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Magnetic Field Influence on Electrical
Properties of Human Blood Measured by

Impedance Spectroscopy
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The impedance spectroscopy technique (IST)was used for studying the effect of a 0.5 Tmagnetic field
on the electrical properties of whole human blood. A Solartron SI 1260 spectrometer was used to
measure the impedance spectra of magnetic field exposed blood samples compared to non-exposed
samples. An equivalent electrical circuit model, consisting in a resistance Rs in series with a parallel
circuit formed by a constant phase element (CPE) and another resistance Rp, is proposed to fit the data
in both cases. The experiment used 3 ml human blood samples from 160 healthy donors. AWilcoxon
matched pairs statistical test was applied to the data. The data analysis seems to show a statistically
significant increase of the values of resistance Rp (Z¼ 5.06, P< 0.001) and capacitance CT (Z¼ 3.32,
P< 0.001) of the blood exposed to magnetic field, by approximately 10.4% and 1.9%, respectively.
Bioelectromagnetics 26:564–570, 2005. � 2005 Wiley-Liss, Inc.
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INTRODUCTION

The impedance spectroscopy technique (IST)
has been commonly used to determine the electrical
characteristics of a wide variety of materials. The
principle of IST is based on the frequency response of
the material when an harmonic voltage is applied
[McDonald, 1987]. Although biological materials are
very complex to characterize due to their inherent
variability, many investigations have reported the use of
IST for the study of biological materials and processes.

Blood properties have been widely investigated
using spectroscopic techniques. Reviews related to
impedance spectroscopy of biological tissues (blood
included), can be found elsewhere [Gabriel et al.,
1996a]. The physical parameters of the equivalent
circuits are also tabulated for specific electrode geo-
metries and bandwidths from the b to d dielectric
dispersions [Gabriel et al., 1996b]. Also, studies of
dielectric properties of human blood have been conduc-
ted at different frequency ranges, such as microwave
frequencies [Alison and Sheppard, 1993] and radio
frequencies [Beving et al., 1994].

Very recently Jaspard and Nadi [2002] have re-
ported a study of the dielectric properties of blood as a

function of temperature. They found a weak depen-
dence of the permittivity and conductivity as a function
of temperature variations. More recently Jaspard et al.
[2003] have also published a study of the dielectric
properties of blood as a function of the hematocrit
percentage, where they found a strong dependence on
the concentration. In these works a frequency range
from 1 MHz to 1 GHz was swept, and measurements
were performed on blood ex vivo of humans, cows, and
sheep.

Time domain dielectric spectroscopy studies of
erythrocyte cells have been performed by Lisin et al.
[1996], who estimated the dielectric constants of cell
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structural parts, such as membrane and cytoplasm.
Also, Polevaya et al. [1999] studied time domain
dielectric spectroscopy of normal and malignant white
blood cells. They found differences in the dielectric
permittivity, capacitance, and conductivity values of
cellmembranes for normal andmalignant lymphocytes.

Particularly interesting are the works by Zhao
[1993] and Zhao et al. [1993], who investigated the
relationship between the electrical parameters and the
human blood hematocrit for four types of anticoagulant
(including EDTA), finding differences in the electrical
parameters among samples with various anticoagu-
lants. Zhao et al. [1993] performed detailed measure-
ments of plasma resistance, cell interior resistance,
and cell membrane capacitance of blood. In this work,
the authors proposed a three-element circuit model for
simulating the blood impedance, which was found
feasible.

Several approaches have been proposed to model
the blood dielectric properties. Grosse [1998] used a
simple counterion model, in which the fluid is treated
as a suspension of cells inside an electrolyte solution
(the plasma). Also, Grosse and Schwan [1992] have
proposed that a microscopic model of potentials
induced by alternating electrical fields, applied on
cells,must include additional information such asmem-
brane conductance and surface admittance. A different
approach based on the Maxwell–Wagner model has
been used for analyzing the dielectric properties of
suspensions of erythrocytes [Beving and Eriksson,
1994; Hayashi et al., 2003].

On the other hand, since the pioneer work by
Pauling and Coryell [1936] on the magnetic suscept-
ibility of blood, many investigations have reported both
the magnetic properties and the influence of an external
magnetic field on blood. Pauling and Coryell [1936]
studied the magnetic properties and the structure of the
hemoglobin. They were the first to report the diamag-
netic susceptibility of the oxyhemoglobin and the
paramagnetic susceptibility of the deoxyhemoglobin.

Higashi et al. [1993] studied the orientation of
erythrocytes in an 8 T static magnetic field. They found
that erythrocytes are orientedwith the plane of their disc
parallel to the direction of themagnetic field.Yamagishi
et al. [1992] observed diamagnetic orientation of red
blood cells under the application of a high magnetic
field. Shalygin et al. [1983] studied the behavior of
erythrocytes under strong magnetic field gradients.
They reported a susceptibility for diamagnetic erythro-
cytes of �(0.13–0.65)� 10�8 cgs emu/cm3 Oe and
(13–33)� 10�8 cgs emu/cm3 Oe for paramagnetic
erythrocytes. Nakano et al. [1972] have also reported
the effect of amagnetic field on the erythrocyte rotation.
The influence of alternating electric currents on human

blood has been also investigated by Poppendiek and
Hody [1963], Poppendiek et al. [1964], and more
recently by De Vries et al. [1995]. Other investigations
have been performed to study aspects such as the
osmotic fragility of the erythrocyte under a magnetic
field [Coldman et al., 1969].

Very recently, Yamamoto et al. [2004] examined
the mechanisms of the magnetic field influence on
blood viscosity by measuring the time for blood to fall
inside an 1.5 T static magnetic field. They measured a
significant increase on blood viscosity. Also, Capri et al.
[2004] studied the effects of 50 Hz sinusoidal magnetic
fields on human lymphocytes. They observed no effects
on lymphocyte activation and proliferation.

In this study, IST was used to determine the
influence of a 0.5T staticmagnetic field on the electrical
properties of human blood. So, the aim of this investi-
gation was to demonstrate the feasibility of using a
physical measurement provided by IST for hematology
research, in particular to get information on how the
magnetic field influences the human blood.

THEORETICAL CONCERNS

Blood

Red cells contain hemoglobin, which is an iron-
containing protein capable of adding oxygenmolecules
to itself. The molecular structural configuration of
the hemoglobin strongly depends on the presence of
oxygen. The hemoglobin containing oxygen is called
oxyhemoglobin; otherwise, it is called deoxyhemoglo-
bin. These structural changes are responsible, among
other factors, for its magnetic behavior [Pauling and
Coryell, 1936]. The oxyhemoglobin has been observed
to exhibit a diamagnetic behavior, while the deoxyhe-
moglobin has a paramagnetic susceptibility.

Also, we have to note that a widely accepted
physical mechanism to explain the impedance behavior
of blood is based on ionic currents through the
interstitial medium. This picture takes into account
the highly non-conductive characteristics of the lipid
cellular membrane, so that ions have to move pre-
ferentially in the bulk medium and around the cellular
surface. In light of this, the resistance to the ionic
current comes from both the charge density at the
cellular membrane and the presence of ions in the bulk.

Electrical Model Rs[CPE-Rp]

The analysis we proposed for the electrical
characterization of blood consisted of its frequency
response when an harmonic voltage was applied.
Despite IST being an experimental method used for
decades for this purpose, a significant development has
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occurred for the theoretical model proposed by Cole
and Cole [1941]. This new model generalizes the
expressions for the equivalent impedance of an RC
circuit to the case in which the currents in the capaci-
tive medium have a distribution of time constants
[McDonald, 1987]. Hence, in many biological systems
a constant phase element (CPE) is frequently proposed
to model the data instead of a capacitor. The impedance
ZCPE of a CPE element is given by

ZCPE ¼ 1

ðjoÞPCT

; ð1Þ

where j¼ (�1)1/2, o is the angular frequency, and CT

and P are parameters which describe the CPE. It is
important to emphasize that, strictly speaking, dimen-
sionally [CT]¼ F�sP�1, where F and s refer to Farads
and seconds, respectively. However, in this work the
value of P was nearly 1, in fact P¼ 0.97 on average.
Hence, for the sake of simplicity CTwill be considered
throughout this work as a capacitance.

Therefore, an electrical model Rs[CPE-Rp], con-
sisting of a resistance Rs in series with a parallel circuit
formed by a CPE and another resistance Rp, gives a
first approach to a physical model of the human blood
electrical behavior in our experiment. The total
impedance of the proposed model is

ZTOTAL ¼ Rs þ
Rp

1þ RpðjoÞPCT

; ð2Þ

where the resistance Rs is introduced to take into
account the intrinsic contribution of the measurement
system and the interface between the sample and the
electrodes, while the CPE-Rp element characterizes the
electrical properties of the sample.

MATERIALS AND METHODS

An impedance/gain-phase analyzer Solartron SI
1260 (Solartron Analytical, Houston, TX) was used to
determine the electrical impedance spectra of whole
human blood samples [Richert, 1996]. The spectro-
meter has a working frequency range from 1 mHz to
32 MHz, and its accuracy has been tested in several
applications. In this experiment, a frequency range
from 1 Hz and 10 KHz was swept, applying a polari-
zation voltage of 10 mV. This experimental setup
permits the detection of the blood b relaxation process.
Other dielectric processes such as d dispersion are not
completely observed with this system.

Electrodes

Blood glucose test strips (BayerTM) were used as
electrodes, instead of the conventional metallic ones.

These test strips allow gathering 2 ml of sample to be
analyzed by the spectrometer. Their use as electrodes
was carefully tested in order to determine what kind of
chemical reaction occurs between blood and test strips,
as well as the evolution in time of the reaction, and its
possible influence on the impedance measurements.
Tests performed included monitoring of stability of the
spectrometer output signal. An average time of 7 min
was determined to be necessary to have a significant
change on the signal. This value agrees with that given
by the manufacturer, which is between 8 and 10 min.
In our experiment, the measurement time was less than
1 min, to assure that the effect on the impedance could
be neglected. We also want to emphasize that the use of
test strips as electrodes was motivated by several facts:
First, these are disposable, a new strip was used for
any measurement. Second, their manufacture is com-
mercially standardized.

Samples

One hundred sixty whole human blood samples
of 3 ml from healthy subjects were measured. Donors
were adult subjects from 18–54 years old (mean 32.0�
8.3 years), 29 women, and 131 men. Samples were in
the hematocrit range of 40.4%–54.8% (mean 47.7�
2.8%). A previous screen was performed on all samples
at the Centro Estatal de Transfusión Sanguı́nea at
Guanajuato, to discard transmissible bacterial and viral
diseases. The samples were provided in 5 ml vacutai-
ners (Golden Hour Medical, Brooklyn, NY, USA),
which contain a minimum quantity of ethylenediami-
netetraacetic acid (EDTA), less than 1% in volume,
added to prevent coagulation. The measurement
protocol was approved by the ethics committee from
the University of Guanajuato and was according to the
Declaration of Helsinki. All subjects enrolled in the
study gave their informed consent.

Procedure

The samples were first measured without mag-
netic exposure and their electrical parameters regis-
tered. The measurements were repeated under the
influence of a 0.5 T static magnetic field produced by an
arrangement of rare earth permanent magnets. NdFeB
permanent magnets of 2.5� 2.5� 1.3 cm sides (Chen
Yang Magnetics, Erding, Germany), with a magnetic
moment m¼ 0.78� 0.05 A�m2 were used. A 2100
model gaussmeter (Magnetic Instrumentation, Inc.,
Indianapolis, IN, USA) was used to measure the
magnetic field. When the magnetic field was applied,
the arrangement of permanent magnets was located
just under the vacutainers. The magnetic field was
measured placing the probe on the bottom of the
vacutainer. The whole system was on a non-magnetic
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table. Figure 1 shows a schematic diagram of the
experimental setup.

Twenty samples were measured per day, both
outside the magnetic field and during magnetic field
exposure. The measurement of one sample last about
1 min. Hence, there was an interval of 20 min between
measurements of the same sample in both conditions.
Assessments were performed at room temperature
(25� 1 8C).

Some tests were made in order to determine if the
time between measurements makes a difference on the
results. First, two sets of samples were measured only
once, either without magnetic field or under magnetic
field exposure. Second, some measurements were
made by applying the magnetic field during different
time intervals. For example, a measurement was per-
formed immediately after applying the magnetic field;
a second was made after 15 min of magnetic field
exposure and still in presence of the magnetic field,
and a third was performed 15 min after removing the
magnets. In this last case, the samples were first kept
15min undermagnetic field. Data analysis of these tests
shows general features in agreement with those in the
first experimental procedure.

Also, some tests were performed to determine the
effect of the magnetic field on electrodes. An electrode
reference signal was registered without the magnetic
field and under magnetic field. No significant changes
were observed in its response.

RESULTS AND DISCUSSION

By using the experimental methodology des-
cribed above, measurements of the impedance para-
meters and hence the possible effects of amagnetic field
on the blood electrical characteristics were performed.

In Figure 2, the characteristic spectra for a typical
blood sample obtained using IST are shown. No signi-
ficant differences in the functional shape of the spectra
were observed due to the presence of themagnetic field.
The same behavior shown in Figure 2 was observed

for all the samples. An implementation of the non-
linear least-squares (NLLS) Marquardt–Levenberg
algorithm, in the Z-view software of the Solartron
spectrometer, was used to fit the electrical model
proposed to the experimental data. In this figure, the b
relaxation process is clearly observed.

Figure 3 shows a comparison between the dis-
tributions of blood electrical parameters from the
samples without the magnetic field and under the
influence of a 0.5 T static magnetic field. Data in

Fig. 1. Schematic diagramoftheexperimentalsetup.

Fig. 2. Characteristic spectra fora typicalbloodsample.a:Repre-
sentation on the complex plane, Z00 versus Z0, of the impedance
obtained at a10 mV polarization voltage. b: Impedance amplitude
versus frequency. c: Phase versus frequency.The continuous line
represents the fit of aRs[CPE-Rp] model to the data. Anon-linear
least-squares (NLLS) algorithm was used for fitting. [The color
figure for thisarticle isavailable onlineat www.interscience.wiley.
com.]
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this figure correspond to samples kept under magnetic
field just during the time of measurement. In Figure 3a,
distributions of the electrical resistances Rp for samples
both outside themagnetic field and undermagnetic field
exposure are presented. In this figure, we demonstrate
that the resistances are shifted to the right one with
respect to the other, while the widths are very similar.
In Figure 3b, distributions for the capacitances CT are
shown. These two last distributions are more difficult to
compare due to the data spreading. However, a slightly
shift to the right is also observed when the magnetic
field is present.

From these figures it is seen that the electrical
parameters in both conditions follow a similar behavior.
To determine the functional relation of the distributions,
a fit was performed for the different cases. A Gaussian
function corresponded to the best fit in all cases. It is
important to stress that the fits shown in these figures

roughly describe the data, but no other function was
found to give a better description.

A Wilcoxon matched pairs statistical test was
applied to both data sets. A statistically significant
change was observed for both electrical blood para-
meters: resistance (Z¼ 5.06, P< 0.001) and capaci-
tance (Z¼ 3.32, P< 0.001) after the magnetic field was
applied.

In Table 1, themeanvalues for themeasured blood
electrical parameters are shown; the values obtained
from our experiment change when the magnetic field
was applied. Blood resistance increased by approxi-
mately 10.4%, while the capacitance increased by
1.9%. These percentage differences were determined
by considering the shift in the mean values and norma-
lizing with respect to the corresponding value without
the magnetic field.

Table 2 shows measurements for five blood
samples under different exposure conditions. First, the
samples were measured immediately after applying
the magnetic field. Then measurements were repeated
after 15 min under magnetic field exposure and still
in presence of the magnetic field, and finally 15 min
after removing themagnets. In this last case the samples
were first kept 15 min under magnetic field. In Table 2,
the mean values for the electrical parameters change
significantly under each condition. The resistance de-
creased when the field applied was off, while the capa-
citance seems to be oscillating.

The results of this investigation for the blood
impedance have been described by a three-element
circuit model, in agreement with the model previously
proposed by Zhao et al. [1993]. However, it is important
to note that our findings suggest that a CPE could be a
better description for the system capacitance than a
single capacitor.

On the other hand, significant differences on the
Rp valueswere determined bymeasuring the impedance
under the influence of the magnetic field or in its
absence. On the contrary, in relation to the capacitance
the changes observed were very small. A comparison
between our results and those reported by Zhao [1993],
establishes an important difference on the behavior of

TABLE 1. Mean (�SD) Electrical Parameters for 160 Whole
Human Blood Samples

Blood sample
Resistance
Rp (10

3 O)a
Capacitance
CT (10�8 F)b

Non-exposed to magnetic field 134� 2 3.14� 0.01
Exposed to magnetic field
during measurement only

149� 1 3.20� 0.01

aZ¼ 5.06, P< 0.001 by Wilcoxon matched pairs test.
bZ¼ 3.32, P< 0.001.

Fig. 3. Comparison between the distributions of blood electrical
parameters. a: Electrical resistances. b: Capacitances. A total of
160 blood samples from healthy donors were used, both without
themagnetic fieldandunder theinfluenceofa 0.5 Tstaticmagnetic
field. The continuous line corresponds to a Gaussian behavior.
Data in this figure correspond to samples kept under magnetic
fieldjust during the timeofmeasurement.
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blood capacitance. While we have not found important
changes, they reported a significant variation on the
capacitance value. A possible explanation for this
apparent discrepancy could be the fact that they used
four different anticoagulants and also an hematocrit
range of 20%–60%. In our case we use EDTA as anti-
coagulant in small concentrations (less than 1% in
volume) and only samples in a narrower hematocrit
concentration, from 40.4% to 54.8% were measured.
A recent work by Jaspard and Nadi [2002] showed that
EDTA used in small volumes does notmodify the blood
dielectric values.

CONCLUSIONS

Measurements of the electrical resistance and
capacitance associated to the blood allowed the deter-
mination of changes supposedly attributed to the
magnetic field. The mean values of these variables
were determined by fitting a Gaussian function to the
distributions. Themean electrical resistanceRp of blood
was observed to increase from (134� 2)� 103 O to
(149� 2)� 103 O when the sample was exposed to
magnetic field, while the mean capacitanceCT changed
from (3.14� 0.01)� 10�8 to (3.20� 0.01)� 10�8 F
under magnetic field exposure. A Wilcoxon matched
pairs statistical test was applied to determine the signi-
ficance of these changes.

It is clear that several factors can affect this kind
of experiments, such as the temperature, hematocrit
concentration, interval time between measurements,
coagulation, possible hemato-pathologies, etc. Some of
them were avoided or at least diminished by measuring
only samples from healthy donors that were clinical
assessed before using. Measurements were performed
at the same temperature conditions and anticoagulant
was used. However, these factors must be considered
carefully and require more research. Also, the physical
mechanism that describes the influence of magnetic
fields on blood remains unclear and further efforts are
necessary for a better knowledge.
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