatiqn of pretéfm.delivéryw waéb
correlatéd with filterability of'red blood ceils;Of 73
preterm babies in tﬁis study 14 suffered from Ihtrécerebra1 

ischaemia and /or Intaventricular haemorrhage . This

conditibn was diagnosed_by ultrasound examination' by-"'
the unit personnel and confirmed on independént
- uitraSound film examination by the radiologist .
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The haemorrhage was  » graded according to fhe
claésification of Pépile et al(l978) tSee Appendix‘II].
Of these 14'infants in study, 4 had grade I ;3 grade II;4
grade 11i72' gréde Iv intraventriculaf haemorrhage and one
develobed leucomalacia. Eight preterm babies between 24 énd
34 Weeks gestaﬁion who had not been transfused before the
filtrationv study andhid»shli;fered ’.from YIVH kere 'selec.ted to
éompare_'filterability . of red/cell with  age 'maféhed
'uhtréhsfused "non IVH" babies. The réd cells‘in,these
babies filtered poorly. as compéred to'the'contrbl.babies
butvthev difference IWas not statistically significant

_(P = 0.79). Results are represented in table 3.21 .

Table 3.21  Correlation between red cell transit time

and the incidence of intraventricular haemorrhage.

N = GA mean Transit Transit
(weeks) Time in - Time in
vitro . vivo

b‘ Intraventricular 8‘ - 29.4 1.26+0.76  1.45+0.94
FHaemorrhage and |

CerebralFIschaemia

Control Group 40 30.5 1 0.96+0.75 1.02+0.81
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'3.20D. Jaundice

_0f"the total 93 infants in this study, 76 suffefed-
'frdm jaundice»and'51 of these_jaundiced'babiés reqﬁifed
photothefapy; " The incidence in preterm infanps was 89%
(65/73)‘and'in term:infants 55% (11/20). ‘The‘jaundiced
~infants QhQ were not transfused with%*i:-aduit blood befd;é
 the 7s£udy' wefe cqmpared with the gestational matched.:
'ndn—jaundiced,infahts in're1ation'tb pore transiﬁ’fiﬁe of
redf‘celis; There was no statiSticaily:'significant

»:différénce between,both groups>as shown by Téble‘3;22.

Table 3.22
No GA  Filtration rate ’Corrected~filtrétion
A ~of RBC (1/PTT) rate (1/PTTiv)
Jaundice 68 33 0.313+.796 0.264+.820
infants | | i
Controli‘A10  5 6.195i.623 | 0.145:4659
v groub AR | s : -
P = 0.61

vOther:clinicai parameters inCluding bronchopﬁlmonary
' dysp1asia, patent‘ductus_arteriosus, septicaemia, fetal'

. distress and smoking in mothers were also considered to.
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 estab1ish any'correlatioﬁ‘with thé filterébility of red
_Cells ‘but' nb ,éuch relationship was found. However
| conclusibnszcan.nbt be drawn 6n these results as the number
Uqf‘sémplesvin both étudy'and éontrdl groups.were not

‘properly,matched'(éee appendix IV for detailed results).
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DISCUSSION



GENERAL DISCUSSION

The term red cell deformability is not mathematically:
defined and it is ndt.surprisingithat studies on the -
deformability of_nednatal fed cells may seem to héve given
‘COnflicting reéults. There is no significant difference in-
_fhe deformabiiity between red cells from fetuses, preterm
and term infants énd adults when the cells are studied
under defined>shear conditions in a rheoscope (Linderkamp
et al, 1982, i986a), an ektacytometer (Coulombel et
al 1982: Matovcik et al; 1986) or a viscometer (Linderkamp
et al, 1984b).  However, many factors which are impottant.
determinants of deformability of the red cells, exert minor
or no influence on rheoscope, ektacytometer and viscometery-'
results,b»These factors include RBC diameter, surface area

and presence of poorly»deformable cells.

The filtration method is the most commonly emploved
method for measuring the deformability of red cells.
_Fiiterability‘of red cells measures their abi1ity to pass
through narrow pore capillaries and refleéts the ease with
‘which they flow through the microcirculation. in vivo.
Filtratién rates of term infanté’zred'cells through 3 & 5

um filters are markedly lower than for adult red «cells .
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(Gross and Hathaway, 1972; Tillman et él, 1977{Buchan,1980 N
" and Reinhart et al, 1985). Hoiland et al (1985) and
.Linderkamp et al (1986b) reported even lower red cell
filtréﬁioﬁ rates in pfeterm infanté than in term neonates
and_adults. However, Vthe corfelation between filtratién_
rétés énd other‘pérameters wére found fo'bé'differeht'by'
bthesejwérkiﬁg;gfoﬁps,'_ Althéugh Gross & Hathaway, (1972)

and Hblland'et éi'(1985) did not find any éignificant
' qorfelafion,'between 'the~ fed» cell _filtfation and.‘meah
;cé:ﬁuécuiar Volume,'Lindefkamp et al (1986b) and‘Reinhart'
‘et 31‘(1985);Sh0Wéd that the filtfation rates are inversely'

féléted:to the mean cofpusdular volume (MCV) of red célls
from pfetérm>infahts} férm neonates and adults. This

impaired filterability of neonatal red cells was consideredj

to be due to the large cell volume of neonatal red cells.

Linderkamp et al (1986c) also showed that the negativé'
-pfeséure féquired tdféspirate red éells cOmpiétély‘ihto-
pipettes of 3.3 um diameter is"mérkédlf greater f6r 
’ neqnatél red_cé;lsléompared with adultvand thié aSpirétionb
pressure  fof,_neonatal _andb'adﬁlt cells increééed_ With
increasing cell'volume; These QbserVatiéns suggést that
:the gréaterﬂmeah aspiration pressuré fér,neonatal feddcells"

resulted from their larger volume.

Speculations have been raised that décreaséd

 filterability of the neonatal red blood cells could lead to
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1mpa1red m1cr001rcu1atory dynamics - in narrow vessels and
-predlspose ‘to the compllcatlons seen in infants after
preterm delivery (Gross and Hathaway, 1972; Holland et al,

1985). Linderkamp and Betke (1985a) suggested that the high

rlsk of 1ntracran1al haemorrhage in small preterm 1nfants
may in part result from poor red cell aggregatlon, 1mpeded

passage of the1r large cells through narrow cerebral

'~cap111ar1es and ralsed blood v1sc051ty due to rapld

transfu31on of adult blood However, there 1s ‘no ev1dence ‘

that neonatal red cells are indeed dlsadvantageous for -

adequate 01rcu1at10n and none of the publlshed studles have
a

demonstratedAcorrelatlon between'decreased deformablllty of

neonatallred cells and the major clinical COmplications;

seen in babies.

f‘The; preSent’ study was ‘designed to measurev the
'Vfilterabiiity' of red blood cells in preterm -andv.termlr
;habies, fetuses and adults; - to ‘determine the
physicofchemioal‘factors affecting it and also to explore'a
vCOrrelation, if there is.any, between f11terab111ty of red

‘cells and the cllnlcal problems in newborn 1nfants.,e

' Methodology used to study red cell deformability
Since the rheologica1‘ behaviour of red cell:
suspension .depends ‘on the external;gfluid Viscosity,.

._'haematocrit and red cell aggregation in addition to the.

155



degree of red cell deformation, filterabilityetesfs with
the aim of'aeseesing red'oell deformability should be
designedbto eliminate Qariations-in other‘parameters.
_Because-of the‘variabi1ities of plasma proteinsiwhich caueen
red :ceil aggregation, tests ‘should-rbe, performed on
suepenSions:of red cells in isotonic buffefed solutions -

rather than whole blood (Chien, 1981).

_ The’vsignificantv effect of .white blood cellSe on
,filtration of WhOIevblood_while_studying RBC deformability:
‘had Eeen pointed out'by_Bochan (1980) and Alderman et 51,7
'(1981)..'An§ technique used for the preparatioh_ofve‘bure'

‘erythrocyte suspension oarries the‘ihherent risk that-the-
'subpopulation of 1ess deformable  erythrocytes may' be-
"selectively removed. A second risk is that thetpreparationf=
'fmethod may alter the rheology of the~erythrocytes (ICSH,e
1986),‘ Another problem with femoving leukooytes'iskthei'
~.éize_of thekSamples'that one has to work with. Removél of -
wécs usino methode’like filtration through COtton-wool of:

cellulose are not suitable for a small'blood>eamp1e.The 
‘method'ueed in this thesis is the one described’by Joﬁee‘et
- al (1984, 1985)vand Khooeheeh (1989). The calculation of
the pore trenSif time of red cells (filtefability of red‘
eelis) is independent of the}number of white cells ih,theo'
suspension (Chapter,Blsection B)eand‘of the viscosity of

'the-Suspendihg medium (Koosesh, 1989). This method can
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therefore be used with diluted whole blood, thus needing
- only avfewvmicrolitres of blood and removal of white blood
‘cells is not required before filtration studies on the red

':blood:cells;

The Filters; Various types of filters have been used for
studying RBC deformability by the filtration methOddeg;‘
"Silver'filters,' Millipore filters and Nuclepore filters.

.The Nuclepore polycarbonate sieves have the advantage that

the channels ‘are relatlvely stra1ght and are of 10 wn._"

length whlch is 1n accordance with the recommendatlons of.
the Internat1onal Committee on Standardlzatlon,‘in_
' Haematology‘(1986)f- Filters with a 3 um pore diameter were
~used in this study since.this is approxinately the critical‘
size'for passage of normal human red blood cells, thus,
allowing for a ‘more sensitive detection of reduced

 deformability.

_POpulation‘iantudy: Fetal, preterm and term infant and

adult blood -samnles were»~taken"for this Red Cell
‘Deformability study.,Until'recently, blood'fromhthe fetus .

vin‘utero'has’wbeen_inaccessible for direct observation and
measurements; fMost of the previous rheological studies
were done On»umhilical cord blood samples obtained at
birth. What changes come‘about during.labour is'not.known

and, just 'as maternal haemorheology is altered by

157



intravénbué and other therapies of labour (Buchan, 1980),
so fetal haemorheology may also.be altered. The fetuses
' studied here were thoSé‘who underwent fetal blood sampling
o in ﬁtertxvand the red cell deformability measurements
'berf¢rmed on such samples have nof previously _been;
reported.:'The correlations performéd between the‘clinicaJ ~

_’complications-’in the newbbrn:‘infants and- red cell

'zdeformability were'basedvdnvdeformability measufements.of' "

‘venous blood samples from these preterm and term infants.

.Effeétv’of_ stbfagé,pH  and température on ‘red .Céll‘
‘déformability:  '> The résults‘presentéd ih thié thesis
cbnfirm the eariier-reports.that the.filtefability of
neonatal erithrocytes is reducedvon prolonged Storage._With"
the methbdoibgj used‘in this study, blood can be collected
into:EDTA and kept'fér upto 4 hours at rodm temperature
Qiﬁhoﬁt loss of filtérability. If Samplesvafe'kept; for 
 _1ongé£ beriodé of time then‘the cells begin to’shdw signé:

~of metabolic décline and their flow properties deteriorate.

: Erythrbcyte filterabilitybis determined by the red

~ blood cell membrane yiSco;élasticity; cytoplasmic viscosity;,f

and celi _gedmetry. - All of these determinants are
' inf1uenced by the metabolic competence of the cell in
maintaining thé,levelvof’ATP. This nucleotide'determihes_f’

~ the 1evélfof phosphofy1atioh of spectrin (Palek et al)“
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 1978) which in turn may influence the mechanicaivproberties
of the membrane cytoskeleton~(Fairbanksbet al, 1981). The
~-biconcave shapé_of the human red cell is maintained by ATP
 requirihg reactions that are assumed to bCCur at the
membfaheecytoplasm'interface (Weed et al, 1969).  Again
: ATP}is involyéd'iﬁ ioh pumps'that contrbl the intracellﬁlar'
,concentrationﬁdf.éaicium{_pbtassiﬁmvand‘sodiﬁm (see Smith
'iet al;‘1983).'7The:failurérof the calcium pump léadé té an
'éégumﬁlation‘éf the catioh and anvincrease in covélent"
 dross-1inking bf‘ spectrin  Qith reSUlting Vlosé' of
deformability of thé mesbrane (Lorand, 1979). An increase
ih intraCellulaf calcium also»lééds_to the stimulation of
potassium‘loss'throﬁgh the so—calléd Géfdos Channel‘with
resultant dehydfation of the cell ahd increase in.intefnal
viscosity (see Stuart & Elroy,,1987). A decline in the
ATP—dependeﬁtstdium/botassium pump aléo leads to a rise in
ihtraCeiiular sodium with resulting_sweliing énd‘reduéed
filterébility'through 3 umybut not 5 um pores (Stuart et

al, 1985b).

The resﬁlts Apfesented ~here also showA_that the
Vcalcuiated RBC pore transit time for blood from newbﬁfn
‘ihfants‘increaseé ﬁith decreasing pH and_temperature;
These resultS'are‘to be expected according to’claSsical'
physiology. Hence . ﬁhe'haemoglobin exists in_eQuilibrium'

with»hydrogenkions and the position of that equilibrium is
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described‘by-thevconVentional equilibrium constant:-
Hbn+ ------ Hb(n-1)+ 4+ ¢
_K.:. [Hb»(n-l)(] X [H*] / [ana]

pK = log (1/K)

- This equilibrium is displaced to the left by:-
(i):'Decreasevin;pH (increase in [H*]

(ii) Increase in'pK by decreasing temperature

These effectors w111 therefore 1ncrease the concentratlon,
. .of p051t1ve charges on haemoglobln in solution (or decrease
~ the concentrat;on'of negative charges).f Since the red.ce11’
controls the'concentration of’metal cetions'by actiVe1
pumps , this increase in.the positive charecter of'the_
protein is‘offset by an increase in the intraceliular
hhcohcentretion of Cl- and/or HCOs- . The increase in
osmolality of’the‘cell contents is then corrected,by the

‘entry_of'water end a resulting increase in Mean.Corpuschlarv”
vVolune (ﬁCV).' :This is the; classical Gibbs. Donnen

:eQuiiibrium effect‘and nill influence'the pore tranSit time_

of erythrocytes due to changes in cell size and 1nternal

'~ viscosity. Results, reported by Kooshesh (1989),'are.

con51stent w1th the hypothe51s that the pH effect is_}
:explalned by the 1onlsat10n of a s1ngle group . This
effect is produced by changes in MCV’as pH has»no influence

~on filterability through 5 um pores (Stuart et al, 1985b).
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The effect of pH and temperature on neonatal blood
cell rheology has been reported prev1ously (Buchan, 1980).
This work was performed us1ng a whole- blood filtration
‘techn1que w1th 5 um fllter membranes and thls_method 1s‘
khown to be senSitive to haematocrit, white cell couht,and.
plasmajviscosity (Bachan, 1980; Alderman et al, 1980) .
Desplte these drawbacks some durable conclus1ons were drawn
from thlS early work Hence a decllne in pH is deleterlous
'to erythrocyte rheology but the effect of temperature is
yconflned malnly to changes in plasma v1sc051ty (see Buchan,p
1980).. The flow of adult erythrocytes through 5 wm
membranes is relatlvely insensitive  to changes in
.temperature (Schmid-Schonbein, 1973; Stuart et a1,~l985);
Although the results of Hanss & Koutsouris (1984) shOW»an
effectbwith,an energy of activation [Ea} of 11.3 kJ/mol
(see_KOOShesh{ 1989)>i.e} this degree of sensitiyity'to
temperature probably reflects a combinatioh of decreasing
'viscosity and MCHC with increasing temperature.- This.is
partly offse‘t by an increase in Mcv. The energy of
actlvatlon is therefore a little hlgher than that found for
.,the v1sco51ty of slmplevsalt solutlons (see above) or
‘solutions of plasma proteinsv(see Rampling & Whltlngstall,
1987) . - | | | |
| The‘results;presehted in chapter 3, section A of'this

.thesis confirm the earlier reports of decreased
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deformablllty of fetal red blood 'cells in acidotic
. conditions (Gross and Hathaway, 1972; Buchan, l980) and
.vdemonstrates that low temperature also adversely feffects
‘the erythrOcytic filterability. The‘influence of pH;and
temperature was found tobbe reversible. Any ‘experimental
"brocedUre' cannot duplicate exactly the
: hyp0thermia/acidosis which might occur in vivo but can

} point to tbe directioh and approkimate magnitude of changes'.
,inverythrocyte filterability thatrare'likely to occhr”in.
rsuch clinical disorders. The . implicationsbof these .
findiQQs are‘interesting; Itvis_Well dochmentedlthat
infants with acidosis ahd hypothermia are prone to deyelopd
clinical complications (Robertoh; 1936{,'5 hybotbesis can
be made that.the,clinical complications seen inﬂpreterm'
: babies_ eg;' intracerebral ischaemia,k' haemorrhage andv
necrotising enterocolitis could be related to decreaSed-
' deformability of red cells in these acidotic ahd'
‘hypothermic babies. v'HypOXic acidosis and hypothermia“by‘
'cau51ng pronounced decrease 1n erythrocyte deformablllty,
-comblned w1th the already disturbed mlcr001rcu1atory blood
flow, lack. of autoregulatlon and} hypoten91on could

‘initiate thrombosis in the microcirculation of these sick

“,”.babies.” Capillary thromboSis might rapidly ‘leadi to

5haemorrhage .in a situation -complicated"by secondary
"‘coagulatlon fallure (Turner, 1976; Foley & McNicol,

1977 ;Turner et al,1981).
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Differences in red cellvfilterability in fetuses, preterm

and term infants and adults

| The filterability of red cells is directly related to
: _the gestatlonal age of the 1nfant, with no 51gn1flcant
_difference between cells sampled in utero or ex utero for
'ageymatched infants. Hence there is no.evidence‘that'the
'“trauﬁa" of birthvhas a‘lohg—term deleterious effect On‘thel
rheolocylof erythrocytes. However even cellstfrom healthy
term infants are con51derably more r951stant to flow than,
those from adult blood and the transfusion of 1nfants w1th j
-adult blood therefore produces a marked 1mprovement in they
flow propertles of red cells. In this" study, thel'
f11terab111ty of erythrocytes increased four fold after

transfu51on with adult blood cells.

{lThe *accepted' explanatioh ‘for the decreased
filterability’of erythrocytes seen in preterm,infants'is_
the age related decrease in MCV. Hence the plOtfof
ffilterabilityiagainst MCV shows a'linear'decline from the
high yaluesbof MCV seen in the most immature infantsdto_the
~lowest MCV seen ih;adults. These results accord'well~with
those’already reportedobvainderkamp (l987).d However,c'
‘hultiple‘redression analysis ofvthe data reportedfhere

"shows clearly that the gestational age of the infant and
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the MCV of the,efythrocytes are indepehdent determinants of
red cell filterability. Therefore, apart from their larger.
siZe; neonatal red cells are inherently less filterable

~ than thoserof adults.

The other factors ‘which are known to 1nf1uence

red cell deformab111ty were considered as poss1ble causes.
CytoplaSmic viScosity of the cell ‘is one such} main
determinant of cell filterability. 1In human red cells, the
internal viécosity is mainly defermined by the haemoglobin7-
concentfationf (Chien 1981) and also hy the type ‘of"
V.haemoglobin ie; haemoglobih F’(Tillman,‘1980). MCHClwae not.
vfomnd'to be statistically different in different groups'
studied, thus it is not a factor responsible for the
differehce in»RBC»deformability.- The influence of HbF' on
~ the filterability of fetal and neonatal erythrooytes Wasv
assessed i;i a preliminary study. The slower rate of
kfiltfation of oells’containing a high proportion of fetal
haemoglobin can be seen w1th1n a s1ngle blood sample.
~Hence, durlng flltratlon through 3 um pores, cells with a"
‘ h1gher proportlon of adult haemoglobin emerge from the
fllter sooner than the 1ess mature cells w1th a hlgherg
propoxtlon of_fetal haemoglobln. It is not yet clear
'whether_agsoluhioh containingvfetal haemoglobin is more
eviaoohs_thah one'containingladult haemoglobin or whether

both filterability and fetal haemoglobin content are
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markers of Mcv and/or the state of maturity of the
erythrocyte.  Data presented by Linderkamp et al (1986c)
Hsuggest.that the viscosity of fetal haemoglobln may be
_fmarglnally hlgher than that of adult haemoglohin but this

dlfference was ‘not statlstlcally 51gn1f1cant.

Another p0551b1e explanatlon for the dlfferencerln}
'RBC f11terab111ty between fetal neonatalland adult cel;s
: mlght be the dlfference 1n surface afea/voinme_relationshipv
in the fetal,binfanté and adult fed'Cells (Linderkamp O,
'personélhcommunioation).v A recent study_hy Stadler andh'
“L1nderkamp, (1989) has demonstrated that the neonatal RBC
-when compared to adult RBCs show 18.6% larger volume, 12%
greater surface area and 11.4% wider diameter. Because of
their 1argen‘size, neonatal.red ceils have a greater'
:ninimal cylindrical diameter, definedhasvthe'smaliest
chlinder a red cell can enter without a ioss'ofbnolnme
>(3‘d4hi 0.25 m in neonatalkred'ceiisfh2;81_i 0.23 um in
' aduit~RBCs); Filtration studies through 3 um sizehpores'

tmight heoinfluenoed by the.greater mininal cylindrical

diameter of neonatal RBCs.

'Red_cellkmembrane_properties'could'also influence the
--_deformability'of‘fetal and adult erythrocytes. A marked .
increase in the quantity of both cholesterol and

phospholipidv 'is‘characteristic of neonatal red cells
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(Matovcik & Mentzer,1985). This increase is greater in
' preterm than in term infants and is in part, secondary to

'the increased surface area‘of”the lafger neonatal red cell.

' However, based on theoretical calculations,; the increase in’

.lipid”content exceeds that required for the surface area’by 

at least 20% (Neerhout, 1968 & 1971). Moreover, it is

" known that fetal erythrocytes have a'diminished,ability to .
‘handle oxidant stress and exhibit other membréne 1ipid‘

alterations (Neerhout, 1968).

‘The filtration teéhniQue is very sénsitive to‘thek
. presence of. a Small percentage of'pooriy'deformablé RBCé
which'may gradually block more and more pores,’thereby.'
ﬁindering the passage of subsequent RBCs §nd deéreasihg

overall fiitrétion~ratés.' Fefuses and newborn infanté ofi‘
1ower gestatiOnal‘ages have a highinucieated red éell count
bbandvreticulocytes which are more résisﬁantito  .:péssa§é
::thrdugh narfoW'channels than maturé RBCs.  These might act
bas poorly,deformabié cells thus showing differences in
.‘OVerali féd éell'filtefability amond différent gestétionél,

4ageAsubjects;

| The life span of a preterm RBC is about 40-60 days,
dompared to 60-80 days in a term infant and 120 days in
‘adults _(PeatSon,1967iRoberton;1986).. uThev prolonged pore

transit_timerf neonatal RBCs through filters suggests that
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the passége time through the small splenic slits is also

prolonged iCokelet et al, 1981), thﬁs explaining the
shortened.life span of neonetal RBC es compared to the
‘adult;ff;In preterm infants, RBC survival_time is even
Shorter'thah:in term infants.whiehiagrees with the RBC
deformability,findings of thie etudy (deformability of RBC
in pretefm infants < term infants < adults). A normal RBC
passes:throﬁgh'the spleen about 3,600 times during its life
ivand,each pessage requires marked deformation._vThe minimum
siZe‘of_hﬁman splenic Capillaries is about 3 dm (Weiss ahdv'
,Tavasseli, v1970)iand the decreased deformability through'
Vthese~¢apillaries probably leads to deStructioh of the RBCs

in the spleen.
Clinical Outcome:

'rIntreutefine growth retardation (IUGR) in newborn_f
<infant5iis essociated with neonatal hyperviscosity'and iﬁs
complicatione. PlaCentalrinsuffieiency and fetel hypoxia is:
ﬁhe uSﬁal lfinal 'common pathway bleadingl to growfh ,f
retardation in ihfants. Placentél'insufficiency méy be‘
caﬁsed lby 'infeetien,pre—eclempsia.‘or' maternal smoking in
pregnancy.Reduced'maternalbred cell filterability hae'béen
.obSerVed.lbyv‘Thofburn et 31(1982) ~and Bhdhan(l984al,in
pregnaneies’with intraﬁtefine growth retardation.Buchaﬁ

(1984a) also obeerved decreased red cell filtefability‘ahd
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increased’blood'viscosity in cord blood of infants of
‘mothers Whobwere smokers duringpregnancy and those who
,'developed 'pre—eclempsia ~during pregnency.The__results’
.presented in this thesis (Chapter 3 section Bl’confirm that
'the deformablllty of red cells is decreased in 1ntrauter1ne
growth retardation independent of the causal factors

Because ofvthe delayed brain growth growth retarded fetuses
~are at greater risk of delayed development and neurological
problems Whether decreased bra1n perfusion resulting fromv
7*1ncreasedrhaematocr1t and decreased'red cell deformability
.is'involved in cerebral dySfunction of’these infants is

" unknown. -

dInfantsbtborn after preterm delivery suffer from'
various clinical complications - more so than'the-term
, newborn 1nfants. . Since “the deformability’ of preterm
1nfants RBCs is. decreased as compared to the term 1nfant,'

the hypothe31s wasA made that thlS decreased RBC

;deformability in the preterm 1nfant might be ‘a factor.-'

'contributlng to the poorer clinlcal outcome._

vIn_this-thesis, the red cell deformability, which
»couldhpossibly be a factor in‘theory, to.the developmentvof
. major clinical‘problems such as intracerebral.ischaemia/,
'haemorrhage, respiratory distress syndrome andrjaundicehwas

studied. r:Thongh the deformability of red’cells was found
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to be decreased in intraventricular haemorrhage

/intracerebral ischaemia and respiratory distress syndrome .

bables as compared to gestatlonal age . matched babies
w1thout -these problems, the dlfference was not
statlstlcally significant. A However, to conf1rm these

_flndlngs a larger study population is‘needed.

'Speculations about decreased RBC deformabilityvand
impaired'microcirculatory flow,in narrow channels 1eading

to cllnlcal compllcatlons 1n preterm bables may not be true

- since RBC f1lterab111ty is also found to be decreased in

‘normal fetuses’of lower gestatlonal ages;- There is nolv
evidence 'that fetal and neonatal.vRBCs are indeed
disadvantageous' for tadequate .circulation 'since_‘the
clrculation in the neonate is characterised by'low vascular
res1stance and hlgh flow condltlons (WU et al, 1980).

Moreover, the minimal caplllary size in fetus and preterm ‘
'hewborn infantS’may also be larger_than in term 1nfants

and in adults.

;_The::capillary vnetwork in the Afetal and vnewborn’
infant'svbrain has been examined‘extensively ih relatiOn to
intraventricular haemorrhage. Pape &1Wigg1esworth .(1979)
‘has‘characterized'the elaborate capillary bed of germinal
matrix - as a.y"persisting imature 'vascular retefr

- Transmission electron microscopic studies of the germinal
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matrix revealed many small larger diameter vessels with
features of immature vessels (Pinar et al, 1985). Studles
:have also shown that matrlx m1cr001rcu1atlon is composed of

slmple endothellal—llned vessels, often of a larger size

than caplllarles but not recognlzable as arterioles or

v.vehules because of absence of muscle and collagen. ,Trommer
et al, (1987) demonstrated that the’capillaries in.the
brain of.a newborn beagle puppy are also relatlvely 1arger
in sizef_No'published studies were found in‘the literature
,abOut,capillary size in general microcirculation of-human
,fetal‘and‘preterm neuborn infants. However; animal studies
vperformedvon fetal and,newborn mammalsupresent interestlng"
findings.. A recent‘study’by Porter and'Bankstonv(1987)'on

myocardial capillary diameter and RBC size in fetal and
- neonatal rat "has shown that there is a gradual decrease in
vcaplllary d1ameter during late fetal and early neonatalg

llfe.A The average cap111ary diameter showed a 51gn1flcant

'decrease from 4.74 um + 0. 28 um in fetal rat to 3.61 umf'

+0 20 um in thev+ 1 day neonatal rat ie; a decrease in

:dlameter of 24%. ~ This decrease_ln dlameter was'found £¢‘*
occur concomitantly uithvthe decrease in the mean diameter
ofgcirculating ‘red» blood cells. 'The mature erythrOcytes’
of rats have been measured to have a mean d1ameter of 6.8
um and are capable of deformablllty to ‘pass through a‘
‘caplllary as’small as 2.45 um in diameter (Henquell et al,

1976) . The mean diameter of the RBC was found to decrease
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from_10.31 um in fetal rat to 6.68 um in adult ie; a 35%‘

decrease in diameter.

The pattern of decrease in RBC‘diameterdin fetal to
| 'neonatal and adult rats is similar to thatbobserVedfin
human fetal, preterm and term newborn infants and'adult»red'
cellsfin the present“study'(chapter 3, Section B) and this

1eads to the speculatlon that it would be a funct10na1

- nece331ty in the human fetus and preterm 1nfant to have a

caplllary dlameter larger than that found in term infants

and adults.

Future Developments

The work presented in this thesis describese the flow_
charaoteristics'ofvfetal neonatal and adult.red celle
through 3 um pore size fllters whlch is the minimum size of
A»caplllarles in the human adult.. Slnce the exact 51ze of;
caplllarles in general is not known for the human fetus
and newborn 1nfant and since animal studies p01nt to a
1arger caplllary size in the fetus and newborn than in the,
fadult h it w111 be very 1mportant to study the
: m1croc1rcu1at10n in the fetus and newborn infant before anyv
kconcluslon »can-abe made about the 1role vof_ decreased

’_rdeformability of red cells in these subjects. -
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The white.cell count in normal preterm infahts is
higher than in term infants and adults (Chapter 3, table
 3.3).'AThe_presént’study measures the filterability éf RBCs
dnly,fbut if‘wé,cqhsider'the'micrécircﬁlatory flow of whole
‘blood the WBCs-déformabiiity will also be‘important.>'White
. cells'exhibit‘700-1000 times more fesistance to passagé
throﬁghv5 um filtérsvbores.than fedVCellé‘(Chien et al,
| 1983). Considering the fact'that the WBC count is much
“higher in preterm.‘infants than in normal infahtsv and
: édults, ﬁhite cells may. be a major determinant of

;micfocitCQlatory flow in Vivo. ‘Thé'methodélogy used in
i_this - thesis couldvvalsov be used for- méasuring the
filtérability of whiﬁe qells using 5 um nucleﬁbre
membranes."A'study'of fetalvaﬁd pretérm iﬁfant's white
blood'cell deformability would lead to a more détailed
uhderstanding'§f'microcirculétory blood flow‘in féques'and .

immature infants.
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APPENDIX I

gorithm for Analysing Flow Profiles for Cell Suspensions

e s e e e e Rk T N e e e e e e e R L L L o O T

CALCULATION OF 6 VARIABLES USING INTEGRATED FORMS
'OF EQUATIONS FOR THREE PARTICLES AND OMEGA
OMEGA IS USED AS THE INTIAL FLOW RATE IF THIS IS LOWER
THAN THAT OF BUFFER. IT IS PARTICULARLY USEFUL FOR 5 MICRON
FILTRATION. THE USER CHOOSES WHETHER TO :-
(1) FIX OMEGA AT 1.0
(2) FIX OMEGA AT <1.0
(3) ALLOW OMEGA TO FLOAT BETWEEN 0 AND 1.0
FOR ALL WORK DESCRIBED IN THIS THESIS OMEGA WAS FIXED AT 1.0
'AND N FIXEWD AT 4

IMPLICIT DOUBLE PRECISION(A-H'O-Z)
CHARACTER*20 NAME, DATE

COMMON ITM, IBLANK, E, TIME, THEORY, R, XT, CELLS T
COMMDN/AREAG/ OMEGA

COMMON/AREA3/ NOMEGA, JCALL

' - COMMON/AREA4/ TYPEl, TYPE2, TYPE3

13
100

110

120

20

65

~ 70

50

DIMENSION IW(12),BL(10),BU(10), W(170),X(10),A(10),
&TIME (500) , THEORY (500) ,E (500) ,R(500) -

Lw=170
LIw=12
IBOUND=0
DO 13 I
TIME (I)
E(I) = 0.0

WRITE (4,100)

FORMAT (1X, 20X,’CURVE FITTING FOR FILTRATION’)

WRITE (4,110)
FORMAT (1X, 20X, ' **kkkkkkkkkkkkkkkhkkk Xk kk kX x/ )

1, 500
0.0

CONTINUE
ENTER NAME AND DATE OF SAMPLE

READ(S,ZO,END=21000) NAME
FORMAT (A20)
READ (5,20) DATE

ENTER FLOW RATE OF BUFFER, NUMBER OF POINTS, NUMBER OF PORES
AND NUMBER OF CONSTANTS - ) .

READ (5, *) XT,ITM,CELLS,T,N
READ CODES AS FOLLOWS:-
0 1.0 +......... NO OMEGA FACTOR REQUIRED

1 -0 cesees... OMEGA IS AN UNKOWN VARIABLE
2 0.43 ......... OMEGA = 0.43 [OR ANY NUMBER < 1.0]

READ (5, *) NOMEGA, OMEGA

IF (NOMEGA.EQ.1) N = N + 1
ENTER ESTIMATES FOR N VARIABLES
READ (5, *) (A(I),I=1,N)

ENTER TIME AND VOLUME COLLECTED
READ (5, *) (TIME (I) ,E(I),I=1,ITM)
WRITE (4,65) NAME,DATE

WRITE (4,70) XT E
FORMAT(1X,//,’ Name = ’,A20,5X,’Date = ’,A20)
FORMAT (1X,/,’ XT =’,F7.3,//)

‘DO 50 I = 1,N

X(I) = A(I)

SET LIMITS ON VARIABLES
DO3I=1,N

BL(I) = 1D-06

BU(I) = 1D+06

o
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CELLS * XT/T

BU(1) =
. BU(3) = BU(1)
BU(5) = BU(1)
IF (NOMEGA.EQ.1) BU(N) =1.0
IFAIL=1
JCALL = 0

'CALL EO04JAF (N, IBOUND,BL, BU,X,F, IW,LIW, W, LW, IFAIL)
‘IF (NOMEGA. EQ 1) OMEGA = X (N)
N1 =0
IF (NOMEGA.EQ.1) Nl =1
WRITE(4,71) IFAIL, F
71 FORMAT(IX //," - IFAIL =’,12,1X,"
. &’'SUMS OF SQUARES = /,D10.4)
" WRITE(4,600) ~ : ‘
600 FORMAT (1X,//, 32X,'VARIABLE' 18X, 'BEST ESTIMATE')
. poO 611 I =1, N - Nl - _ '
- WRITE(4,610) I , X(I)
610 FORMAT (1X,33X,’K’,I1,D35.3)
611 CONTINUE
WRITE (4,612) OMEGA : o
612 FORMAT (1X, 30X,'OMEGA’ D35.3)
© WRITE (4, 620)
620 FORMAT(1X,///)
IF (IFAIL.EQ.1.0R. IFAIL. EQ.9) GO TO 20000
Cc CALCULATE BEST THEORETICAL CURVE
JCALL = 1.
"CALL FUNCT1(N,X,F) -
, 'WRITE (4,699) v . -
699 FQRMAT(IIX,’TIME',9X,’VOLUME',4X,’THEORETICAL',7X,'RESIDUAL’)
: WRITE (4, 698) ' o - o -
698 FORMAT (11X, ’ ' ' === : !, /)
. WRITE (4,701) (TIME(I),E(I), THEORY(I) R(I),I=1, ITM) o
701 FORMAT (3F15.2,F15.4)
IF (NOMEGA.GT. 0) THEN
TORR = T * (1-OMEGA)/ (OMEGA*XT*CELLS)
IF (N.GT.1) TORRL = 1/X(2)
IF (N.GT.3) TORR2 = 1/X(4)
ELSE
CLUST= CELLS/(TYPE1+TYPE2+TYPE3)
TORR = 1/ (X(2)*CLUST)
IF (N.GT.4) TORRL = l/(X(4)*CLUST)

ENDIF :
WRITE (4,740) TYPE1l, TYPE2, TYPE3 ' : '
740 FORMAT (1X,//,’ Type One Particles = ’,D10.3,/,’ Type Two’,

&’ Particles - = ’,D10.3,/,’ Type Three Particles = ’,D10.3)
. WRITE (1,762) TORR,TYPE2,TORRL1,X(3) . :
762 FORMAT(F10.3,2D10.3,F10.4)
. . WRITE (4, 760)TORR,TORR1 TORR2 o
760 FORMAT(IX /;' Pore Time(l) = ’/,F7.4,’ Pore Time’
&' (2) =',rF8.3, ’ Pore time(3)’,F8.3) :
- IF (NOMEGA.EQ.0) WRITE (4,761) CLUST
761 FORMAT (1X, ’ . Cluster Size = ',F10.1)
20000 CONTINUE : : .
~. GO TO 120
21000 .CONTINUE
" "8TOP
END
- SUBROUTINE E’UNCTl (N XC, E‘C) .
IMPLICIT DOUBLE PRECISION(A-H, O Z)
"COMMON ITM, IBLANK,E, TIME, THEORY, R, XT,CELLS, T i
COMMON/AREA3/ NOMEGA, JCALL
COMMON/AREA6/ OMEGA
COMMON/AREA‘I/TYPEI TYPEZ TYPE3
DIMENSION E(500), TIME(SOO) THEORY(SOO) R(SOO) XCc(N), YA(SOO)

AK1l = 1.0D-10
AK2 = 0.0
AK3 =

1.0D-10
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= 0.0
AKS = 1.0D-10
AK6 = 0.0

N1 = N - NOMEGA :
IF (N1.GT.0) AK1l = XC(1)
IF (N1.GT.1) AK2 = XC(2)

IF (N1.GT.2) AK3 = XC(3)
IF (N1.GT.3) AK4 = XC(4)
IF (N1.GT.4) AK5 = XC(5)
" IF(N1.GT.5) AK6 = XC(6)

IF (NOMEGA.EQ.1) OMEGA = XC(N)
PT.= XT * OMEGA :
- ALPHA=AK1+AK2+AK3+AK5
BETA=AK3+AK4+AKS5
GAMMA=AKS+AK6
ALPHAl=ATPHA-GAMMA
BETA1=BETA-GAMMA
FC=0.0
DO 5000 J=1,ITM
- 'EXA=ALPHA*TIME (J)
. EXB=BETA*TIME (J)
EX5=GAMMA*TIME (J)
IF (EXA.GT.88) EXA=88
IF (EXB.GT.88) EXB=88
IF (EX5.GT.88) EX5=88
FA = 1 - DEXP (-EXA)
FB 1 - DEXP (-EXB)
F5 1 - DEXP (-EX5)
A = 1-AK3/BETAl -AK1/ALPHAL + AKl*AK3/(ALPHA1*BETA1)
AA = F5/GAMMA _
B = Axa/BETAl - AKI*AK3/(BETAI*(ALPHA-BETA))
BB = FB/BETA
AKl/ALPHAl - AKl*AK3/(BETA1*ALPHAl)
C + AKl*AKB/(BETAl*(ALPHA—BETA)) :
C = FA/ALPHA
A * AKS/GAMMA
B * AKS5/GAMMA
: C * AKS5/GAMMA
"ADD1 = (1-AKS5/GAMMA) * (AKB/BETA - AKl*AK3/(BETA*(
' &ALPHA-BETA) ) ) :
& * FB/BETA
ADD2 = (l—AKS/GAMMA) * (AKl/ALPHA - AKl*AKB/(ALPHA
 &*BETA) + AK1*AK3/BETA* (ALPHA-BETA)) : _
& * FA/ALPHA : ,
. ADD3 = TIME(J) * (1-AKS5/GBAMMA) * (1+AK1*AK3/(ALPHA*BETA)
& - AKI/ALPHA - AK3/BETA)
‘THEORY (J) '= PT* (A*AA + B*BB + C*CC + ADD1 + ADD2 + ADD3)
R (J) =THEORY (J) -E (J) _

Cc
C
C

nnn

A
B
o]

’ FC—FC+R(J)*R(J)
‘5000 CONTINUE
.~ IF(JCALL.EQ.0) GO TO 4000
TN = T * AKS5/GAMMA
XEND = TIME (ITM)

EXA = ALPHA*XEND
EXB = BETA*XEND

'~ EX5 = GAMMA*XEND '
IF (EXA.GT.88) EXA = 88
IF (EXB.GT.88) EXB = 88

'~ IF (EX5.GT.88) EX5 = 88

.. FA' = 1-DEXP (-EXA)
~ 1-DEXP (~EXB)

1-DEXP (-EXS)
TYPE3 = TN*F5 ‘

T1 = AKG6*TN

T2 = XEND - F5/GAMMA ;
TYPE3 = TYPE3 + T1*T2 : :
P2 = F5*TN*AK3*AK4/ (GAMMA*BETAl) - FB*TN*AK3*AK4/ (BETA*BETA1)

e
w0
[ |
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v*+AK3*TN*DEXP(-EX5)/BETAI ~AK3*TN*DEXP (- EXB)/BETAl

Tl = FB*AK3*T* (1-AK5/GAMMA) /BETA
T2 = AK3*AK4*XEND*T* (1-AKS5/GAMMA) /B
T3 = B*AK3*AK4*T*(1—AK5/GAMMA)/(BETA*BETA)

=P2 + T1 + T2 + T3 o
Tl = T*AKl*FA*(1-AK5/GAMMA—AK3/BETA+AK3*AKS/(BETA*GAMMA))/ALPHA
T2 = T*AK1*AKS* (DEXP (-EX5) ~DEXP (- EXA))*(1-AK3/(BETA-GAMMA))

& /(GAMMA*ALPHAL)

T3 = T*AK1*AK3* (DEXP (-EXB) -DEXP (-EXA) ) * (l-A.KS/GAMMA +

&BETA*AKS/ (GAMMA*BETAL) ) / (BETA* (ALPHA-BETA) )

T4 = T*AKI*AKZ*XEND*(1-AK5/GAMMA-AK3/BETA+AK3*AKS/(’
&BETA*GAMMA))/ALPHA :

"T6 = FA*T*AK1*AK2/ALPHA , ' :
T6 = T6* (AK3/ (ALPHA*BETA) -~ 1/ALPHA + AKS/(ALPHA*GAMMA)

. & = AK3*AKS/ (ALPHA*BETA*GAMMA) -AKS/ (ALPHA1*GAMMA)

& '+ BK3*AKS5/(GAMMA*BETA1*ALPHAl) - AK3/(BETA¥* (ALPHA-BETA) )
& + AK3*AK5/ (GAMMA*BETA* (ALPHA-BETA)) '

& - AK3*AKS5/ (GAMMA*BETAL* (ALPHA-BETA)))

4000

T7 = T*FB*AK1*AK2*AK3/ (BETA* (ALPHA-BETA) )
'T7 = T7 * (1/BETA - AKS/(GAMMA*BETA) + AKS/
& (GAMMAXBETAL)) ‘

T8 = T*FS*AKI*AKZ*AKS/(GAMMA*GAMMA*ALPHAI)
T8 = T8 * (1-AK3/BETAL)

Rl =Tl + T2 + T3 + T4 + T6 + ™ + T8
W = P2

TYPE2 = W/THEORY (ITM)

TYPE1 = R1/THEORY (ITM) -

TYPE3 = TYPE3/THEORY (ITM)

RETURN - v

END
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Example Data File For a Profile with 30 Experimental Points

LBt Bt 0 0 0 P e B0 0 P a0 0 0 P P8 0 s P o0 o0 P 0 Pt Pt Pt 0 0 P Ot 0 P P B0 o P8 NS i 0 0 P B0 0 P Pt B0 0 P8 o5 ot 0 i P8 B0 0

 A.N.OTHER

. TODAY o
0.33 30 150E06 6.28E06 4
o _ v
0.57 -.105 .033 .0064 \ o ,
©1.000 - 0.210 2.000 0.320 . 3.000 0.410
4.000 0.480 5.000  0.550 6.000 0.620
~7.000 - 0.660 8.000 0.710 9.000 - 0.760
©10.000 . - 0.800 11.000 0.830 12.000 0.860
- 13.000 0.900 14.000. 0.930 15.000 0.960
16.000 '1.000 17.000 . - 0.990  18.000 1.030
19.000  1.070 20.000  1.090 21.000 1.120
22,000 1.150 ° 23.000  1.180  24.000 . ° 1.190
25.000  1.230 . 26.000 1.240 27.000 1.260

28.000 ~ 1.290  29.000 1.310  '30.000  1.330
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"Result file04 from this data file

CURVE FITTING FOR FILTRATION
KERKKRKKRRKRKAKKRKRRAA KRR RRRKRKK

Name = A.N.OTHER » Date = TODAY
XT = 0.330 ’

IFAIL = 0 SUMS OF SQUARES = 0.1594D-02

VARIABLE R BEST ESTIMATE

K1l 0.109D+01
K2 : IR ' 0.685D+00
K3 v EERI 0.163D+00
K4 R : ~ 0.314D-01
OMEGA ‘ S . 0.100D+01
TIME . ~ ~VOLUME -~ THEORETICAL -RESIDUAL
1.00 0.21 0.21 - -0.0030
2.00 . 0.32 0.32 0.0006
3.00 - 0.41 - 0.41 -0.0004
4.00 ‘ 0.48 0.49 0.0057
5.00 ‘ : 0.55 0.55 0.0023
6.00 0.62 i 0.61 : -0.0087
7.00 0.66 ‘ 0.66 - .0.0039
8.00 ' 0.71 0.71 0.0014 -
‘9,00 ' ' 0.76 0.75 =0.0053
10.00 o 0.80 0.79 - -0.0056
11.00 - .- 0.83 ‘ 0.83 0.0012
12,00 ‘ . 0:86 0.87 0.0057
13.00 . 0.90 : - 0.90 . -0.0019
" 14.00 - .0.93 0.93 -0.0010
. 15.00 - 0.96 - 0.96 -0.0014
-16.00 . - 1.00 0.99 -0.0130
17.00 . - 0.99 1.01 0.0245
18.00 1.03 ‘ 1.04 ' ' 0.0114
19.00 : 1.07 1.07 -0.0025
20.00 - 1.09 , 1.09 , 0.0032
- 21.00 1412 1.12 . =0.0015
22.00 - 1.15 1.14 ~-0.0066
23.00 ) 1.18 ) 1.17 -0.0118
24.00 ) 1.19 - 1.19 ' 0.0025
25.00 1.23 1.22 -0.0133
26.00 : 1.24 1.24 .. 0.0008
27.00 1.26 1.26 - 0.0047
28.00 : 1.29 - ©1.29 -0.0014
. 29,00 1.31 o 1.31 0.0023
30.00 . 1.33 1.34 : 0.0060
‘Type One Particles = 0.169D+08
Type Two Particles = 0.701D+07
Type Three Particles = 0.141D-01
.Pore Time(l) = 0.2328 Pore Time (2) = 0.000 Pore time!3) 0.000

Cluster Size = 6.3
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APPENDIX IT

Classification,of cerebroventridular haemorrhage (Papile :

et al., 1978)

1.. ~ GLH
2. IVH without ventricular dilatation
3.  IVH with ventricular dilatation

4.  IVH with'parenChymal haemorrhage

NOte: .Bi1atera1 haemorrhages graded according to size of

vthérlarger haemorrhage.
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APPENDTIX III

The values to be exceeded for the coefficient of simple

correlation to be significant.

Number of 109, 5% 1%
Points on Significance Significance Significance
Scatter Graph Level Level ; Level
3 0.988 0.997 1.00
4 0.900 0.950 0.99
5 0.805 0.878 0.95
6 0.729 0.811 0.91
7 ' 0.669 0.755 0.87
8 0.621 0.707 0.83
9 _ 0.582 0.666 0.79
10 0.549 0.632 0.76
11 0.521 0.602 ) 0.73
12 0.497 0.576 0.70
13 0.476 0.553 0.68
14 0.457 0.532 0.66
15 0.441 0.514 0.64
16 A 0.426 0.497 ) 0.62
17 . 0.412 0.482 0.60
18 0.400 0468 0.59
19 0.389 0.456 0.57
20 0.378 0.444 0.56
21 0.369 0.433 0.54
22 0.360 0.423 0.53
23 0.352 0.413 0.52
24 0.344 0.406 0.51
25 0.337 0-396 0-30
26 0.330 0.388 - - 0.49
27 ' 0.323 0.381 - 0.48
28 0.317 0.374 . 0.47
29 0.311 0.367 0.47
30 0.306 0.361 0.46
35 0.283 0.335 0.43
40 0.264 0.312 0.40
45 0.249 0.294 0.38
50 0.235 0.279 0.36
60 0.215 0.255 0.33
70 0.198 0.236 0.30
80 0.185 0.220 0.28
90 0.175 0.207 0.27
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TABLE 1

- APPENDIX IV

Red CelllFilterability & Bronchopulmonary Dysplasia (BPD)

, No.

' GA weeks

Pore

Logl/Pore
mean+SD Transit Transit"
Time Time
in vivo in vivo
(PTTi v ) (Log 1/PTTiv)
BpD‘Infénps_’f 6 . 28.5+1.8 1.39+0.86 -0.23+0.64
Control Groups =~ 22  28.0%1.6 1.66+1.02 -0.34+0.78
(Non BPD
vInfan€S)
P=10.74
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TABLE 2

Red Blood CellIFilterability and Patent Ductus Arteriosus

(PDA)

"Log 1/Pore

PDA

12 29.3+0.4

p = 0.56

‘No. ,GA weeks' Pore
| mean+SD Transit. Transit
 Time Time
in vivo in‘vivo
PTTiv (Log1l/PTTi v )
Infants with 5  29.6+0.5 1.12+0.65 =-0.08+0.29
PDA |
Infants without 1.86+0.93

-0.31+0.87
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TABLE 3

’f Cqmparison‘of filterability'of RBC in_Septicaemia and non

Septicaemic_lnfants

Infants who
developéd

septicaemia

Infaﬁts who

didn't suﬁfér

septicaemia

No.

" GA weeks

‘mean+SD

30.7+7.2

33.2+3.8

p = 0.15

Pore Transit
Time in vivo

(PTTIV v)

1.77+1.32

0.93+0.81

Log of

1/PTTi v

©-0.4740.83

0.38+0.83
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_TABLE 4

Red Cell Filterability in Infants of Smoking and Non

'SmokingVMothers

No..

Infants of 16
Smoker mothers
'Infants,of 62

‘non smoker

mothers

GA weeks

mean+s

31.5+4.2

33.0+4.4

 p=0.37

Pore

Transit
Time

in Vivé

(PTTiv)

1.06+0.78

0.98+0.83

- Log of 1/Pore

Transit Time

Time in vivo

(Log 1/PTTsv)
0.1140.62

0.28+0.83
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TABLE 5

"Filterability of red cells in infants who had  fetal -

distress as compared to normal deliveries

- ‘No. ‘ GA . PTTiv - Log (1/PTTiv)
FD 15 32.5#4.1 0.89+0.89  0.37:0.75
Non FD 63 32.7#+4.5  1.02#0.80  0.21:0.81

p = 0.47
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