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Erythrocyte deformability in peripheral occlusive
arterial disease
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SUMMARY A rheological study of 32 patients with peripheral occlusive arterial disease (POAD),
compared with 32 matched healthy controls, has shown no loss of erythrocyte deformability as
measured by filtration methods (using initial flow rate and positive pressure instruments, polycar-
bonate and silver membranes, and 3 ,um and 5 ,m diameter pores) or by viscometry (using laser
visco-diffractometric and high shear rate viscosity methods). Erythrocyte ATP concentration in
POAD was also normal. Patients with POAD showed a small (4 fl) increase in mean erythrocyte
volume, associated with a raised serum y-glutamyl transpeptidase concentration, which corre-
lated with erythrocyte filtration and viscometric measurements. Previous reports of impaired
blood filterability in POAD probably reflect the effects of accompanying leucocytosis, plasma
hyperfibrinogenaemia, or an increase in erythrocyte size, but not an intrinsic loss of erythrocyte
deformability.

Patients with atherosclerotic peripheral occlusive
arterial disease (POAD) show an increase in whole
blood viscosity which is of prognostic significance
and is, at least in part, caused by a raised plasma
fibrinogen concentration.' 2 Whole blood viscosity is
also influenced by erythrocyte deformability, how-
ever, and a reduction in the deformability (filterabil-
ity) of POAD erythrocytes has been reported in
several studies. Blood filtration through pores of
5 ,um diameter is, however, influenced by factors
extrinsic to the erythrocyte, such as the plasma
fibrinogen concentration3 and the number of con-
taminating leucocytes.45 Since POAD patients may
show hyperfibrinogenaemia or a leucocytosis as part
of the haematological stress syndrome,67 previous
reports of either reduced whole blood filtration,8-"
reduced filtration of erythrocytes suspended in auto-
logous plasma,'2 '3 and reduced filtration of washed
erythrocytes contaminated with leucocytes,'4 may
reflect these extra-erythrocytic factors. This is sup-
ported by the failure to show any persisting loss of
erythrocyte filterability when POAD erythrocytes
are suspended in normal plasma'5 or when erythro-
cyte filtration is corrected mathematically for con-
taminating leucocytes using regression lines.4 16
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Although erythrocyte filtration is sensitive to
leucocyte contamination,5 regression line correction
methods4 16 may introduce other errors and reduce
test sensitivity to alterations in erythrocyte defor-
mability. There has been no previous report of the
filterability of leucocyte free, washed POAD eryth-
rocytes, and we have therefore studied the erythro-
cyte deformability of 32 POAD patients and 32
matched controls using initial flow rate
(Hemorheometre) and positive pressure (Eryth-
rometre) filtration methods. Viscometric measure-
ments of erythrocyte deformability were also made
using Contraves LS30 and laser diffractometric
(Ektacytometer) instruments. Since a reduced
erythrocyte ATP concentration has been reported in
POAD,'7 and has been claimed to be a cause of
decreased erythrocyte deformability, we have also
studied erythrocyte ATP in a cohort of patients and
healthy controls.

Patients and methods

PATIENTS
The 32 patients with POAD (age range 50-77 years,
25 male) were studied as outpatients or on admis-
sion for angiography. All had atherosclerotic, non-
diabetic, large vessel disease, confirmed by angi-
ography and by reduced or absent peripheral pulses.
All were normotensive and there was no biochemi-
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Table 1 Comparison ofmean (SEM) haematological and biochemical values for 32 patients with peripheral occlusive
arterial disease (POAD) and 32 matched controls

POAD Significance p Controls

Age (yr) 63-3 (1-1) NS 61.6 (1-7)
Smokers 16 16
Leucocyte count (x 109/I) 7-8 (0-4) NS 7-9 (04)
Erythrocyte mean cell volume (fl) 92-8 (0.8) 0-001 889 (0.7)
y-glutamyl transpeptidase (U/mI) 27-5 (59) <0-01 13-6 (2-0)
Plasma viscosity (mPas) 1-80 (0 02) <0-001 1 70 (0 02)
*Erythrocyte ATP (I.mol/l) 464-9 (17-9) NS 497 5 (25-2)

NS = not significant.
*Mann-Whitney U test for 20 patients and 21 controls.

cal evidence of renal insufficiency. Rest pain was
present in three but none had gangrene; the mean
(range) claudication distance was 250 (45-1500)
metres. The 32 healthy controls (age range 44-77
years, 25 male) were closely matched (Table 1) for
age and smoking habit and had no clinical evidence
of vascular disease; biochemical tests of liver and
renal function were normal. POAD smokers aver-
aged 14 cigarettes a day and control smokers 20 a
day.

METHODS
Blood samples for all rheological tests were taken
from an antecubital vein into lithium heparin
(15 IU/ml blood; Sterilin Ltd, Feltham,
Middlesex) and analysed within 4 h.5 Erythrocyte
filterability was measured using erythrocytes that
were leucocyte and platelet free as prepared by the
Imugard IG500 cotton wool prefiltration technique
followed by two washes in phosphate buffered saline
(PBS) of pH 7-4 and osmolality 297 mmol/kg.'8 19

More than 99-5% of leucocytes and platelets (as
assessed by Neubauer counting chamber) were con-
sistently removed. Initial flow rate filtration20 was
measured at ambient temperature using the
Hemorheometre SP02 (Bell System [Telephones]
Ltd, Barnet) as previously described.2" Disposable
polycarbonate membranes of 5 ,um pore diameter,
taken from a single batch (Nuclepore Corporation,
Pleasanton, California, USA; batch 54 FOC 138),
and reusable silver Selas membranes of nominal
5 ,um (batch 5872) and 3 ,um (batch 013) pore
diameter (Flotronics, Spring House, Pennsylvania
19477, USA), were used. The silver membranes
were cleaned and reused after each erythrocyte
filtration as previously described"2 but were
ultrasonicated for a total of 10 s in 20 ml of 1%
wt/vol sodium dodecyl sulphate solution.
Hemorheometre results were expressed as an index
of filtration (IF) after correction for haematocrit20 as
measured by Coulter S counter (Coulter Electronics
Ltd, Luton). IF was measured only once using the
silver membrane, but two measurements were made

using (different) polycarbonate membranes and the
mean taken. When the latter two values were not
within 10% (about 1/5 of all tests) a third membrane
was used and the mean of the closest two readings
was then taken.

Positive pressure erythrocyte filtration was meas-
ured at ambient temperature, again after passage of
blood through Imugard IG500 cotton wool, using
the Erythrometre II (SEFAM, Nancy, France) at a
standard washed erythrocyte count (Coulter ZF
counter) of 0 5 x 10I2/l, a flow rate of 5 ml/min, and
5 um pore diameter Nuclepore filters. Results were
expressed as a filtration pressure index (I) by divid-
ing the final pressure at 3 min by that for buffer
alone at 1 min. Only one measurement of I was
made on each blood sample.

Laser visco-diffractometry measurements on
whole blood were made at ambient temperature
using the Ektacytometer (Technicon International
Division, Saint Denis, France) as previously
described.2324 The parameters measured included
the elongation index (El) for whole blood, at a shear
stress of 16 Pa, and the osmotic deformability
profile,'9 or Osmoscan plot, in which erythrocyte
elongation is measured in a continuously increasing
osmotic gradient (100-450 mmol/kg). The maxi-
mum elongation index in the latter (El max) was
recorded.
Red cell viscosity was measured at 25°C using

erythrocytes that were washed three times in PBS
(but without contact with Imugard IG500 cotton
wool), resuspended in PBS at 2-0 x 10'2/1, and
sheared at a rate of 241 per second in a Contraves
LS30 2T-8T viscometer (Contraves Industrial
Products Ltd, Ruislip) as previously described.'6
Plasma viscosity was measured at 25°C using a
Coulter-Harkness capillary viscometer (Coulter
Electronics Ltd).

Erythrocyte ATP concentration was measured in
20 patients and 21 controls by ultraviolet spec-
trophotometry (Pye Unicam SP8-100, Cambridge)
using a Test-Combination ATP kit (Boehringer
Mannheim GmbH Diagnostica) based on the
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method of Bucher.27 -y-glutamyl transpeptidase was
assayed at 25°C using a Merck test kit (EM Diag-
nostics, Poole) and a Kone CD analyser (Kone
Instruments, Stockport). Serum biochemical profile
was measured by SMA 12/60 (Technicon Instru-
ments, Basingstoke). Erythrocyte mean cell volume
(MCV) was measured by a Coulter S counter.
Quality assurance was determined for the
Hemorheometre and Erythrometre methods by
daily measurements of the flow time of a sterile ali-
quot of dextran 70 in 0-9% sodium chloride (Fisons
Ltd, Loughborough) through the 5 um pore
polycarbonate and silver membranes, as previously
described.2'

Statistical significance was determined by the
Mann-Whitney U test (two tail) and by correlation
coefficient.

Results

The 32 patients were closely matched for age, sex,
and smoking habit, and fortuitously for leucocyte
count, with the 32 healthy controls (Table 1). The
patients' erythrocytes showed a significantly higher
MCV, presumed to be a consequence of higher
alcohol intake since nine patients, but only two
controls, had serum -y-glutamyl transpeptidase
concentrations above the upper limit of the refer-
ence range (6-25 U/ml); the mean y-glutamyl
transpeptidase concentration of the patients was

significantly higher than that of the controls (Table
1). The patients also showed significantly higher
plasma viscosities than the controls, but the mean

erythrocyte ATP concentration (reference range
375-631 ,umol/l) was not significantly different.

Quality assurance was satisfactory for the 5 ,um
filtration methods. Coefficients of variation (CV)
were calculated from the daily flow times of dextran

70 for each of the 45 working days of the study. The
Hemorheometre 45-day CVs were 4-8% for 5 ,um
polycarbonate membranes and 6-6% for 5 ,um silver
membranes. A 45-day CV of 12-0% was obtained
for the Erythrometre using 5,m polycarbonate
membranes.
None of the tests of erythrocyte filterability

showed a significant difference between patients and
controls (Table 2). The IF values for 5 Am pore
polycarbonate and silver membranes closely corre-
lated with one another within both the 32 patients (r
= 0-700, p < 0-001) and the 32 controls (r = 0-618,
p < 0-001). Thus despite the difference between the
straight channel pores of the polycarbonate mem-
branes and the tortuous channel pores of the sin-
tered silver membranes, the indices of filterability
were similar. There was no significant correlation
between the initial flow rate IF values, using 5 ,um
pore polycarbonate membranes, and the I values
obtained after positive pressure filtration for 3 min
using similar membranes; these two filtration indices
therefore seem to measure different rheological
parameters.
A larger group of 99 subjects (40 POAD patients

and 59 healthy controls), from which the 32
matched pairs were taken, was used to assess the
relation between MCV and IF values. MCV corre-
lated weakly but significantly with IF for both 5 ,um
pore polycarbonate (r = 0-213, p < 0.05) and 5 Am
pore silver (r = 0-210, p < 0 05) membranes; MCV
did not correlate significantly with I, however (r =
0.091). Within the smaller number of 32 matched
POAD patients, and within the 32 controls, there
was no significant correlation between MCV and
any of the above filtration measurements.
Measurement of red cell viscosity at high shear

rate did not show any significant difference between
POAD patients and controls, but laser visco-

Table 2 Comparison ofmean (SEM) rheological values for 32 patients with peripheral occlusive arterial disease (POAD)
and 32 matched controls

POAD Signifiance p Controls

Initial flow rate filtration (IF)
Polycarbonate 5 gm 13-8 (0.2) NS 13-5 (0.9)
Silver 5Mim 11-7 (0-2) NS 11-3 (0-2)
'Silver 3im 30-9 (1-3) NS 33-1 (2.3)

Positive pressure filtration (I)
Polycarbonate 5 ,um 2-0 (0-1) NS 1-9 (0-1)

Red cell viscosity (mPas) 1-66 (0.01) NS 1-63 (0.02)
Laser visco-diffractometry

El 0-55 (0-01) <0-02 0-53 (001)
Elmax 0-58 (0.01) <0c05 0 57 (0-01)

*Mann-Whitney U test for 13 patients and 12 controls.
IF = index of filtration.
I = filtration pressure index.
El = elongation index.
NS = not significant.
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diffractometry showed apparently increased elong-
ability (El and Elmax) for POAD erythrocytes
(Table 2). This is in part an instrument artefact since
El correlated with MCV within the 32 patients (r =
0 352, p < 0.05) and within the 32 controls (r =
0 552, p < 0.01); analysis of the diffraction image in
the Ektacytometer is not compensated for cell size.
Apart from EI, the Ektacytometer Osmoscan plots,
which showed the relation between erythrocyte
elongation index and osmolality, were similar
between patients and controls.

Discusson

In this study particular care was taken to match
POAD patients with healthy controls and to use a
range of rheological methods that measure different
aspects of erythrocyte deformability. Our filtration
methods included an initial flow rate gravity system
(Hemorheometre), with a calculated maximum
shear stress of 60 Pa, and a positive pressure filtra-
tion system (Erythrometre), with a shear stress of
37 Pa for normal erythrocytes. With the exception
of Ehrly and Kohler,'2 who used 8,um pore diam-
eter Millipore filters, previous filtration studies in
POAD have almost exclusively employed 5,m
pore disposable polycarbonate (Nuclepore) mem-
branes. In addition to these membranes we studied
reusable silver membranes of both 5 ,um and 3 ,um
nominal pore diameter since they may have differing
sensitivity in the detection of impaired erythrocyte
deformability.2' A quality assurance programme was
also used throughout the study and this showed
satisfactory day to day instrument and membrane
reproducibility.
Our filtration measurements were performed on

erythrocytes that had been passed through Imugard
IG500 cotton wool and then washed twice in PBS.
This technique removes >99 5% of leucocytes and
platelets, as well as plasma proteins, but does not
cause selective removal of erythrocyte sub-
populations such as microcytes, macrocytes,
reticulocytes, irreversibly sickled cells, or erythro-
cytes containing inclusion bodies.'8 Although we
have not yet been able to show that the cotton wool
does trap any erythrocyte sub-populations, it is
theoretically possible that less deformable POAD
erythrocytes could have been selectively removed.
Additional (viscometric) methods for measuring
erythrocyte deformability, without cotton wool con-
tact, were therefore studied in parallel.
None of the rheological methods used showed any

loss of deformability of POAD erythrocytes and we
assume that previous studies showing loss of eryth-
rocyte filterability were influenced by contamination
of tb.e test erythrocyte suspensions with leucocytes
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or plasma proteins or both. We have also been
unable to confirm a widely quoted report of reduced
erythrocyte ATP concentration in POAD, which
was based on a study of four patients and four
unmatched controls.'" In a separate study,28 we have
shown that POAD erythrocytes have a similar
reduction in filterability to that of normal erythro-
cytes when exposed to an in vitro metabolic stress
(low pH, low p02, and hyperosmolality) designed to
simulate the effects of local ischaemia in poorly per-
fused tissues. The above studies, therefore, suggest
that POAD erythrocytes taken from the antecubital
fossa do not have a demonstrable loss of deformabil-
ity within the limits of sensitivity of current techni-
ques.

In rheological studies the patient and control
groups should be carefully matched for age, which
influences both plasma fibrinogen concentration,29
and erythrocyte MCV.303' Matching for smoking
habit is also important since smoking increases
fibrinogen concentration,29 the MCV,303' and also
the leucocyte count.32-34 Alcohol intake is a further
cause of macrocytosis,30 3' and since erythrocyte
deformability measurements may be influenced by
MCV values, both outside the normal range35 and to
a much lesser extent within it, the effect of alcohol
intake on MCV should be checked in future rhe-
ological studies.

We are indebted to the United Birmingham Hospi-
tals Endowment Fund Medical Research Committee
and the University of Birmingham Scientific Pro-
jects Committee for financial support, to Miss CP
Hopwood for ATP measurements, to Technicon
International Division for making available an
Ektacytometer, and to Mr MH Simms for allowing
access to patients attending the vascular clinic.
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