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The electrical impedance of blood is primarily determined by plasma resistance R, cell interior resistance R;, and cell
membrane capacitance C,,. These impedance parameters were measured for 62 samples with various erythrocyte sedimentation
rates (ESR = 1-150 mm /h). A formula for estimating ESR by R, and C, was obtained by linear regression as: In(ESR) = 10.16
—0.016 - fy, (r=0.974, P <0.001), where f,=10°/(2m - R ;00 Cpm1go), defined as the effective characteristic frequency in kHz,
Ry =R,/h in Qcm, C,=C,,/h in pF/cm, h is the haematocrit in decimal. The 95% confidence intervals for the
coefficients in the above equation were 9.73 to 10.59 and —0.017 to —0.015. The origin of the association was found reasonable
since factors increasing the ESR, i.e., the concentration of some plasma proteins and the size of the blood cells, also elevate the
capacitance. The results imply that the impedance measurement might be an alternative method for fast determination of the

ESR.

Introduction

The erythrocyte sedimentation rate (ESR), mainly
reflecting the acute phase inflammatory response, is
still a useful method in the clinic although it lacks
specifity [1-3]. It is useful for determining prognosis of
patients with Hodgkin’s disease [4] or prostatic cancer
[5] and to monitor disease activity, as in rheumatoid
arthritis [6], temporal arteritis [7], congestive heart
failure [8], etc. It is also useful for the diagnosis and
monitoring of some infection and cancers [3].

The clinically commonly used method for measuring
ESR is based on that of Westergren, recommended by
The International Committee for Standardisation in
Haematology [9]. Acute phase protein (APP) methods,
such as determination of C-reactive protein (CRP), are
increasingly being recommended [10]. The Westergren
method is simple and relatively cheap, but takes some
time and requires a relatively large volume of blood.
APP methods are quick, specific and sensitive but
somewhat expensive and need sophisticated equipment
[10].

The electrical impedance of blood is determined
primarily by the plasma resistance (R,), cell interior
fluid resistance (R;) and cell membrane capacitance
(C,,). The membrane capacitance (C,,) from patients
with high ESR has been found significantly higher
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than that of blood with low ESR [11,12]. It seemed that
C,, and ESR were related to each other. Hence the
aim of this study is to explore the possible relationships
between ESR and the electrical impedance parame-
ters, which may be an alternative method for determin-
ing ESR indirectly.

Materials and Methods

Theory and measuring system

The theory and the measuring system have been
described in detail in a previous paper [12]. In brief,
the electrical impedance of blood can be approximately
simulated by a three-element circuit in which R, is in
parallel with R; and C,, which are connected in series.
For such a circuit, if three impedance amplitudes
Z(wy), Z(w,)), Z(w,) at different frequencies w,, ,,
w, are measured, the values of the three elements can
be obtained:
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Fig. 1. Block diagram of the measuring system.
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The diagram of the measuring system is shown in
Fig. 1. Blood is sucked by the roller pump from the test
tube into the specially designed flow-through measur-
ing cell which utilises tetrapolar technique to reduce
the errors caused by polarisation and was carefully
calibrated using saline solutions. Three constant cur-
rents with frequencies 100 kHz, 800 kHz and 1.2 MHz
are consecutively exerted to the blood sample and the
reference resistor, R,.;. The ratio of the voltages de-
tected from blood and R, is then a measure of blood
impedance. The temperatures of the test tube and the
measuring cell are adjusted to 37 + 0.1°C by two tem-
perature controllers. The maximum measuring errors
are estimated to 0.5% for R, 5% for C,, and 10% for
R, in the haematocrit range from 20% to 60%.

Samples

To explore the possible relations between the ESR
and the electrical impedance parameters, measure-
ments were made on 62 samples from patients with
various ESRs (1-150 mm /h) and haematocrits (Hct =
22-43%). Each sample was drawn into a 6.25-ml vac-
uum plastic tube with 1.25 ml buffered sodium citrate
as anticoagulant. First the ESR of each sample was

determined by the Westergren method following the
standard procedures used in the clinic. Then the
impedance measurements were made according to the
procedures described later within 6 h after the blood
had been drawn from the subjects.

For comparing high and normal ESR samples, the
impedances of 20 normal samples from blood donors
were measured. The haematocrits of the samples were
adjusted to the same range (22-43%) of the patient
samples by reconstituting the proportions of plasma
and blood cells after centrifugation at about 1000 X g
for 10 min. The results were compared with those of 34
high ESR samples (> 30 mm/h) extracted from the
patient group.

In order to study the effects of plasma on the
capacitance and ESR, measurements were also made
on washed samples from normal subjects and high
ESR patients. Washing was made by centrifuging and
then mixing the packed blood cells with about twice as
much phosphate-buffered saline (PBS; pH 7.4) and
centrifuging again. The washed cells were finally mixed
with a certain volume of PBS to obtain a sample with a
desired haematocrit value of 45-57%. Twenty-two sub-
jects were used for the normal group, and 18 for the
high ESR group (ESR = 44-108 mm /h).

Ten normal samples were measured to study the
influence of fibrinogen on the electrical impedance.
From each subject, 20 ml of blood was drawn into two
tubes (Becton Dickinson Vacutainer, 10 ml each), one
plain (with no anticoagulant) and the other with dried
sodium heparin as anticoagulant. The serum, obtained
from the plain tube after centrifugation, was put into
an unused tube with sodium heparin to eliminate the
possible influence of the anticoagulant. The cells and
the original plasma were separated by centrifuging the
other tube of anticoagulated blood. After being washed
twice with PBS, the packed cells were divided into two
parts, which were then mixed with plasma and serum,
respectively. The haematocrits of the samples were
controlled to within 46-52%.

Procedures of measurement

Before measurement, the samples, contained in 5-ml
plastic tubes, were placed inside an incubator with a
temperature controlled within +1.5°C, and agitated
for at least 20 min by a roller mixer. The haematocrit
of each sample was determined by centrifuging two
capillary tubes with the blood at 12000 rpm for 5 min
in a micro-centrifuge. Four measurements were then
made on each 2-ml blood sample. For each measure-
ment, 0.5 ml blood was sucked into the measuring cell
by a roller pump and the measurement started after a
delay of 45 s to allow the blood to reach thermal
equilibrium and the blood cells to settle. The sample
tube was removed and agitated between each of the
four measurements. The first two measurements were



ignored, however, since they were merely used for
checking that the sample had reached a constant tem-
perature and that the rinsing water had been suffi-
ciently removed from the cell. The means of the last
two measurements were used as the results for the
sample.

To study the possible influence of washing on the
surfaces of erythrocytes, six samples were examined by
a scanning electron microscope (SEM). Each sample
was divided into two portions, one was washed twice
with PBS and the other was not washed. The cells were
fixed with 1% glutaraldehyde in 0.1 M cacodylate buffer
(pH 7.4), washed with 0.15 M cacodylate buffer and
dehydrated in a series of ethanol solutions of increas-
ing concentrations. Finally the cells were dehydrated in
acetone. An SEM micrograph was then taken for each
sample with a voltage of 10 kV and a magnification of
10000.

Normalisation for haematocrit

For comparison between different samples, it is
necessary to eliminate the influence of Hct with which
R,, C, and R; are almost linearly related. When &
was introduced to represent haematocrit in decimal,
i.e., h=Hct/100, R, C,, and R; could be normalised
to 100% haematocrit by calculating the ratios Ry =
R,/h, Cpigo=Cn/h and the product R;q=R;"h,
respectively.

Results

The natural logarithm of ESR was found to be
correlated with R, 49, R0 and Cp0, @s shown in
Figs. 2, 3 and 4. R,y and C,,4 were directly and
R, inversely proportional to In (ESR). By performing
least-squares regression, linear equations were ob-
tained as:

Ry100=8.7In(ESR)+328 (r =0.783, P <0.001)
Riyoo = —6.6-In (ESR)+176 (r = 0.725, P < 0.001)
Conioo = 102.0-In (ESR)+728 (r = 0.935, P < 0.001)
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Fig. 2. Scatter plot of plasma resistance versus the natural logarithm
of sedimentation rate. The regression line is: R ;o0 = 8.7-In(ESR)+
328, r =0.78, P <0.001.
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Fig. 3. Scatter plot of interior resistance versus the natural logarithm
of sedimentation rate. The regression line is: R;;p0 = —6.6-In(ESR)
+176, r =0.73, P < 0.001.

Using multiple non-linear regression, the following re-
lationship was obtained:

In (ESR) = 0.021R 09 — 91076 C2, 09 +0.026C,y g0 — 21.44

(r=0.974, and P < 0.001 for all four coefficients)

The contribution of R;,,, was not significant. The 95%
confidence intervals for the coefficients, from left to
right in the above equation, were 0.0134 to 0.0287,
0.0023 to 0.0037, 0.0176 to 0.0350 and —25.433 to
—17.437, respectively. The mean relative error of the
predicted ESR according to the above formula was 9%
with a standard deviation of 35%.

A simpler equation was obtained by performing
linear regression on the ESR against the reciprocal of
the product of R ;o and Cy,q0:

In(ESR)=10.16—0.016"f,

(r =0.974, and P < 0.001 for both coefficients)

where f,=10°/(27 R, 90" Cpupo)> defined as the ef-
fective characteristic frequency in kHz. The 95% confi-
dence intervals for the coefficients in the above equa-
tion were 9.73 to 10.59 and —0.017 to —0.015, respec-
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Fig. 4. Scatter plot of membrane capacitance versus the natural
logarithm of sedimentation rate. The regression line is: Cp 0 = 102-
In(ESR)+728, r =0.94, P < 0.001.
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Fig. 5. Scatter plot of ESR versus the effective characteristic fre-
quency, f,= 109/(217-'Rp100~Cm100), in kHz. The middle line is the
fitted: In(ESR)=10.16—0.016-f,, R=0.97, P <0.001; the outer
two are the 95% confidence limits for predicting individual observa-
tions.
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tively. A scatter plot with the fitted curve and the 95%
confidence intervals for predicting individual observa-
tions is shown in Fig. 5. The mean relative error and
standard deviation of the predicted ESR were 2.6%
and 33%, respectively.

The mean C,,, of the high ESR group, 1167
pF/cm (S.D.=76 pF/cm, n=34) was significantly
higher (P < 0.001) than that for the normal samples,
834 pF/cm (S8.D. =53 pF/cm, n =20), Table 1. After
washing, however, no significant difference was found
between the two groups, P > 0.3. Between original and
washed groups, the capacitance was significantly de-
creased after washing for both normal and high ESR
groups (P < 0.001).

By performing a paired t-test, the capacitance of the
washed blood cells resuspended with serum was signifi-
cantly lower (20%) than that of the plasma samples
(P < 0.001) (Fig. 6).
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Fig. 6. Comparison of capacitance between samples with plasma (R)
and serum (®) as suspending solutions.

Two SEM micrographs for the original and washed
specimens of the same sample are shown in Fig. 7. It is
obvious that some particles were adsorbed on the sur-
faces of the original cells, while those of the washed
cells were clean.

Discussion

The ESR was significantly correlated with both R,
and C,_, but the association of ESR was much closer
with C,, than with R . Hence the following discussion
is concentrated on understanding the inherent relation
between ESR and C,, by taking into account the
factors influencing both parameters.

Factors influencing ESR

The procedures of the erythrocyte sedimentation is
divided into three phases: aggregation, precipitation
and packing. The forming speed and the final size of
aggregates in the aggregation phase are critical for the
outcome of the ESR. There are two main factors which

Fig. 7. SEM micrographs for erythrocytes before (left) and after (right) washing with PBS. Bar =1 um.



TABLE I

Comparison of C,, 0, (DF / cm) between normal and high ESR samples
before and after washing

Normal High ESR P
(mean+S.D.) (mean +S.D.) (normal vs.
high ESR)
Original 834+53(n=20) 1167+76(n=34) <0.001
Washed 582+17(n=22) 588+22(n=18) >0.3
P (original

vs. washed) < 0.001 <0.001

may influence the aggregation process, i.e., certain
high molecular weight components of the plasma and
the structure of the blood cells {3,13-15]. Normally, the
cells have negative charges and repel each other, while
many plasma proteins are positively charged and neu-
tralise the surface charges of erythrocytes, reducing the
repulsive forces and promoting aggregation. Hence a
high concentration of certain plasma proteins causes a
high ESR. The relative contribution of the plasma
proteins to aggregation, on a scale of 10, is fibrinogen,
10; B-globulin, 5; a-globulins, 2; y-globulins, 2; and
albumin, 1 [3].

On the other hand, ESR is directly proportional to
the mass of the erythrocyte but inversely proportional
to the area of its surface. Large cells have a smaller
surface-to-volume ratio and therefore less charge in
relation to their mass than microcytes. Thus macro-
cytes sediment more rapidly than normal cells, and
microcytes do so more slowly [3].

Factors influencing the capacitance

Blood cells

The electrical capacitance of blood is determined
mainly by the properties of the cell membranes. A
single cell may be regarded as a parallel plate capacitor
since the thickness of the membrane is small compared
to the diameter of a cell [16). The capacitance of such a
plate capacitor is expressed as: C =es /d, where € is
the dielectric constant of the membrane; s, the area of
the plate; and d, the thickness of the membrane. The
formula shows that the capacitance of an individual
cell is directly proportional to the surface area of the
cell membrane. Big cells have a larger area and hence
a larger capacitance than small ones.

For a suspension of such cells, the overall capaci-
tance normalised to 100% haematocrit can be ex-
pressed as C,y = Cyag, where C, is the capacitance
per cm? of a cell surface and depends on the chemical
structure and the thickness of the membrane; «a is the
form factor of a cell; and 24 is the major axis of a cell
[17]. For cells with the same shape (equal «) and the
same structure of the membrane (equal C,), a suspen-
sion with big cells has a larger ¢ value and hence a
larger overall capacitance than that with small cells.
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Plasma

Apart from the static capacity of the thin poorly
conducting membranes, the blood capacitance can be
influenced by the polarisation at the interface of the
cell and the suspending medium [17]. As shown in
Table I, the capacitance decreased after washing for
both normal and high ESR groups, indicating that the
components of plasma elevate the capacitance. The
difference of the capacitance between the high ESR
and normal groups disappeared after washing, implying
that the difference in both ESR and capacitance be-
tween the two groups were caused by plasma compo-
nents, instead of changes in the structure of the blood
cells. The influence of plasma proteins is further con-
firmed by the results in Fig. 6. The measurement on
the pure plasma showed no contribution to C,, at the
frequencies used in this study. When mixed with ery-
throcytes, however, fibrinogen could elevate the capac-
itance by 20%.

The interfacial polarisation, caused when two differ-
ent phases of matters contact to each other, can largely
influence the dielectric characteristics of the system
[18,19]. The electric properties of the blood cells and
the suspending medium like plasma are dramatically
different. Around an erythrocyte, there exists an ionic
atmosphere: a bound layer and a diffuse layer. The
bound layer consists of the inner Helmholtz plane
(IHP) and the outer Helmholtz plane (OHP). The IHP
is the locus of partially desolvated (negative) ions,
adsorbed from the solution by covalent binding, disper-
sion forces, etc. The OHP is the locus of solvated and
positively charged counter-ions, attracted to the nega-
tively charged surface by Coulombic forces. Beyond
this bound layer is the diffuse region of the double
layer, containing loosely bound and highly solvated
counter-ions.

Such an ion atmosphere will influence the dielectric
property mainly in two ways. First the accumulated
surface charges give rise to the effective dipole, and
hence to the observed dielectric constant and capaci-
tance. Secondly, the bound and the diffuse counter-ions
can move tangentially along the surfaces of the cells
when an external electric field is exerted. Such a
counter-ion polarisation or surface conductance will
also increase the effective dielectric constant and ca-
pacitance [18,19].

The plasma components could be adsorbed on the
surface of the erythrocyte membrane. This was con-
firmed by the electron micrographs which showed some
particles adsorbed on the surfaces of the original cells,
but not on the washed ones. As a needle-shaped and
positively charged macromolecule, fibrinogen would be
attracted to the counter-ion region by the negative
surface charges, enhancing the counter-ion polarisation
and increasing the effective dielectric constant and
capacitance of the suspension.
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In conclusion, the factors increasing ESR can also
elevate capacitance, i.e., ESR and C, are mutually
related. Hence, C,, might be used to measure ESR
indirectly. The accuracy for estimating ESR was some-
what better by including R into the regression. The
origin of the association between R, and ESR might
be that the conductivity of fibrinogen is lower than that
of serum. Hence, the resistivity of the plasma will be
clevated slightly with an increased concentration of
fibrinogen.

The accuracy of the method is at present not satis-
factory in the high ESR region. For example, if the
estimated value is 50 mm /h, the 95% confidence limits
are about 25 to 100 mm /h. For low ESR, however, it is
reasonably accurate. If the estimated value is 5 mm /h,
the 95% confidence limits are 2.5 to 10 mm /h. Hence
the method might be used as means for screening
purposes.

Schwan [20] and Nelson and Wilkinson [21] reported
an electric method for measuring ESR. The resistivi-
ties of plasma and blood cells are dramatically differ-
ent at low frequency. While the blood cells are sedi-
menting along a vertically placed measuring cell, the
resistance is changing between the electrodes on two
opposite sides of the tube. It can be used to monitor
and record the whole process of sedimentation. But
similar to the Westergren method, it is an ‘effect
measuring’ method, and has similar disadvantages. For
instance, the results are influenced by the haematocrit
to some extent, and they can only be obtained after a
delay needed to allow the blood cells to sediment.

The potential advantages of the electrical impedance
method presented in this study for estimating the ESR
are that it is very quick, possible for automation, re-
quires only 1 ml of blood, and can be easily combined
with other haematological instruments.
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