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SUMMARY An abnormal filterability of whole blood through micropore membranes in vitro has
been reported in peripheral vascular disease and has been thought to indicate abnormal red cell
deformability. Blood from 68 patients with symptomatic peripheral vascular disease of varying
severity and from 32 age-matched controls without a history of peripheral vascular disease was

studied by the technique of whole blood filtration. In agreement with earlier findings, whole blood
filterability was significantly reduced in patients with symptoms of vascular disease, but also their
total leucocyte count was significantly higher than that of the controls. Variation in leucocyte count
was found to affect significantly whole blood filterability, and the abnormal filterability in peripheral
vascular disease could be entirely ascribed to this factor and not to an alteration in red cell deform-
ability. The raised leucocyte count was not due to smoking but its cause could not be explained.

Various in-vitro filtration techniques have been used
to measure in-vivo red cell deformability.1'5 In an
attempt to mimic conditions pertaining in vivo Reid
et al.6 measured the filtration rate of anticoagulated
whole blood through Nuclepore membranes with a
pore size of approximately 5 gtm. They studied a
group of patients suffering from peripheral vascular
disease (PVD) and found a significant difference in
whole blood filterability between patients and age-
matched controls.

Since the technique of whole blood filtration is
simple, possibly more physiological than other
techniques, and reportedly able to detect abnor-
mality in disease we studied it in some detail, both to
investigate variables affecting it and to study further
its value as a measure of erythrocyte deformability
in PVD.

Patients and methods

All the patients in the study were referred from the
vascular clinic with symptoms of intermittent
claudication of varying severity. Out of 44 men
(mean age 62-8) 28 were smokers, two had recently
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ceased smoking, and 14 were non-smokers. Out of
24 women (mean age 62 8) four were smokers, two
had recently ceased smoking, and 18 were non-
smokers.

Blood was donated by 32 controls (22 women and
10 men), members of a senior citizens' club, aged
between 55 and 86 years (mean age 67). None of
them had a history of PVD, all were in good health
for their age, and only three (two men and one
woman) were cigarette smokers. All subjects had
fasted and refrained from smoking for 10 hours
before blood collection.
Venous blood was used throughout the investiga-

tion. Specimens were withdrawn with a minimum of
occlusion and anticoagulated with 2 mg/ml di-
potassium EDTA (K2EDTA). The filterability of
this blood decreased slightly with time. Filtration
rates were measured under standard conditions in
which all blood samples were allowed to cool to
room temperature (21 C) before filtrations were
begun and all tests were completed within 30 minutes
of sampling. Anticoagulants other than EDTA were
investigated but discarded. Heparin was rejected
because it permitted platelet aggregation, which
rapidly blocked the filter pores, and sodium citrate
(3.8 %) produced a rapid loss of filterability over a
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period of five minutes, presumably owing to red cell
shrinkage and loss of deformability.7
Whole blood filterability was measured by the

method of Reid et al.,8 with some minor modifica-
tions. The pore diameter of the Nuclepore poly-
carbonate membranes (Nuclepore Corporation,
Pleasanton, Ca. 94566, Batch No. 54B7A9) was
nominally 5Itm, but since we and others3 have
observed considerable variation in the pore size of
different batches of membranes only those from
within one batch were used. This batch was analysed
by measuring pore diameters of two membranes
from each of 20 boxes using a Quantimet image
intensifying system (IMANCO, Melbourn, Royston,
Hertfordshire, UK). The mean pore diameter was
6 4,um (SD 0-18).

Filters were assembled in 'Pop Top' filter holders
(Nuclepore) according to the manufacturer's in-
structions. After assembly the dead space above the
membrane was filled with well-mixed blood. The
barrel of a 1-ml tuberculin syringe was then fitted
into the filter holder and filled to the 1 0 ml mark
with blood. A suction pressure of 100 mm water was
applied across the filter, a stopwatch started, and the
volume of blood passing through the filter in one
minute was recorded. Four filtrations were per-
formed on each blood sample. The red cell count
was measured on each filtrate, the number of cells
passing the filter in one minute was calculated for
each filtration, and the mean value determined. Total
white cell counts (WCC) were also measured both
on pre- and post-filter samples. Red and white cell
counts were measured with a Coulter ZB1 counter,
platelet counts with a Technicon Hemalog 8/90,
and the microhaematocrit was measured with a
Linson Cellocrit centrifuge.

In experiments investigating the effect ofWCC on
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whole blood filterability blood from volunteer
laboratory workers was taken into K2EDTA and
centrifuged at 350g for five minutes. The plasma
was then removed and centrifuged again for 20
minutes at 2500 g. The erythrocytes were added
back to the platelet-poor plasma at physiological
concentrations (range 4 02-6 98 x 1012/1; mean
5-10 x 1012/1). To portions of this reconstituted
blood varying amounts of a white cell concentrate
(prepared by centrifuging blood from the same
volunteer) were added to give a range of values for
WCC. These blood samples were then filtered by the
same method as that used for the patient samples.

In experiments performed to measure the effect of
haematocrit blood from healthy volunteers was col-
lected into K2EDTA and centrifuged at 2500 g for
20 minutes. After separately removing the plasma
and buffy coat a total leucocyte count was performed
on the concentrated red cells. Some of the buffy layer
was added to autologous plasma to give a WCC
identical with that of the concentrated red cells. The
concentrated red cell suspension was then recon-
stituted with the plasma/white-cell mixture to give
blood samples with varying haematocrits but with
constant but physiologically subnormal concentra-
tions of leucocytes (range 1-1-4.5 109/l; mean 2-9 x
109/1). After complete mixing the blood samples
were filtered by the method previously described.

Results

FACTORS INFLUENCING WHOLE BLOOD
FILTERABILITY IN VITRO

Total leucocyte count (WCC)
Fig. 1 shows the linear relationship between the
filterability of whole blood and the logarithm of the
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Fig. 1 Relationship between
variation in WCC and whole
blood filtration rate in seven
different subjects.
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Fig. 2 Relationship between variation in haematocrit and
whole blood filtration rate in five different subjects.

WCC. Seven blood samples were analysed, each
adjusted to give a range of WCC. Each experimental
point plotted is the mean of four observations, and
the lines drawn are the calculated linear regression
lines for the samples.
For each individual there was a highly significant

(P <0 01) relationship between the filterability and
the logarithm of the WCC. For the seven as a group

the mean (± SE) slope of the regression line was

-3-31 ± 023.
In view of the close relationship between filter-

ability and WCC it was possible to eliminate the
effect of WCC by correcting the measured filter-
ability to a standard WCC of 7500. Thus, if F was
the observed filterability, Fs the corrected filter-
ability, and c a constant then

F = -3 31 log WCC + c

andFs= -3-31 log75+c

.-. Fs= F-3-31 xlg WCC.7.5.

(2) Haematocrit
Fig. 2 shows the results of five experiments per-
formed to test the effect of haematocrit on whole
blood filterability, each point representing the mean
of four filtrations.

Haematocrits encountered in the clinical study
ranged fromO035 toO-58. Results ofthefivedetermina-
tions at these levels were analysed using an analysis
of variance. The difference between results within
this range was found not to be significant at the

Table 1 Haematological data expressed as the mean for
each group. Number ofpatients in each group shown in
parentheses

Claudicants Controls P

Men Women Men Women Men/ Women/
(n = 44) (n= 24) (n = 10) (n= 22) men women

Hb(g/dl) 15-3 14-2 15 5 13-9 NS NS
RCC ( x 1012/1) 5 09 4-79 4-92 4-63 NS NS
HCT (1/1) 0 464 0-437 0 444 0-420 < 0 05 NS
MCV (fl) 89-3 89-0 90-2 89-8 NS NS
Platelets (x 10'/1) 257 278 231 255 NS NS
TWCC (x 109/1) 8-33 7 94 6-62 6-10 <0-01 <0 005

0-05 % level. Therefore no correction for haematocrit
was made in the clinical study.

STUDIES IN PERIPHERAL VASCULAR DISEASE
Table 1 summarises the haematological data. As
expected, men had a higher haemoglobin concentra-
tion and red cell count. The most impressive dif-
ference between claudicants and controls was the
higher WCC in both men and women claudicants
(P <0-005).
When the patients were compared as a group

with normal age-matched controls the claudicants
had a significantly lower whole blood filterability
(P <0-025) (Table 2). When men and women were
compared separately the difference in filterability
persisted: although the magnitude was similar its
statistical significance was lost (P<0-25 men, <0 15
women), presumably owing to the smaller number in
each group. However, when the filterability of all
blood samples was corrected to a standard WCC of
7.5 x 109/1 the difference between patients and con-
trols disappeared. In fact, the mean filterability of
blood from claudicants became slightly greater than
that from controls.
The relative importance of PVD itself, smoking,

and sex for the raised WCC in PVD patients was
determined by analysis of variance. The mean WCC
in patients with PVD was 8-2 x 109/1 whereas in
controls it was 6-2 x 109/l. This difference was
highly significant: F1 = 13-62 (P < 0-001). The mean
WCC in smokers was 8-1 x 109/1 and in non-
smokers 7-1 x 109/I. This difference approached but
did not reach statistical significance: F1 = 2-818

Table 2 Rheological data expressed as means ± SE. Number ofpatients in each group shown in parentheses

Claudicants Controls P

Men Women Men Women Men! Women/
(n = 44) (n = 24) (n = 10) (n = 22) men women

Filterability (cells x 10'/min) 3 59 ± 013 3-66 i 0-17 3-83 + 0-22 4 00 + 0-14 NS NS
Filterability (all patients) 3-61 ± 0 10 3-96 + 0-12 < 0 025
Filterability adjusted for WCC 3-72 ± 0 12 3-73 ± 0-17 3 61 i 0-20 3-63 ± 0-16 NS NS
Filterability adjusted for WCC (all patients) 3-72 : 0 09 3-63 + 0 12 NS
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(p = <0-10). Thus the main factor in the higher
WCC in our patients seemed to be the presence of
the disease itself, although some contribution from
smoking cannot be excluded.

Discussion

Our objectives were to investigate some factors in-
fluencing whole blood filterability as measured by
the method of Reid et al.,8 and to use this test to
study patients with peripheral vascular disease and
intermittent claudication.
Reduced red cell deformability in vivo could

theoretically decrease regional tissue oxygen de-
livery in patients with peripheral vascular disease,
and it has been suggested that red cell filterability in
vitro reflects in-vivo cell deformability.9 After con-
sidering methods of blood filtration through paper1
or porous membranes2 3 8 we chose to investigate the
Nuclepore membrane filtration technique of Reid
et al.8 because it is simple, uses a nearly physiological
suspension medium for red cells, and because Nucle-
pore membranes have pores of somewhat similar
diameter to that of vessels in the microcirculation.
Nuclepore membranes have the practical drawback
of batch-to-batch variation in pore size. The manu-
facturer's specified limits for pore size are +0% to
- 20% of the stated diameter, but Schmid-Schonbein
et al.2 found 33 % of pores in a single batch of 5-,um
membranes to be above or below the specified size
(range 4X12-5-60 gm). We found considerable varia-
tion between batches but acceptable variation
within a single batch, and the membranes we used
were all drawn from a single batch.
We have confirmed the effect of white cells on

whole blood filterability noted by Heilman and
Kurz.10 Leucocytes measurably impede the flow of
blood through Nuclepore membranes, and our
observations suggest that whole blood filterability
measured by the technique of Reid et al.8 cannot be
taken to indicate red cell deformability unless the
result is corrected for WCC. Our results on filter-
ability uncorrected for WCC confirmed the observa-
tion of Reid et al.,6 but when they were corrected for
WCC the difference between patients with PVD and

controls disappeared. We conclude that the ab-
normality of whole blood filtration in PVD is not
due to abnormal red cell deformability but to a
raised WCC. Since normal leucocytes can transiently
occlude normal small vessels and since increased
numbers of abnormal leucocytes may occlude larger
vessels in the leucostasis syndrome, possibly the
raised WCC in patients with PVD could be a factor
in the impairment of blood flow.

We thank Dr AS Gallus for much help and advice in
preparing this paper and Mrs S Phillips for typing
the manuscript.
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