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Ischaemia of various organs or tissues is the com-
monest pathological process in severe and fatal disea-
ses. It has always been widely assumed that ischaemia
is the result of either cardiac failure or narrowing of
the arteries. Haemorheology is concerned with the
third possibility, that ischaemia may also be due to an
abnormality of the flow properties of the blood.
Whilst we all accept in everyday life that an increase
in the viscosity of a fluid will decrease its flow rate, it
is only in the last decade that doctors have begun to
accept the analogous possibility in relation to blood.
This is despite the fact that as medical students we ha-
ve all been taught Poiseuille’s famous formula rela-
ting blood flow to the driving pressure, the fourth po-
wer of the vessel radius and its viscosity (Figure 1).
But now haemorheological considerations are begin-
ning to influence clinical practice. For instance the
management of young men with essential hyperten-
sion, older men with inoperable arteries and ischae-
mic pain of the legs, young girls with Raynaud’s phe-
nomena or patients with chronic cerebral ischaemia,
have all changed or been modified by our better un-
derstanding of haemorheology. Often these and many
other patients are now receiving more appropriate
and more effective treatment: the young man’s hyper-
tension may simply be due to the compensation of his
heart to an increased blood viscosity and peripheral
resistance and the vicious cycle of established hyper-
tension may be arrested by timely use of drugs norma-
lising red cell deformability; similarly the older man
with intermittent claudication may be allowed to walk
further; and the young girl’s Raynaud’s symptoms
may be totally abolished by a course of plasma ex-
change. The examples multiply, for instance the pa-
tient awaiting routine surgery with a pre-operative
haemoglobin of 11 grams percent will avoid unneces-
sary and potentially dangerous blood transfusion.

Simple laboratory investigations, like the haemoglo-
bin concentration or the erythrocyte sedimentation
rate, which have been routine for decades, have taken
on a completely new significance through our better
understanding of haemorheology. The most impor-
tant property of blood is that it should flow, and yet
we have been obsessed for decades by the results of
studies of blood carried out in test tubes. Undoub-
tedly, the two principal reasons why haemorheology,

Fig. 1 — Doctor G. L. M. Poiseuille and the famous formu-
la he published in 1846.
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DISEASES ASSOCIATED WITH HAEMORHEOLOGICAL ABNORMALITIES

A. ABNORMAL PLASMA

B. HIGH RED CELL CONCENTRATION  C. ABNORMAL RED CELLS

Macroglobulinaemia

Cryogiobulinaemia
Some Collagen diseases D. WHITE CELLS
Hyperfibrinogenaemia. Leukaemia

Primary Polycythaemia
Secondary Polycythaemias

I Shape Spherocytosis
Macrocytosis

ii Membrane { Surface Antibodies
Heinz bodies
Abinormat haemoglobin

jii Contents | Storage lesions
,énzyme abnormalities
Parasites

E. MIXED OR UNKNOWN AETIOLOGY

Cerebrovascular accidents

I Acute changes Myocardial infarction

Following surgery

I1schaemia of the legs
Diabetes mellitus { retinopathy )
Oral contraceptives

i Chronic changes | Raynaud's phenomenon

Myocardial ischaemia
Cerebral ischaemia

Essential hypertension

Fig. 2 — Classification of diseases associated with haemor-

heological abnormalities.

or the physical flow properties of blood, have been ig-
nored for so long are that at operation or in the post
mortem room atherosclerosis of the arteries is clearly
visible whilst it is only recently that the measurement
of blood viscosity has become possible. The measure-
ment of blood viscosity, and even more recently of
red cell deformability, have now given us quite a new
insight into the factors determining blood viscosity
and how it may be altered in disease. But even now
many standard texbooks of medicine do not contain
terms like viscosity, let alone red cell deformability in
their index. Blood had traditionally been studied un-
der static conditions, frequently on microscope slides,
where Bessis described them as flattened, brilliantly
coloured cadavers.
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Fig. 3 — Diagramatic representation of the interaction bet-
ween haemorheological determinants.
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The viscosity of whole blood was the first haemorheo-
logical concept to require widespread clinical accep-
tance and a large number of diseases where a haemor-
heological abnormality has been described can be
classified on a partly aetiological basis depending on
which of three primary determinants of whole blood
viscosity is at fault. That is whether the hyperviscosity
is due to an abnormal plasma protein concentration, a
high haematocrit or decreased red cell deformability
(Figure 2). This latter group can be subdivided on the
basis of whether the increased red cell deformability is
due to the shape of the cell, a membrane or cytoplas-
mic abnormality. For the most part these are classical
haematological diseases and relatively rare. They

RED CELL DEFORMABILITY IN PATIENTS WITH LEG ISCHAEMIA
AND IT5_PROGNOSTIC VALUE

RED CELL DEFORAWBILITY INDEX

OB E O

AGE MATCHED ALL PATIENTS SUBSEQUENT
NOKMAL PATIENTS. KEQUIRING AMPUTEES
CONTROLS SURGERY

Fig. 4 — Red cell deformability in a group of patients with
ischaemia of the legs, related to their subsequent progress.
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Fig. 5 — Haemorheological changes in a group of patients
following acute myocardial infarction.

could be termed primary hyperviscosity or sclerocy-
thaemic states because of the clearcut cause and effect
relationship. By contrast there is a last group of much
commoner diseases associated with circulatory abnor-
malities where a raised whole blood viscosity or de-
creased red cell filtrability have also been demonstra-
ted, but the contribution of the various factors is not
known. These could be termed secondary hypervisco-
sity or sclerocythaemic conditions because of the mo-
re complex relationship between the ischaemia of the
tissues and the haemorheological abnormality, which
will be discussed later. Our concept of haemorheology
has somewhat altered in the past year or two and has
now given rise to the concept of an amalgam of a
number of haemorheological determinants, which in-
teract with each other in a complex manner, illustra-
ted diagramatically in Figure 3. For instance, whole
blood viscosity is not only dependant on the viscosity
of plasma and the deformability of the red cells, but
also on concentration and aggregability of the red
cells. The plasma proteins, in particular fibrinogen,
are known to determine plasma viscosity and also the
aggregability and possibly the deformability of the
red cells. Even more recently we have come to appre-
ciate the role of the plasma proteins adsorbed into the
red cell. In fact a protein surface layer probably co-
vers not only the particulate components of the blood
but also the vessel wall, all the components of what
has been termed the biood-vessel organ. The rheologi-
cal properties of these surfaces must mediate all cell
— cell and cell — vessel wall interactions and may
thus play a central role in haemorheology. Further-
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Fig. 6 — Prognostic significance of early chages in red cell
deformability following myocardial infarction.

more, in considering the possible long term pathologi-
cal role of haemorheological factors the effect of
shear stresses on red cells and directly or indirectly on
platelets has recently assumed importance.

The role of haemorheological abnormalities in four
common conditions will be used to illustrate some of
the variously complex interrelationships between hae-
morheology and clinical manifestation of circulatory
disease. Diabetic microangiopathy illustrates well the
complex interaction between haemorheological and
other haematological and biochemical pathological
processes. -2 Several studies have now shown a corre-
lation between increased blood viscosity, decreased
red cell filtrability and the clinical severity of the mi-
croangiopathy. These changes in turn can be related
to increase in the plasma viscosity, which appears to
be largely a fibrinogen effect, the actual blood glucose
level and to the metabolic change in the diabetic red
cell such as an increase in 2,3-DPG and decrease in
ATP. Perhaps the most intriguing suggestion has
been that insulin itself has a direct effect on red ceil
deformability. This could explain most simply the
correlation between the quality of metabolic control
of diabetes, HbAlc and the deformapbility of red cells.
Recent work in diabetics has also thrown up the fasci-
nating finding of a direct link between the erythrocyte
deformability and platelet aggregation. In trying to
assess the significance of red cell deformabily measu-
rements in general, but perhaps particularly in rela-
tion to diabetes, it may be worth while considering the
possibility that we are assesing a wider and more gene-
ralised cellular change in the body. We cannot easily
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Fig. 7 — Diagramatic representation of the vicious circle
whi¢h may develop between ischaemia and haemorheologi-
cal changes. The direction in which such a cycle will spiral
may be amenable to therapeutic influences.

sample the fixed cells of the body, the endothelial or
the glomerular cell for instance; the red cell is natu-
rally the only cell in the body which is amenable to re-
asonably atraumatic and easy sampling and at the sa-
me time comes into contact with all the other cells.
The changes in the red cell membranes which we ob-
serve may be important because they reflect similar
types of changes in other cells we cannot sample. The
red cell may be a kind of circulating computer tape
which we can sample and attempt to decode.

Essential hypertension is an example of a common
disease, not previously considered to be of haemato-
logical origin, but where recent clinical evidence sug-
gest that a haemorheological defect may well play a
primary and direct aetiological role. Several studies
now have shown that decreased red cell deformability
and increased viscosity may be a primary defect in es-
sential hypertension.? By definition, essential hyper-
tension is diagnosed in otherwise healthy young peo-
ple where none for the classical causes of hyperten-
sion can be demonstrated. An increase in the viscosity
of these patiens’ blood may well be a primary mecha-
nism, as the only way a healthy heart could maintain a
normal cardiac output when faced with an abnor-
mally viscous blood would be by increasing its output
pressure. Treatment of the hyperviscosity at this stage
may well prevent the development of the later irrever-
sible changes associated with established hyperten-
sion. Although this may appear to be a very new con-
cept there has been for some time quite solid evidence
that haemorheological factors may play an important
role in the development of hypertension. The Fra-
mingham study* has shown that the haemoglobin le-
vel of a large apparently healthy population was a sig-
nificant predictor of hypertension several years later.
The most plausible explanation is an effect of the in-
creased whole blood viscosity which, although not
measured directly, must have paralleled the increased
haemoglobin concentration.
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Neither diabetic microangiopathy nor the early
stages of hypertension are characterised by vessel nar-
rowing. But ischaemia of the legs producing intermit-
tent claudication or rest pain is undoubtedly princi-
pally caused by stenosis or occlusion of the major ar-
teries, due to atherosclerosis and thrombosis. The
haemorheological connection here is rather intriguing
as there is some circunstantial evidence that haemor-
heological abnormalities may play a part in arterial
thrombosis, and of course we know that repeated
thrombosis is thought by many to be an underlying
process in atherosclerosis. These possible links fall
into four groups. Firstly, there is the solid evidence
from epidemiological studies, like the Framingham,
Stockholm and more recently from Northwick Park
that in an apparently normal population a high red
cell or fibrinogen concentration are the best predic-
tors, that is the most significant risk factors, for the
subsequent development of cardiovascular or cere-
brovascular accidents.* Secondly, the localisation of
these arterial defects at characteristic sites seem to be
largely determined by haemodynamic considerations,
which are of course intimately connected with the
rheological properties of the blood.® Next there is ex-
perimental evidence, supported by recent clinical fin-
dings directly linking haemorheological abnormali-
ties, particulary decreased red cell deformability, with
thrombosis through an effect on platelet aggrega-
tion.! Finally there is evidence, mentioned in more de-
tail later, that irrespective of the initial cause of the
thrombosis and any subsequent infarction, its pro-
gression and development seem to be closely related
to the accompanying haemorheological changes.” It is
perhaps for reasons such as this that many of us have
found not only a significant abnormality in whole
blood viscosity and red cell deformapbility in patients
with symptoms and signs of ischaemia in the legs, but
also a much more interesting correlation between the
degree of abnormality and the patient’s clinical pro-
gress. For instance when the red cell deformability
was measured in an undetected group of claudicants
the dregree of abnormality was greatest in the patients
who in the subsequent years were found to require an
amputation.8 (Figure 4). This not only the most im-
portant underlying principle and justification for the
haemorheologically aimed nonsurgical treatment of
these patients but it also has a particular bearing on
the work of the vascular surgeon. Both in arterial re-
constructions and in the healing of amputation
stumps we have found that success or failure is closely
related to the haemorheological status of the patient
at the time of operation. For instance in a series of
distal amputations for ischaemia in diabetics, the im-
mediate pre-operative haematocrit was a better pre-
dictor for success or failure of healing than the seve-
rity of the diabetes, quality of control, fever, white
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cell count or a number of other plausible
alternatives.? Is is therefore important for the vascu-
lar surgeon to be aware of the haemorheological sta-
tus of his patient, even though the immediate problem
he is tackling is a mechanical fixed stenosis. Two pa-
tients may be arteriographically equally suitable for
reconstruction, but the patient who has a hypervisco-
sity state may not only derive less benefit from his
operation, but is also more prone to the risk of reth-
rombosis and complete failure.

The fourth and last clinical condition to be consi-
dered will illustrate the types of pathophysiological
role played by haemorheological abnormalities in an
acutely ischaemic condition, myocardial infarction.
Although we are ignorant of the changes immediately
preceding the clinical syndrome of myocardial infarc-
tion once it has begun, the principal primary haemor-
heological changes are haemoconcentration, increa-
sed plasma fibrinogen concentration and decreased
red cell deformability’ (Figure 5). These changes all
tend to cause an increase in blood viscosity, although
the time scales are different. The changes in red cell
deformability are the most rapid, reaching a mini-
mum in 6 to 18 hours and usually returning to a base-
line value within 24 to 28 hours of the onset of the
first symptoms. The plasma fibrinogen and whole
blood viscosity changes continue for several days al-
though this is also dependent on the rate at which the
haemoconcentration is reversed by intravenous fluid
therapy. It would seem reasonable to suppose that the
changes in the flow properties of blood during the
evolution of a myocardial infarction play a role in its
pathological and clinical outcome. And indeed there
is clinical evidence that the severity of the earliest cha-
ges in the flow properties of the blood do relate to
prognosis. Figure 6 shows that the eleven patients
who developed pulmonary oedema had a significantly
lower filtrability index than the patients who did not.
Similarly with the five patients who developed clinical
features of cardiogenic shock, whith a systolic blood
below 100 milimetres for mercury and oliguria. Two
of the three patients who died within two weeks of ad-
mission had red cells on admission which could not be
filtered at all.

This last example of acute haemorheological chan-
ges highlights the problem whether these changes are
a cause or a consequence of the ischaemia. The cur-
rent hypothesis is that haemorheological changes are
both a cause and a consequence of the ischaemia. Lo-
cal changes in ischaemic tissue, such as hypoxia,
hyperosmolarity, acidosis, the accumulation of meta-
bolites and depletion of ATP have all been shown to
impair the deformability of red cells. There may the-
refore be set up a vicious cycle, illustrated diagramati-
call in Figure 7, where ischaemia reduces the deforma-
bility of red cells locally, which in turn further impair
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Fig. 8 — Possible approaches to the treatment of poor blood
flow in major arteries.

the circulation increasing the severity and extent of
the ischaemia. This hypothesis would explain the
strong prognostic significance of the early chages in
red cell deformability following acute tissue infarc-
tion, as observed for instance following myocardial
infarction. The same may be true following acute ce-
rebral infarction, although this has not yet been tes-
ted. Such vicious cycles may spiral one way towards
necrosis or built-in physiological compensatory me-
chanisms may help it spiral towards recovery. This
balance may exist in both chronic and acute ischae-
mia, and it may be another logical point for therapeu-
tic intervention.

Clinicians became interested in haemorheological
active drugs because of the increasing evidence that
haemorheological abnormalities play a part in the pa-
thophysiology of many common circulatory diseases.
Their interest increased further when it became appa-
rent that such agents may also be used in the manage-
ment of ischaemia due primarily to other causes. The
potential for haemorheological treatment has much
wider implications than simply in conditions where a
haemorheological abnormality has been detected. Fi-
gure 8 illustrates the various possible therapeutic ap-
proaches to the problem of ischaemia due to arterial
disease. Surgical removal of the mechanical stenosis
has only limited application. Of the non-surgical tech-
niques, there is little evidence that atheromata can be
dissolved, nor that established thrombi can by lysed.
Preventing further thrombosis is of course reasona-
ble, but generalised systemic vasodilatation or increa-
se in central perfusion pressure can be positively dan-
gerous. We are therefore left with the possibility of al-
tering the flow properties of the blood, so that more
blood will flow down the same narrowed channels.

The rheological properties of the blood may be
improved by influencing any one of its primary deter-
minants discussed previously. Normovolaemic hae-
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modilution, the modern resurrection of the venesec-
tion practised by our predecessors for over two mille-
nia, is rapidly gaining in popularity. It has been used
in the treatment of ischaemia in virtually all parts of
the circulation. Although it involves a reduction in the
oxygen carrying capacity of the blood, there is little
doubt that the increase in flow velocity due to the lo-
wered viscosity more than compensates for this and
that the overall oxygen delivery is improved. This may
only be true in patients with ischaemia due to vascular
disease. The evidence in favour of therapeutic normo-
volaemic haemodilution has been reviewed
elsewhere.!0 The second direction of therapeutic at-
tack may be on the plasma, not only decreasing its
own viscosity but more importantly decreasing its
propensity to cause red cell aggregation. Lowering the
plasma fibrinogen concentration is the obvious stra-
tegy. Unfortunately, unless this is very high, there is
no safe long-term pharmacological technique for
achieving this. For short periods it can be achieved
with one of the defibrinogenating agents, and it has
been shown that in selected cases of intermittent clau-
dication this can produce short term benefit.!! The-
rapy aimed primarily at the plasma may also be bene-
ficial in terms of an indirect improvement in the red
cell deformability, which is the third primary haemor-
heological determinant. There is evidence suggesting
that in some circumstances reduced red cell deforma-
bility may be secondary to changes in the plasma.
This approach to the treatment of both the plasma
and red cell abnormality is well illustrated by the tech-
nique of plasma exchange or plasmapheresis. This has
been used most extensively in the treatment of Ray-
naud’s phenomenon (12).

From the pharmacological point of view, impro-
vement in the deformability of the red cells seems the
most promising approach at the present. Such an
agent must be safe long term and could have the role
of protecting the red cell against the effects of ischae-
mia, this breaking the vicious cycle described earlier,
or it may have a direct effect improving red cell defor-
mability where this is a primary object. Previous pre-
sentation summarised our knowledge about the fac-
tors which may make a red cell abnormally rigid, and
theoretically a number of different agents may impro-
ve the red cell deformability. But from the clinical
viewpoint, we already have drugs that have been
shown to improve red cell deformability in vivo and
some have been shown to produce significant clinical
improvement in patients with ischaemia affecting the
legs and the brain. It would appear that a whole new
generation of pharmacological agents are already
available or are being developed for the treatment in
circulatory impairment using a new haemorheological
approach. In conclusion, the rheological properties of
blood are now recognised to be as relevant clinically
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as its respiratory, biochemical, or clotting properties.
The ability of the blood to transport oxygen, metabo-
lites and control the milieu interieur of the body, all
depend on its continuing ability to flow, that is its
haemorheological properties. Blood viscosity and the
deformation of red cells are physiological facts. We
can now probably measure these functions accurately
and demonstrate with some certainty a pathophysio-
logical role for them in a number of circulatory disea-
ses. But whatever we may think of the extent or accu-
racy of our current knowledge about it, whatever we
may think of its present clinical relevance, physicians
and surgeons concerned with any aspect of the circu-
lation should not, and cannot, any longer ignore it.
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