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Blood Rheology and Ischaemia 
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Summary 
Ischaemia is essentially the failure of tissue to obtain a sufficient oxygen supply for its 
function. In the context of rheology, which is the study of the deformation and flow of 
materials, this implies failure to deliver the blood, rather than failure to oxygenate 

the blood or extract oxygen from it. Resistance to the delivery of blood is generally 
considered to have vascular and rheological components. Vascular effects on resist

ance may often be dominant, and there is wide appreciation of the ischaemic con
sequences of vascular obstruction and narrowing, for example in atherosclerotic 
disease. However, rheological factors can vary widely between individuals and in 
disease, and such variations have the potential to influence oxygen supply.I,2 Here, 
the rheological factors which affect blood flow are reviewed and their role in the 
development of ischaemia is discussed, with particular reference to the eye where 
possible. 

Rheological Factors Affecting Blood Flow 
The rheological properties of the blood can 
conveniently be divided into bulk properties 
and cellular properties (Table I). Broadly 
speaking, the bulk properties (blood viscosity 
and its determinants) dominate flow in large 
vessels, whereas cellular factors have greater 

influence in microvessels with diameters of 
the order of the cellular dimensions. At the 
level of the microcirculation it may not be 
appropriate to consider the viscosity of the 
blood as a continuum, but may be better to 
consider separately the flow properties of the 
cellular constituents and the plasma. 

Table I. Rheological properties of the blood and their major determining factors 

Bulk Properties 
Factors: 

Blood Viscosity 

Cellular Properties 
Factors: 

Red Cell Deformability 
Red Cell Adhesiveness 

White Cell Deformability 
White Cell Adhesiveness 

�Flow resistance in large vessels 

I Haematocrit 
Plasma Viscosity 
Red Cell Aggregation 
Red Cell Deformation 

� Resistance to capillary entry and obstruction of microvessels 

{ 

{ 

Intrinsic Structure 
Plasma Factors 

Intrinsic Structure 
Functional State (Activation) 
Plasma Factors 
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Bulk Properties 

Blood viscosity is determined by haematocrit 
(and leukocrit in some hyper-leukocytic 
states), plasma viscosity and red cell aggrega
tion (which occurs at low shear rates). The 
ability of the red blood cells to deform and 
align in flow greatly reduces the viscosity of 
the blood from the level it would be if these 
cells were non-deformable, but there are few, 
if any, clinical conditions where abnormal 
deform ability has a significant affect on bulk 
viscosity. The most marked abnormalities in 
red cell mechanics are generally linked with 
anaemia, which has a greater effect on bulk 
viscosity than impaired red cell deformability. 

Haematocrit 
The relationship between blood viscosity and 
haematocrit is logarithmic. For example, at 
low shear rate (1s-I) blood viscosity varies 
from about 13 to 45 mPa.s for haematocrit 
varying from 0.3 to 0.5, and at a higher shear 
rate (100s-l) from 3.6 to 6.4 mPa.s. The 
dependence on shear rate arises mainly from 
the effects of red cell aggregation (see below), 
but alignment, deformation and close packing 
of red cells also reduces viscosity as the shear 
rate increases. Increasing haematocrit 
increases the oxygen carrying capacity of the 
blood, and the quotient of haematocrit/vis
cosity may be used as a parameter to describe 
rate of oxygen transport. I This parameter 
gives a bell shape curve when plotted against 
haematocrit, with optimal transport in the 
haematocrit region of 0.3 to 0.5. 

The normal range of haematocrit is quite 
wide, so that the range of viscosities is even 
wider. It seems that for changes in viscosity 
per se to cause ischaemic problems in the eye, 
haematocrit must rise above 0.5.3 In this poly
cythaemic region there are typical pathologi
cal manifestations of retinal vein dilation, 
central retinal vein thrombosis and conges
tion of conjunctival venules.4 The mechanism 
seems to be directly rheological, with 
increased viscosity causing increased flow 
resistance, and symptoms which respond to 
treatment which lowers haematocrit. An
aemia is also associated with abnormalities in 
the ocular circulation.s This is probably not of 
rheological origin, except possibly when it is 
associated with abnormalities in the red cells 
themselves (see below). 

Plasma Viscosity 
Variations in the viscosity of plasma depend 
on variations in its protein constituents. In 
normal plasma, the main contributions are 
from globulins, albumin and fibrinogen, in 
that order, and there exists a relatively narrow 
normal range of viscosities (Table 11).6 Plasma 
viscosity is raised in a vast range of acu,te and 
chronic infections, and most degenerative and 
neoplastic diseases.6 The changes depend 
mainly on elevation of fibrinogen and have 
quite small though easily detectable effects on 
plasma viscosity. They may, however, have 
greater effects on red cell aggregation (see 
below). On the other hand, paraproteinaemia 
associated with myeloma and Waldenstrom's 
disease can have very marked effects on 
plasma and blood viscosity and can directly 
lead to hyperviscosity syndromes.7,8 Macro
globulinaemia, for example, can raise plasma 
viscosity by several hundred percent. 6 These 
rheological changes lead directly to ocular 
problems (dilation of retinal veins, constric
tion at arterio-venous crossings and retinal 
haemorrhages) which are reversible by vis
cosity lowering therapy such as 
plasmapherisis.4,8 

Red Cell Aggregation 
Blood viscosity rises sharply as the shear rate 
is lowered, for example increasing about five
fold in normal blood when the shear rate 
decreases from 100 to 1 S-I

. This phenomenon 
is chiefly caused by reversible red cell aggre
gation. Deformation and alignment of red 
cells with increasing shear rate makes a lesser 
contribution to viscosity reduction. Red cell 
aggregation can be most easily observed at 

Table II. Plasma Viscosity: determinants and values 
in health and disease 

Normal 1.5 to 1.72 mPa.s (at 25°C) 
Albumin : Globulin : F ibrinogen 
Plasma content 4. 0 : 2. 5 : 0.3 
Contribution to viscosity 36 : 41 : 22 

Acute and Chronic Disease 
Malignancy 1.7 to 3.3 mPa.s (at 25°C) 

Paraproteinaemia 
Myeloma Typically>3 mPa.s (at 25°C) 

Waldenstrom's 
Macroglobulinaemia Up to 10-20 mPa.s (at 25°C) 

Data from Harkness.' 



BLOOD RHEOLOGY AND ISCHAEMIA 153 

stasis where cells are seen to form long stacks 
of cells or rouleaux. Shearing of the blood dis
rupts these large scale structures, although 
low shear rates may actually accelerate initial 
formation of aggregates.9 Aggregation is 
generally attributed to the ability of absorbed 
large proteins to form cross-bridges between 
cell membranes. Recent theories have sug
gested that there may also be colloid osmotic 
forces resulting from a layer depleted of pro
tein between adjacent cellsurfaces.lO What
ever the mechanism, aggregation in whole 
blood is caused mainly by fibrinogen, with 
lesser contributions from y-macroglobulin 
and immunoglobulins. II Thus, aggregation 
will be elevated in most conditions in which 
plasma viscosity rises, and this is the basis for 
the commonly used erythrocyte sedimenta
tion rate (ESR) test. The effects on viscosity 
may be quite pronounced at low shear rates. 

Two contributions to ischaemia can be envi
saged. First, increased aggregation may 
directly elevate blood viscosity in diseases 
associated with raised fibrinogen. Second, if 
flow rate is reduced for some other reason 
(e.g. vascular obstruction) then viscosity of 
otherwise normal blood will rise locally. 
Because of the dependence on shear rate, 
aggregation will have most effect on viscosity 
in the venous circulation where shear rates are 
at their lowest. Flow into microvessels could 
also be impeded by aggregates if they were 
present on the arterial side. Estimates of 
shear rates in vivo in animal circulations 
generally do not fall below 100 S-I in any 
region.12 However, in any large vessel the 
shear rate is low in the centre and high at the 
periphery so that aggregates may form where 
average shear rates are quite high. For 
example, by ultrasound echogenicity, aggre
gation has been demonstrated to exist in large 
veins in humans. 13 

In low flow states, viscosity will rise sharply. 
If stasis occurs intermittently, red cell aggre
gation may give rise to a yield stress which 
must be overcome before flow can be re
started. 14 Nevertheless, the effect of aggrega
tion on blood flow remains controversial, and 
it has been demonstrated that flow in tubes 
can actually be facilitated by aggregate forma
tion and migration of cells to the centre line, 
because of formation of a lubricating, cell-

depleted layer near the wall.15 It is probably 
true to say that any contribution of aggrega
tion to ischaemia will be most marked when 
other pre-disposing factors are present, such 
as vascular occlusion and reduced perfusion 
pressure. With respect to the eye, a number of 
systemic illnesses associated with retinal 
ischaemia (e.g. diabetes and rheumatic 
disease) will be accompanied by elevated 
fibrinogen and hence aggregation. More 
specifically, retinal vein occlusion has been 
shown to be accompanied by increased aggre
gation and blood viscosity, only partially 
explainable by elevation of fibrinogen. 16.17 

Cellular Properties 

Red Cell Deformability 
The red blood cell is able to undergo 
repeated, reversible shape changes in the cir
culation, 'and indeed this is an essential 
requirement if it is to pass through narrow 
capillaries. This deform ability depends on the 
cell's structure: its geometry, membrane vis
coelasticity and cytoplasmic viscosity. The red 
cell has excess surface area over that required 
to encapsulate its volume, and this is essential 
to allow shape transformation without change 
in surface area. The membrane in fact will 
allow very little area dilation before rupture, 
and so deformation occurs at essentially con
stant area. Resistance to deformation and 
rate of deformation are primarily determined 
by the membrane's intrinsic rigidity (shear 
and bending elastic moduli) and viscosity. 
Internal cytoplasmic viscosity will also affect 
rate of deformation under certain circum
stances (particularly during bending rather 
than shearing), although this viscosity can 
become so elevated upon dehydration or hae
moglobin polymerisation that it becomes a 
dominant factor. In principle, abnormalities 
in any of the above-mentioned factors can 
compromise ability to circulate and could con
tribute to ischaemia. 

In practice, marked abnormalities in red 
cell deformability are quite rare. In sickle cell 
disease the oxygenated cells include a sub
population of dense, viscous and rigid cells. 18 
Upon deoxygenation, polymerisation of hae
moglobin S occurs and the internal viscosity 
rises by several orders of magnitude, with 
consequent dramatic further loss of deform-
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ability. 19,20 Ischaemie complications occur, 
gradually leading to damage to the major 
organs, including the eye, In no other dis
order is there convincing evidence of a red cell 
mechanical abnormality being a primary 
cause of ischaemia, Genetic defects of mem
brane structure can lead to loss of membrane 
stability and deformability, loss of membrane 
area and changes in cell shape; these are 
poorly tolerated and can lead to haemolytic 
anaemia,21 Although haemolytic anaemia is 
associated with ischaemic optical complica
tions, the mechanism may not be rheologi
caL22 Ovalocytosis is quite common in 
Melanesia, and this genetic variant is associ
ated with a several fold increase in membrane 
rigidity.23 No ischaemic complications have 
been described, Abnormal filterability of red 
cells has been found in diabetics (see, e.g. 
Stuart and Juhan-Vague24 for review). The 
defect is quite mild and apparently only 
occurs in those with poorly controlled disease. 
Its contribution to ocular complications is 

"doubtfuL 

Red Cell Adhesiveness 
In vitro, normal red cells show a slight tend
ency to adhere to cultured endothelium. This 
phenomenon has not been demonstrated in 
vivo, except for sickle cells transfused into 
animal models25 and in fa1ciparum malaria.26 
In malaria, the adhesiveness develops at a cer
tain stage of parasite maturation, is mediated 
by specific endothelial cell receptors, and is 
thought to play a key role in ischaemic compli
cations.27 Sickle cells have increased adhe
siveness judged by in vitro assays, and plasma 
factors as well as cellular ones may be 
involved.28,29 Increased adhesion has also 
been observed in diabetes,30 after myocardial 
infarction,3! and in systemic sclerosis.32 In 
these disorders, plasma proteins increased 
adhesion, and it might be that the acute phase 
response is quite generally associated with 
increased plasma-mediated adhesiveness. 
This hypothesis remains to be tested. Outside 
of malaria, the effect of adhesion on circula
tory pathology is uncertain. 

White Blood Cell Mechanics, Adhesiveness 
and Activation 
White blood cells are much more resistant to 

deformation than red cells (see Table III for 
some comparative properties). White cells 
have sufficient excess surface area in the form 
of surface folds, and probably a quite flexible 
membrane, but their internal viscosity is sev
eral orders of magnitude higher than that of 
red cells.33,34 Although outnumbered by about 
700:1 in the normal circulation, they probably 
contribute appreciably to flow resistance at 
the capillary leveL In the normally function
ing human microcirculation, for example, 
white cells have been observed to cause inter
mittent capillary blockage.37 In experimental 
animal studies, an induced drop in perfusion 
pressure has been found greatly to exaggerate 
this phenomenon and lead to impaired flow 
even upon reperfusion.38,39 

The most important factor in ischaemia is 
probably the reactive nature of the white 
cells, and particualrly neutrophils. Activation. 
is associated with marked increases in rigidity 
and adhesiveness.34,40,41 A proportion of 
unstimulated neutrophils are typically mar
ginated (rolling slowly along venular walls) 
but this margination increases and cells 
become firmly attached if activated. This 
adhesion can lead directly to vascular obstruc
tion and increase in flow resistance.42 

There may thus be a rheologically based 
contribution of neutrophils to ischaemia. 
Acute or chronic reduction of perfusion pres
sure could lead to vascular obstruction if the 
driving force is insufficient to force these cells 
through capillaries. Trapped cells may 
become activated and initiate a process of tis
sue damage by releasing reactive oxygen 
metabolites and lytic enzymes.43 This would 
cause further release of activating factors and 
newly arriving cells would become rigidified 
and adhesive. 

This presupposes a vascular initiating fac
tor, although another possibility is that 
inflammatory changes or infection could lead 
to neutrophil activation. In general, changes 
induced by activation in one region, e.g. an 
ischaemic limb, could lead to neutrophil 
entrapment in other organs, mediated by 
plasma born activating factors. 

The involvement of white cells in ischaemia 
in the eye has received little attention, except 
in leukaemic states.44,45 In general, hyperleu
kotie states have compensatory anaemia, so 
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Table III. Comparative Mechanical properties of red and white blood cells 

Geometry 

Shape 
Diameter 
Volume 
Surface Area 

Red Cells 

Discoidal 
-8um 
-90ft 
-135um2 
-40% 

White Cells 

Spherical 
-8um 

200-300ft 
300-400um2 
. -100% Excess Surface Area 

Membrane viscoelasticity 
Shear rigidity 
Bending Rigidity 
Viscosity 

_ 10-5 N.m-1 
_1O-19 N.m Unknown 
-1O-6 N.s.m-1 

Cytoplasmic State 
Viscosity 
Structure 

-0.01 Pa.s 
Liquid 
Passive 

that bulk viscosity is not usually elevated.45 
Although described as hyperviscosity syn
dromes, symptoms of leukaemia therefore 
probably arise in the microcirculation, 
induced by vascular obstruction at the cellular 
level. The circulatory problems are likely to 
be worse when poorly deformable blast cells 
are present. 46 

Blood/Vessel Wall Interactions 
Adhesion of both red and white cells to vas
cular endothelium has been referred to 
above. Their contribution to ischaemia may 
not be simply obstructive. As pointed out, 
neutrophils can cause local tissue damage 
when activated. Adhesion of red cells to 
endothelium has also been suggested as a 
source of mechanical damage.47 Damage to 
endothelium could cause platelet deposition. 
There is thus the possibility that flow-induced 
damage by adhesive or colliding blood cells 
could indirectly lead to thrombosis and vas
cular obstruction. 

Relation Between Rheological Factors and 
Ischaemia 
It is true that changes in the rheological 
properties of the blood can affect circulatory 
flow. The question remains: what degree of 
change is necessary to cause or contribute to 
ischaemic disease? When evaluating the role 
of rheological factors, one might consider the 
following questions: 
-What is the magnitude of any abnormality 

or change in the disease group compared to 
the normal range of variation in rheological 
properties? 

-10 Pa.s 
Liquid/Gel with Organelles 

Responds to Activation 

-Is the abnormality a cause or consequence 
of the disease? 

-Could rheological factors predispose to 
ischaemia or accelerate other causative 
factors? 

-Do other pre-existing conditions magnify 
the effect of rheological abnormalities-or 
indeed, lead quite normal rheological 
phenomena to excaberate flow reduction? 

-Even if a rheological abnormality is a 
marker for disease rather than a causative 
factor, might it have prognostic or diagnos
tic value, or aid evaluation of treatment? 
The normal range of values for some rheo-

logical properties is wide (e.g. blood vis
cosity). For others (e.g. red cell 
deformability), quite marked changes can be 
accommodated without ischaemic complica
tions. Thus, only severe abnormalities are 
likely to be primary causes of ischaemia (e.g. 
in hyperviscosity syndromes, polycythaemia 
and sickle cell disease). On the other hand, 
rheological abnormalities may influence the 
progress of ischaemia. Here it is hard to separ
ate a contributing factor from a coincidental 
change in rheology. Increases in plasma vis
cosity, red cell aggregation and whole blood 
viscosity may commonly occur in conjunction 
with an acute phase response. These changes 
may or may not significantly affect oxygen 
deliver.y. Another way in which rheological 
abnormalities could promote ischaemia is by 
pre-disposing to venous thrombosis.48 Here, it 
has been suggested that increases in red cell 
aggregation and rigidity, haematocrit and 
fibrinogen all have the capability to promote 
thromosis. 
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The greatest potential for a secondary rheo
logical contribution to ischaemia is in low flow 
states, where even normal rheological 
phenomena could excaberate the condition. 
Examples might be following a vaso-occlusive 
event, in venous insufficiency and in shock. 
Two suggestions are made in Figure 2: 
(1) Reduction of flow rate leads to increasing 
red cell aggregation and increasing blood vis
cosity. These parameters may or may not have 
been within the normal range initially. Flow 
resistance and local vascular pressure then 
increases. Fluid loss may occur, with local 
haemoconcentration, elevation of haemato
crit and plasma proteins. Further aggregation 
and viscosity rises follow, with increased 
resistance. 
(2) Reduction of perfusion pressure may pro
mote vascular obstruction by white cells. 
Trapped cells may become activated, causing 
vascular damage, release of stimulating fac
tors and changes in the properties of newly 
arriving cells. This could result in further vas
cular occlusion and increased resistance. The 
above processes are not mutually exclusive 
and could lead to vicious cycles of increasing 
vascular resistance. 

Blood Rheology and the Eye 
Inferences regarding the role of rheological 
changes in ischaemia must be drawn from 
diverse clinical conditions. The eye, however, 

is a specialised organ with an atypical cir
culatory arrangement, particularly in its 
supply to the retina. 49 The arterial system is at 
a high pressure. The pressure in the veins is 
also elevated, because of the ambient intra
ocular pressure and a high venous flow resist
ance. Veins and arteries exist in close 
juxtaposition, and veins can become com
pressed at crossing points. Moreover, the 
metabolism and respiration of the retina are 
extremely high. The retinal circulation is thus 
considered to have a limited ability to adapt to 
rheological abnormalities, and may be 
particularly susceptible to rheological 
changes. 50 

Haemorheological aspects of ocular disease 
and ischaemia have recently been reviewed by 
Foulds. 51 Distinction is drawn between over
tly abnormal haemorheology (hyperviscosity 
syndromes, polycythaemia, leukaemia, sickle 
cell disease), and a range of conditions where 
evidence of abnormal blood rheology exists, 
but where the role in ocular diseas� is uncer
tain (ischaemic optic neuropathy, venous 
insufficiency retinopathy, hyperlipidaemia, 
diabetes, open angle glaucoma). Lowe48 has 
pointed out that 'after the veins of the lower 
limb and pelvis, spontaneous venous occlu
sion occurs most commonly in the retinal 
vein', and suggests that rheological as well as 
vascular factors may be involved. In the con
text of retinal vein occlusion, Shilling notes 
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CAPILLARY PLUGGING 

FLUID EXUDATION 

RAISED HAEMATOCRIT REDUCED SHEAR RATE 
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� 
INCREASED RESISTAf\CE 

VASCULAR INSUFFICIENCY 
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FURTHER CAPILLARY 
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Fig.I. Cycles of rheological changes initiated by flow reduction (adapted from Nash & Dormand/). 
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that investigations of blood viscosity have 
been disappointing in trying to understand the 
cause of occlusion on· a patient-by-patient 
basis.52 In deciding an aetiological role for 
rheological factors, perhaps the acid test is 
whether rheological treatment improves the 
clinical state of the patient. Plasmapherisis, 
leukapherisis and venesection have accepted 
therapeutic roles in hyperviscosity syn
dromes, leukaemia and polycythaemia,4,44,51 
but definitive studies remain to be done in 
other putative rheological syndromes, 

Keywords: Blood Rheology, Circulation, Erythro
cyte, Eye, Ischaemia, Leukocyte. 
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