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CLINICAL RESEARCH

Effect of plasma exchange on blood viscosity and cerebral
blood flow

M M BROWN, JOHN MARSHALL

Abstract

The effects of plasma exchange using a low viscosity
plasma substitute on blood viscosity and cerebral blood
flow were investigated in eight subjects with normal
cerebral vasculature. Plasma exchange resulted in
significant reductions in plasma viscosity, whole blood
viscosity, globulin and fibrinogen concentration without
affecting packed cell volume. The reduction in whole
blood viscosity was more pronounced at low shear rates
suggesting an additional effect on red cell aggregation.
Despite the fall in viscosity there was no significant
change in cerebral blood flow. The results support the
metabolic theory of autoregulation. Although changes in
blood viscosity appear not to alter the level of cerebral
blood flow under these circumstances, plasma exchange
could still be of benefit in the management of acute
cerebrovascular disease.

Introduction

Under certain defined circumstances the flow of liquids in
narrow tubes is inversely proportional to the viscosity of the
fluid. Flow conditions in the microcirculation are of the right
order for viscous forces to dominate flow.' Changes in blood
viscosity could therefore affect cerebral blood flow in the
microcirculation if other factors remained unchanged. On the
other hand, the cerebral circulation has remarkable powers of
homoeostasis which might enable it to adjust for changes in
viscosity.
Whole blood viscosity measured in vitro is proportional to the

haematocrit.' Haemodilution has therefore been advocated as a

treatment for acute stroke in order to reduce blood viscosity and
improve cerebral blood flow.'3 4Nevertheless, haemodilution also

results in a reduction of arterial oxygen content by lowering
haemoglobin concentration. Arterial oxygen content has an

important influence on cerebral blood flow.5 The improvements
in blood flow after haemodilution may therefore be a physio-
logical response to the reduced oxygen content and not necessarily
related to the reduction in viscosity.
Whole blood viscosity also depends on the viscosity of the

plasma. Reduction in plasma viscosity could provide a method
of lowering whole blood viscosity in patients with vascular
disorders without altering haemoglobin concentration or arterial
oxygen content. Plasma exchange has been used to lower plasma
viscosity in patients with hyperviscosity due to macroglobulin-
aemia,6 Raynaud's disease,7 and hyperlipoproteinaemia,5 but its
use for this purpose in subjects with normal plasma viscosity
has not been investigated. Also, the normal physiological
response of the cerebral circulation to changes in blood viscosity
achieved without alterations in arterial oxygen content has not
been established. We have therefore studied the effects of plasma
exchange using a low viscosity plasma substitute on blood
viscosity and cerebral blood flow in haematologically normal
patients without vascular disease.

Subjects and methods

Eight subjects (six men and two women), in whom plasma exchange
was carried out as part oftheir treatment, were studied. The indications
were myasthenia gravis (one case), peripheral neuropathy (three cases),
Eaton Lambert syndrome (three cases), and macular oedema associated
with myeloma (one case). All but two of the subjects had had plasma
exchange before, but none was studied less than eight weeks after the
previous exchange. All had normal cerebral circulation, normal cardio-
pulmonary function, and an intact autonomic nervous system. Ages
ranged from 26 to 71 years with a mean of 49 years (SD 16).

Plasma exchange-The subjects were studied a few hours before
and between 12 and 18 hours after a single session of plasma exchange
using a Haemonetics Model 30 blood processor. Of the patients'
plasma 50 ml/kg body weight was exchanged with an equal volume of
500% human albumin plasma protein fraction, which has a viscosity
less than that of normal human plasma. During separation blood was

anticoagulated with 5000 units calcium heparin in 500 ml 0 9% saline.
Additional potassium and calcium ions were added during the
procedure.

Cerebral blood flow-This was measured by a non-invasive intra-
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venous xenon-133 clearance technique.9 About 7 mCi xenon-133 was
injected intravenously and the clearance of the isotope from the
cerebral hemispheres monitored with six external scintillation
detectors (25 mm in diameter). Regional cerebral blood flow was
calculated from bicompartmental analysis of the clearance curves
according to the method of Obrist et al.0 This resulted in figures for
volumetric blood flow through the fast clearing tissues of the brain,
which are mainly grey matter. The estimation of cerebral blood flow
for each subject was taken as the mean of the six regional fast clearing
tissue flows. Mean arterial blood pressure and pulse were recorded at
the start of the cerebral blood flow measurements. Arterial carbon
dioxide pressure (PCo2) was estimated by monitoring end-expired
carbon dioxide concentrations with a Datex CD 300 infrared carbon
dioxide analyser. Pco2 was calculated from the mean end-expiratory
carbon dioxide concentrations recorded during the first five minutes
of the blood flow measurement.

Blood viscosity-Blood samples for viscosity and haematological
investigations were taken at the time of the blood flow measurements
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was more pronounced at the low shear rate, where mean viscosity was
reduced by 43%. This compares with a 14% mean reduction at the
higher shear rate and a 16% mean reduction in plasma viscosity.
Packed cell volume was not significantly affected by the procedure.
Total protein, globulin, and fibrinogen concentrations were all
significantly reduced. Mean globulin and fibrinogen concentrations
were the most influenced, being reduced by 30% and40% respectively.
Albumin concentrations rose in most patients, although the mean
difference was not significant.

Table II summarises the effects of plasma exchange on cerebral
blood flow and the other physiological indices recorded. There was no
significant change in cerebral blood flow. There were also no significant
alterations in mean arterial blood pressure, pulse, or arterial Pco2
that might have influenced cerebral blood flow. Plasma exchange was
achieved without a significant reduction in mean haemoglobin
concentration. The latter is the major determinant of arterial oxygen
content in subjects with normal blood gases'2 and it is therefore
unlikely that oxygen content was significantly altered by the procedure.

TABLE I-Effect of plasma exchange on blood viscosity in eight subjects. (Figures are means ± SD)

Significance of
Pre-exchange Post-exchange Difference difference

(paired t test)

Plasma viscosity (mPa s) .. 1-54±0-24 1-29±0-17 -0 26±0 10 p<0-001
Whole blood viscosity at 0-7/s (mPa s) 29-1 ±8-8 16 6 ±8 5 -12-5 ±6-0 p < 0-001
Whole blood viscosity at 94 5/s (mPa s) 5-0±0 7 4-3 ±0-7 -0-7 ±0-3 p < 0-001
Packed cell volume .. . . 0-41 ±005 0-40 ±0-05 -0-01 ±0 02 NS
Total protein (g/l) . . 6-0 ±5-4 6290±4.7 -5-1 ±3 1 p < 0-005
Albumin (g/) . .41-9 ±3-4 44-8 ±3-1 + 2-9± 3-9 NS
Globulin (g/l) .26-1 ±6-5 18-1±6-6 8-0±3-6 p<0-001
Fibrinogen (g/l) .3-5 ±1-3 2-1 ±0-6 -1-3 ±1-0 p<0-01

NS = Not significant.

TABLE II-Effect of plasma exchange on cerebral blood flow in eight subjects. (Figures are means± SD)

Significance of
Pre-exchange Post-exchange Difference difference

(paired t test)

Cerebral blood flow (flow fast) (ml/100 g/min) 71-3 ±8-8 69-9 1 9-5 -1-4±7-8 NS
Mean arterial blood pressure (mm Hg) 121 ±14 117 ±23 -4±12 NS
Pulse .90±13 88 ±13 -2±7 NS
Arterial Pco, (kPa) .4-9 ±0-6 4-9±06 00±04 NS
Haemoglobin (g/dl) ..13-6 ±1-8 13-2±1-7 -0-4±0-6 NS

NS = Not significant.

without stasis from an antecubital vein with the arm horizontal and
the subject recumbent. Samples for viscosity measurements were
anticoagulated with lithium heparin and the determinations made
within two hours. Whole blood and plasma viscosity were measured at
37°C in a Contraves low shear 30 coaxial viscometer coupled to a
Rheoscan 20 programmer and an XY recorder. Whole blood samples
were subjected to a logarithmic increase in shear rate firstly over a low
shear range (0-1 285/s) and immediately afterwards over a higher
shear range (0-128 5/s) using a ramp time of one minute. Whole blood
viscosity was calculated from the shear stress readings at shear rates
of 0-7/s in the low shear range and 94 5/s in the higher shear range.
Plasma samples were subjected only to the higher shear rate range and
plasma viscosity calculated at a shear rate of 94-5/s.

Other haematological investigations-Packed cell volume was
measured in a Hawksley microhaematocrit centrifuge without
correction for trapped plasma. Haemoglobin concentration was
determined in a Coulter haemoglobinometer. Total serum protein
concentration was analysed by the Buiret method and serum albumin
concentration by the bromcresol green technique. Serum globulin
concentration was estimated by subtraction of the albumin value from
the total protein value. Plasma fibrinogen concentration was deter-
mined by a heat precipitation nephalometric method."

Results

Table I summarises the effects of plasma exchange on blood
viscosity and its major determinants in the eight subjects. There was
a highly significant reduction in both plasma viscosity and whole
blood viscosity in all the subjects. The fall in whole blood viscosity

Discussion

This study shows that plasma exchange can be effectively
used to lower blood viscosity even in subjects with initially
normal viscosity. As the packed cell volume was unaltered by
the procedure the reduction in whole blood viscosity reflects
the reduction in plasma viscosity and the concentration of certain
plasma constituents. Fibrinogen and globulin both contribute to
the cell protein interaction responsible for red cell aggregation,
and this phenomenon leads to whole blood viscosity being
higher at low shear rates." The more pronounced fall in whole
blood viscosity at the low shear rate after plasma exchange
therefore reflects reduced red cell aggregation as well as an
absolute reduction in the viscosity of the plasma component.
At She higher shear rate of 94 5/s, which is well above the shear
rates when red cell aggregation is important, the percentage fall
in whole blood viscosity reflects a similar percentage fall in
plasma viscosity.
The main conclusion from the study is that cerebral blood

flow remained constant despite the significant reductions in
whole blood and plasma viscosity by plasma exchange. The mean
difference between the mean flows before and after exchange of
-1-4±7-8 ml/100 g/min was very similar to the mean difference
of -01 ±96 ml/100 g/min obtained between repeated measure-
ments of cerebral blood flow using the same method in normal
subjects who have had no intervening procedure.9
The direct application of in-vitro measurements of blood

viscosity to the in-vivo circumstances has certain limitations.
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Within the circulation blood is subjected to continuously varying
shear rates and because the viscosity of blood varies with the
shear rate a single measurement of blood viscosity cannot be
applied to blood throughout the circulation. Within the micro-
circulation, however, shear rates are mostly very high,14 and
measurements of viscosity at higher shear rates are likely to be
more relevant to studies of normal cerebral perfusion. Further-
more, the apparent viscosity of blood in very narrow tubes
decreases as the diameter of the tube is reduced because of axial
migration of the red cells.15 16 Also, the dynamic haematocrit of
blood in the cerebral circulation is less than that measured in a
sample from a forearm vein.'7 Measurements of whole blood
viscosity in vitro may therefore overestimate values within the
microcirculation. Nevertheless, we can assume that the reduction
in whole blood viscosity measured in vitro after plasma exchange
was reflected in a corresponding fall in blood viscosity within
the cerebral circulation.
Assuming that Poiseuille flow conditions are pertinent to the

cerebral microcirculation we would expect a fall in blood
viscosity to result in an increase in cerebral blood flow so long
as the perfusion pressure and diameter of the vessels remained
unchanged. Mean arterial blood pressure was not affected by
plasma exchange, and the constancy of cerebral blood flow in
these studies, despite a fall in viscosity, must therefore reflect
compensatory vasoconstriction. There is ample evidence that the
cerebral circulation has considerable powers of homoeostasis, of
which autoregulation of cerebral blood flow with respect to
changes in perfusion pressure is best known.18 19 The present
study suggests that a similar autoregulatory mechanism keeps
cerebral blood flow constant in the face of changes in blood
viscosity. The myogenic theory of autoregulation" could not
explain the present findings. On the other hand, the results
support the metabolic hypothesis which would predict homoeo-
stasis of blood flow under the stable metabolic conditions of the
studies because of the close local coupling of cerebral blood flow
to metabolic demands.2'
A number of authoritative reviews ofthe physiology of cerebral

blood flow have implied that changes in blood viscosity will
independently affect the level of cerebral blood flow.22-24 The
present study throws doubt on this suggestion, which was
based on the finding of low cerebral blood flow in patients with
polycythaemia who have high whole blood viscosity22 25 26 and
conversely high cerebral blood flow in anaemic patients with low
whole blood viscosity.4 27 The present results similarly do not
support the suggestion that the generalised increase in cerebral
blood flow produced by therapeutic haemodilution is due mainly
to a reduction in visCoSity.28 29 The mean whole blood viscosities
in this study after plasma exchange were equivalent to the
viscosity of blood with normal plasma viscosity and a haemo-
globin concentration of approximately 10 g/dl and were therefore
below those normally achieved by therapeutic haemodilution
and similar to those found in mild anaemia. Nevertheless,
patients with anaemia and haemodilution also have reduced
arterial oxygen content (while patients with primary poly-
cythaemia have a corresponding high arterial oxygen content).
Changes in blood oxygen content without changes in viscosity
result in changes in cerebral blood flow that keep oxygen
transport (cerebral blood flow x arterial oxygen content) to the
tissues constant.5 30 31 In the present study changes in blood
viscosity without changes in arterial oxygen content did not alter
the cerebral blood flow. Thus, the changes in cerebral blood
flow in polycythaemia, anaemia, and after haemodilution are
probably mainly a physiological response to the alterations in
oxygen content designed to keep oxygen transport to the brain
constant.

Nevertheless, these results in subjects who all had nor-
mal cerebral circulation do not necessarily mean that
reducing blood viscosity would be of no benefit in acute cerebro-
vascular disease. Autoregulation of cerebral blood flow to changes
in blood pressure may be disrupted after an acute stroke.'2 33 If
the autoregulatory mechanism keeping flow constant despite
changes in viscosity were similarly affected then therapeutic

reduction in viscosity after a stroke could improve local blood
flow. Also, changes in viscosity may affect flow in the collateral
supply to an area of infarction if there is maximum vasodilatation
or vasoparalysis maintained by the ischaemia.34 If the viscosity
was reduced by haemodilution the increase in flow would have
to be greater than the reduction in oxygen content to be of
metabolic benefit. The physiological increase in flow expected
after haemodilution in normal areas of the brain also threatens
undesirable intracerebral steal.35 The present study has shown
that plasma exchange is an alternative method of lowering blood
viscosity that would not affect flow in normal areas of the brain
and would be unlikely to cause intracerebral steal. Also, the
reduction in fibrinogen, red cell aggregation, and low shear
viscosity after plasma exchange might be beneficial in reducing
the risk of further thrombosis.

We thank Professor J Newsom Davis for permission to study
patients under his care, Dr N Slater for referring one patient from
St Thomas's Hospital, Miss Eve Goodger SRN for carrying out the
plasma exchange, Miss Sheila Redmond SRN for assisting with the
cerebral blood flow measurements, Mr E Zilkha, for maintaining the
cerebral blood flow equipment, and Miss Beryl Laatz for secretarial
assistance.
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Effect of transdermally administered hyoscine
methobromide on nocturnal acid secretion in patients
with duodenal ulcer
R P WALT, C J KALMAN, R H HUNT, J J MISIEWICZ

Abstract

Use of anticholinergic drugs in treatment of duodenal
ulcers is limited by the side effects of widespread para-
sympathetic blockade evoked by usual therapeutic doses.
A study. was conducted into the effectiveness of trans-
dermal delivery of hyoscine methobromide using a new
system which releases the drug into the circulation at a
controlled rate. In six patients whose duodenal ulcer had
healed secretion of acid was measured over two nights,
the first on placebo and the second on hyoscine metho-
bromide. All patients responded to the active drug and
showed a significant inhibition of acid secretion. Four
subjects complained of a dry mouth after overnight
treatment with hyoscine methobromide; no other side
effects were reported.
Transdermal delivery of anticholinergic drugs may be

useful in maintenance treatment of duodenal ulcers and
further clinical tests are indicated..

Introduction

Anticholinergic drugs have been used extensively in the treat-
ment of duodenal ulcers, but less so after' the introduction of
derivatives of liquorice and histamine H -receptor antagonists -3

and the renewal of interest in complexed bismuth.4 Though
anticholinergics decrease basal, nocturnal, and stimulated acid
output in patients with and without duodenal ulcers,' 5 6 their
use is severely limited by side effects of widespread para-
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sympathetic blockade evoked by the usual therapeutic doses.
These effects may be produced by blood concentrations of anti-
cholinergics that exceed the concentrations necessary for gastric
secretory inhibition, but they are inescapable if drugs are
administered in conventional tablet form. We report on an anti-
cholinergic drug (hyoscine methobromide) given using a new
transdermal therapeutic system7 (Transderm V, CIBA Pharma-
ceutical Company) that delivers the drug into the circulation at
a controlled, predetermined rate. This treatment effectively
inhibited nocturnal secretion of acid in patients with duodenal
ulcer.

Patients and methods

Transdermal therapeutic system is a multilayer laminate 2-5 cm2 in
area and 200 pm thick (fig 1). The system comprises a drug reservoir
containing hyoscine methobromide in a polymeric gel, surrounded by
an impermeable backing membrane and a microporous membrane,
which controls the rate of release. It is fastened to the skin by an
adhesive layer, which also acts as a reservoir for a priming dose of
hyoscine methobromide. The microporous membrane allows hyoscine
methobromide to be released at a constant rate of 4 Ug/cm2/h and
delivers 0-5 mg of hyoscine methobromide at a steady rate for 72 h.
The system was worn by the patients behind the ear, as studies have
shown the skin in this region to be most permeable to hyoscine
methobromide.7

Bbckng membrne Drug rolecules'
Drug reservoir g

mPws° Haihcnss. br,-follicle
Contact adhesive- --. a -Skin surface

Blood c hIlatry

FIGI1-Schematic diagram of transdermal delivery system.
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