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Abstract—The histological structure of tumour tissues differs
from healthy brain tissues. It can therefore be assumed that
there are differences also in the electrical characteristics of
these tissues. The electrical characteristics of the tissues
define how electric current is distributed within volume
conductors, such as the human body or head. Incorrect
values affect, for example, the accuracy of impedance
tomography or EEG source localisation. However, no
controlled experimental data for human in vivo brain tumour
resistivity values have been reported thus far. We have
developed a controlled method for detecting the electrical
resistivities of living brain tissue and investigated different
types of brain tumours. The measurements were taken during
brain surgeries conducted to remove the tumours. For
analysis purposes, the tumours were divided into the follow-
ing categories: meningiomas, low-grade gliomas, high-grade
gliomas (glioblastomas) and other tumours or lesions. The
averages of the measured resistivity values were 530 X-cm for
meningiomas, 160 X-cm for low-grade gliomas, and 498 X-
cm for high-grade gliomas. The differences in high- and low-
grade glioma values and meningioma and low-grade glioma
values were statistically highly significant. The tumour values
were also compared to surrounding healthy brain tissues, and
the difference ranged from 40 to 330%. The results suggest
that certain tumour types have different electronic properties
and that the resistivity values could be used to distinguish
tumour tissue from surrounding healthy tissue and to
identify and classify certain brain tumour types.

Keywords—Tissue electrical properties, Conductivity,

Modelling.

INTRODUCTION

The electrical properties of brain tissue are inter-
esting for several purposes. For instance, volume
conductor models for electroencephalogram (EEG)
source analysis are based on the geometry and algo-
rithms, but also on the conductivity data, of all tissues

in the models. Incorrect values in the models may
cause source localisation errors.13 Electrical properties
are also necessary in estimating the specific absorption
rate of cell phone radiation to the human brain or the
absorption of any other electromagnetic radiation,
such as short-range energy transfer, in calculating
fields in transcranial magnetic stimulation (TMS)23 or
in transcranial direct-current stimulation (tDCS).16

Further, the values are beneficial in planning the
treatment of tumours with radiofrequency-induced
hyperthermia15 or planning transcranial direct-current
stimulation treatment.6 Several researchers have ex-
pressed the need for accurate tissue and tumour val-
ues.1,29,30

The difference in the resistivity values between dif-
ferent intracranial tissues has been successfully applied
in neuronavigation, where impedance measurements
have been used to aid in localisation during stereotactic
surgeries.7,17 In these procedures, the tissue boundaries
have been detected by relative impedance changes,4 but
the absolute values have not been of interest. Detection
of tissue boundaries has also been used in the accurate
placement of deep-brain-stimulation electrodes into
specific areas of the brain in the treatment of epilepsy
and Parkinson’s disease.8,19

The shape and size of brain lesions can be quite
easily obtained by modern medical imaging methods,
such as magnetic resonance imaging (MRI). Brain le-
sions can have various shapes but data on their elec-
trical conductivities are scarce. They may have a much
higher conductivity than brain tissue (e.g., oedemas) or
a much lower one (calcifications). Some brain tumours
are quite homogeneous and some consist of various
kinds of tissues, especially when necrosis has already
developed. This means that it is impossible to give any
general model for brain tumour conductivity. It is
nonetheless expected that the conductivity follows the
blood and other liquid contents of the tumour tissue.
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There are previous studies that indicate that the
tumour tissue does in fact have different electrical
characteristics compared to a surrounding healthy
tissue. Literature knows examples of measurements
taken from animal tissue samples,2 from animals
in vivo,25 from human brain tissue samples1 and from
other human tissues.27 In addition, in vivo differences
from healthy human brain and tumour tissues have
been recorded in stereotaxic operations.4,21 However,
as mentioned before, the interest in stereotactic surgery
lies in detecting tissue boundaries by differences in the
measured values. The results of these measurements do
not take into account electrode areas, placements and
the surrounding body and therefore most likely differ
from absolute resistivity values.

Although there is information on human tumour
conductivities measured in vitro and in vivo, it is
important to have calibrated in vivo measurements for
accurate modelling and simulations. The presence of a
lesion with a different electrical conductivity than the
surrounding tissues may alter EEG and magnetoen-
cephalography (MEG) results and the source
localisation procedure may fail if the lesion is not
properly included in the volume conductor model.28,30

Given the variation in reported values in literature,
using inaccurate tissue values may cause a large
localisation error.29 In addition, Haemmerich et al.11

demonstrated the importance of in vivo measurements
and showed that there is a significant change in tissue
resistivity after removal of the organ and that accurate
results require in vivo measurements with intact circu-
lation. Robinson et al.22 reported that there is an in-
crease of 2700 X baseline resistance in the brain
perfused with 10% formalin (formaldehyde) compared
to the living brains of macaca mulatta. However, the
records were often of better quality than those
obtained in the living brain, and the authors presumed
this was due to the removal of minor impedance noise
related to vascular factors.

One important aspect in conductivity measurements
is the measurement frequency. The relative permittivity
(e) and conductivity (r) of the tissues depend strongly
on frequency. This frequency dependence (dispersion)
arises from several mechanisms. For a typical soft
tissue, different mechanisms dominate at different
frequency ranges.9 Electrical properties change with
frequency in three distinct steps, known as alpha (a),
beta (b) and gamma (c) dispersions.24 The low-fre-
quency a dispersion is associated with ionic diffusion
processes at the site of the cellular membrane. The b
dispersion, in the hundreds of kilohertz region, is
mainly due to the polarisation of cellular membranes,
which act as barriers to the flow of ions between the
intra- and extracellular media. Other contributions to
the b dispersion come from the polarisation of protein

and other organic macromolecules. The c dispersion,
in the gigahertz region, is due to the polarisation of
water molecules.10 Since all bioelectrical sources pro-
duce frequencies below 1 kHz only, a low measure-
ment frequency is necessary especially for source
localisation modelling purposes.

In this study, we have taken calibrated measure-
ments using a measurement frequency well below the b
dispersion area from living human brain tissue to find
out the electrical resistivity of human brain tumours
in vivo. The measurements were taken using monopo-
lar measurement technique from 20 patients with brain
lesions. Our interest was in determining absolute val-
ues for tumour tissue resistivity, because the absolute
values could aid in constructing more accurate brain
and head models. The recorded in vivo resistivity values
showed differences between tumour types and sur-
rounding brain tissues.

MATERIALS AND METHODS

The measurements were taken from living tissues
during surgeries. The surgeries were normal operations
that aimed to remove lesions, except for the tissue
resistivity measurements. The measurements were
obtained before the removal procedures with intact
circulation in the target to avoid changes in resistivity
due to a changed blood volume within the tumour. The
measurements did not disturb the progress of the sur-
gery and did not cause any additional damage to the
patients. When the surgical channel went through the
grey and white matters of the brain, or ventricles
containing cerebrospinal fluid (CSF), measurements
were also taken from these tissues. The measurements
were approved by the ethical council of Tampere
University Hospital.

The tumour resistivity values were measured with
FL Fischer Neuro N50. The Neuro N50 is designed to
be used in minimally invasive pain treatment and
neurosurgery, and it has been approved for operation
room environment use. The system uses 50 kHz 2 lA
sinusoidal current for the impedance measurement. It
has several options for electrodes. In this study we used
the TCU 301 electrode inside a guide cannula with an
exposed 2 mm tip as the small active electrode for the
monopolar measurements. As reference electrodes, we
used disposable electrodes with an area of 130 cm2.
The reference electrodes were usually placed on the hip
or thigh area of the patient. If, for some reason, the
reference electrode had lost contact, the Neuro N50
would not have given any measurement readings. The
measurement setup was the same as in Latikka et al.18

The measurement range of Neuro N50 ranges from
0 to 2040 X with a 1/10 X resolution. The linearity of
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the device and the accuracy of the impedance mea-
surements were tested before the tissue measurements.
First, ohmmeter and resistor networks were used, then
commercial conductivity cell with liquids of different
resistivities. These measurements were made within the
measurement range of the equipment. The measure-
ment range of Neuro N50 proved sufficient for
intracranial tissue impedance measurements since all
measured impedance values were less than 2000 X .

The resistivity of the saline wash, which was used
for rinsing during the surgeries and as reference liquid
for resistivity calculations, was also measured in a
laboratory. Measurements from the saline wash were
taken at 25–44 degrees Celsius, exceeding the range of
the temperatures of the used saline wash during the
surgeries. As saline is an ionic liquid, its resistivity is
temperature-dependent, and therefore the temperature
needs to be considered when calculating the final re-
sults. Both the resistivity and the temperature of the
saline wash were measured during the surgeries and
compared to the value measured in the laboratory to
account for the effect of the human body on the
resistivity measurements and to control possible
equipment drifting. The possible drifting of the
equipment during the surgeries was controlled by
taking measurements from reference liquid when it was
used for rinsing. The rinsing usually took place several
times during the operations.

With monopolar measurement techniques, the
measurement result is heavily weighted to the imme-
diate surroundings of the small active electrode (the
needle tip in this study). When the reference liquid is
measured in vivo during surgery, and when we have
prior knowledge of the resistivity of the reference liq-
uid, we can calculate the baseline introduced by the
human body to the measured values. Knowing this
individual baseline value, we can estimate the resistiv-
ities of measured intracranial tissues for each patient.

The measurements were made on 20 patients aged
4–87 years. One patient had an arteriovenous (AV)
malformation and another patient had an old haem-
orrhage. In one case it was not possible to reliably
record the tumour value. Hence, only measurements
from 17 patients were included in the tumour value
analysis. The number of measurements and the num-
ber of different tissues measured per each patient de-
pended on the tumour or lesion location and the
surgical path. Figure 1 shows some examples of the
measurement locations.

With diffusing tumours, particular care was taken to
ensure that the measurements were obtained from the
tumour and not from the diffused area. Also, with
measurements from white or grey matter, the aim was

to measure healthy tissue, if possible. For example,
oedematous white matter has been reported to have
generally a lower value when compared to non-oede-
matous white matter.5 This is most likely also true for
grey matter.

For analysis purposes, the tumours were divided
into the following categories: meningiomas (M), low-
grade gliomas (GL), high-grade gliomas (GH)
(glioblastomas) and other tumours or lesions. Menin-
giomas are solid tumours and have distinct boundaries
whereas gliomas are cystic and may diffuse into sur-
rounding tissue, blurring the boundaries. The other
tumours or lesions measured were one pineal tumour,
one haematoma and one AV malformation.

The number of measurements per patient and per
tissue depended on the surgery and ranged from 1 to 15
for high-grade gliomas, from 3 to 17 for low-grade
gliomas, from 1 to 11 for meningiomas, from 1 to 6 for
grey matter, from 1 to 12 for white matter, 3 for AV
malformation, 5 for pineal tumour and 1 for old hae-
matoma. The number of measurements for each pa-
tient is shown in Table 1.

For analysis purposes, the tumour values were
considered independent, since no patient had more
than one tumour type. The average resistivity was
calculated for each tumour and the averages were
compared between tumour types. Preliminary f-tests
for the equality of variances were conducted for each
tissue pair to investigate whether the variances of the
two tumours were significantly different. Based on the
result, a two-sample t-test was performed that assumed
or did not assume equal variances to investigate if
different tumour types could be identified by resistivity
measurements. Only meningiomas, high-grade gliomas
and low-grade gliomas were included in these analyses,
since other lesion types had only one set of measure-
ments.

FIGURE 1. T1 (TR: 600, TE:11) MR image of patient GH1. The
measurement locations are indicated by the white circles with
their respective resistivity values.
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RESULTS

Table 2 shows the average of measurement results
in X-cm for each patient. The measured values for the
brain tumours and lesions are given with grey and
white matter values, if available. The white or grey
matter measurements were taken only if the surgical
path passed through healthy white or grey matter.
There were no measurements taken outside the surgical
path to avoid any additional damage to the patient. In
some cases, measurements were taken also during the
removal procedure, but these values were not included
in the reported values or statistical analysis. The
average values, with minimum and maximum values of
the measured tumours, are presented in Fig. 2.

Different tumour types were compared to see whe-
ther the tumour types could be identified by resistivity
measurements. Only meningiomas, high-grade gliomas
and low-grade gliomas were included in this analysis,
since other lesion types had only one set of measure-
ments, as mentioned above.

The preliminary tests (f-tests) for the equality of
variances for tumour tissues showed that each inves-
tigated tumour pair had equal variances. Based on the
f-tests, two-sample t-tests were performed that
assumed equal variances.

The mean value for high-grade gliomas (M = 498,
SD = 109, N = 5) was significantly higher than for
low-grade gliomas (M = 160, SD = 60, N = 4) using
the two-sample t-test for equal variances, t(7) = 5.49,

p £ 0.001. Also, the mean value for meningiomas
(M = 530, SD = 178, N = 7) was significantly higher
than for low-grade gliomas using the two-sample t-test
for equal variances, t(9) = 2 3.95, p £ 0.004. The
mean values for meningiomas and high-grade gliomas
showed no statistical differences using the two-sample
t-test for equal variances, t(10) = 2 0.36, p £ 0.73.
Grey matter had a mean value of 306 X-cm
(SD = 133, N = 8) and white matter a mean value of
372 X-cm (SD = 93, N = 12).

DISCUSSION

The variance in the measured data is quite high.
However, this is in line with previous studies 1,12,14,26

and most probably caused by biological variation. For
example, in Haemmerich et al.,12 the tumour tissue
showed a much higher variance in the data acquired
from tumour tissue compared to normal tissue. They
explain the higher variability by the much higher
heterogeneity of tumour cells. Other variables, such as
tumour size, age, etc., might also influence the con-
ductivity.

Our results show that there are differences in resis-
tivity between different tumour types and that it may
be possible to separate high-grade gliomas from low-
grade gliomas and meningiomas from low-grade glio-
mas based on their different electrical properties. Some
previously recorded impedance values for gliomas can

TABLE 1. Patient code, age, brain tumour type and number of measurements taken from each measured tissue type: white
matter, grey matter and tumour.

Patient code Age Brain tumor type

Number of measurements

White matter Grey matter Tumour

GH1 32 High-grade glioma 2

GH2 64 High-grade glioma 1 6

GH3 48 High-grade glioma 12 6 15

GH4 63 High-grade glioma 3 1

GH5 73 High-grade glioma 3 2 3

GL1 70 Low-grade glioma 2 6 8

GL2 33 Low-grade glioma 4 3 5

GL3 4 Low-grade glioma 4 3

GL4 52 Low-grade glioma 17

M1 61 Meningioma 2 4

M2 87 Meningioma 2 3

M3 69 Meningioma 3

M4 54 Meningioma 1 1

M5 49 Meningioma 4 4 3

M6 77 Meningioma 11

M7 54 Meningioma 1 3

M8 66 Meningioma 3

H1 67 Haematoma 1

P1 50 Pineal tumour 5

AV1 61 AV malformation 3 3
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be found in literature.21 These results are in line with
ours in the sense that generally lower impedance values
were recorded with low-grade gliomas (grades 1 and 2)
and higher values with higher-grade gliomas (grades 3
and 4). The average readings reported in Rajshekhar21

were 443 X for lower-grade gliomas and 675 X for
higher-grade gliomas, and in the results of this study
160 X-cm for lower-grade gliomas and 498 X-cm for
higher-grade gliomas.

Our approach and our interest in tumours are dif-
ferent than in earlier studies. Most earlier studies were
aimed at continuous impedance monitoring during
CT-guided stereotactic procedures, where the benefit
arises from the detection of tissue boundaries, indi-
cating the arrival of the probe in the target tissue or in
easily recognisable structures in the surgical path, such
as CSF-filled ventricles. Verifying tissue boundaries
during stereotactic surgery requires only a sufficient
change in impedance reading to give enough infor-
mation to detect the tissue boundaries. When detecting
tissue boundaries, artefacts caused by the reference
location, etc., can be neglected as long as the reference
electrode stays in contact. Therefore, the absolute
values are not of interest and no measures have been
made to calculate the absolute values after the opera-
tion.

Our interest was in determining absolute values for
tumour tissue resistivity, which required calibration
measurements before and during surgery as well as
calculations after the measured values. In addition to
the value of the measured tissue, electrode areas of the
measurement electrode and the ground electrode, as
well as the current path from the measurement elec-
trode to the ground electrode, contribute to the read-
ing. All these must be considered if absolute values are
to be known. The clear baseline difference in the results
compared to Rajshekhar21 may well be due to these
factors.

To demonstrate the need for calibrated measure-
ments, we can look at a very simple model that in-
cludes only two parallel resistors, R1 and R2. Let the
shape and size of the resistors be so that with resis-
tivities 160 X-cm (resistivity of low-grade gliomas in
this study) and 372 X-cm (resistivity of white matter in
this study) the resistance of R1 becomes 160 and R2
372 X. When the potential difference (U) is applied to
this network, the current (I) will flow according to
Ohm’s law I = U/R, where the R is the total resistance
of the network. The current will be divided according
to Kirchhoff’s Current Laws so that I = I1 + I2,
where I1 is the current flowing through R1 and I2 the
current flowing through R2. The U is the same for both
resistors and the proportion of I1 and I2 of I can be
calculated using the resistor values: for I1 = (R2/
(R1 + R2)) and for I2 = (R1/(R1 + R2)). In our
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extremely simple example, approximately 70% of the
current flows though R1 and 30% through R2.

Now, if we introduce baseline resistance to the
resistors in our model, the values of R1 and R2 will
both change. As an example, an increase of 2700 X
baseline resistance in the brain perfused with 10%
formalin (formaldehyde) compared to the living brains
of macaca mulatta has been reported.22 If we add this
baseline to our resistors, they will become 2860 and
3072 X. The difference is still the same, 212 X, but the
ratio is not. When we re-calculate the current distri-
bution between the resistors, we see that approximately
52% of the current flows through R1 and 48% through
R2. Thus, the presence of the baseline leads to a more
homogenous model and affects the simulation results.

In all our measurement cases, we could identify
healthy tissue from tumour tissues by resistivity mea-
surements. In Smith et al.26 it was found that the dif-
ferences in the conductivity of tumour vs. normal
tissue are most pronounced below 100 kHz. Our
measurement frequency of 50 kHz is below this and
below the above-mentioned b dispersion area. In Pe-
loso et al.20 the researchers did not observe significant
differences in the measured dielectric properties of
normal and neoplastic rat muscle tissues. It was pre-
sumed that this was due to the high water content of
both types of tissues. This is most likely the case, since
a higher measurement frequency with a range from
1 MHz to 1 GHz was used, where the b and c dis-
persions become the most prominent. In addition to
capacitive shorting-out of membrane resistances and
rotational relaxations of biomacromolecules, the
relaxation of free water in the tissues contributes to the
reading. As mentioned, a low measurement frequency
is especially necessary for modelling purposes, since all

bioelectrical sources produce frequencies below 1 kHz
only.

In this study, in some cases the resistivity of a given
tumour increased during surgery, but this might have
been mainly due to the cut blood circulation to the
tumour. For example, cutting the circulation to the
tumour during the surgery of patient M2 increased the
resistivity of the tumour. The average of the resistivity
values from tumour was 415 X-cm when circulation
was intact and 614 X-cm after the circulation was cut.
Thus, to obtain correct conductivity values, the mea-
surements should be made in vivo and at the beginning
of the surgery. The results of Haemmerich et al.11

support this. The measurement taken after the circu-
lation was cut were not used in the results section of
this study and therefore do not affect the reported
values in Table 2.

It has been demonstrated with mathematical models
that incorrect lesion conductivity assignment leads to
errors in source localisation with highly conductive
lesions and if the source is close to a lesion.28,30 On the
other hand, Broedbeck et al.3 states that their results
suggest that electromagnetic source imaging can iden-
tify the epileptogenic focus with excellent accuracy in
most patients despite volume-relevant brain lesions
that most likely change conductivity properties within
the skull. They used a three-shell model for the head,
and the precision of the method was evaluated with
respect to the surgical resection and surgical outcome.
Vatta et al.30 used a simple four-sphere model.

When tumours grow, they may stimulate oedema-
tous or inflammatory effects. At a later stage, the tu-
mours will also become necrotic, which will change the
conductivity value within the tumour, as this will in-
crease the amount of liquid within the tissue, thus

FIGURE 2. Average, minimum and maximum tumour resistivity values for each patient. GH high-grade glioma, GL low-grade
glioma, M meningioma, H haematoma, P pineal tumour, AV arteriovenous malformation.
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increasing the conductivity. In the measurements of
this study, the necrotic areas were easily recognised
during surgery, and measurements from these loca-
tions were not included in the results presented in
Table 2. In the case of patient GH2, the measurements
taken from the necrotic area showed 490 X-cm resis-
tivity, which is approximately 100 X-cm lower than
that of the surrounding tumour tissue. The effects of
oedema and necrosis have been discussed in earlier
studies.5,25 However, they stated that further experi-
mentation is needed to determine the microscopic
cause of the observed changes.

The method used in this paper has its disadvantages,
for example, it does not account for the possible aniso-
tropy of the tumour tissues. The challenging operating
theatre conditions, including taking measurements
during surgical procedures, brought naturally restrictive
elements to the study. Grey matter and white matter
measurements are very sensitive in terms of measure-
ment locations, and they were dependent on the mea-
surement instrument location information provided by
the surgeon and not verified histologically. Therefore,
this may have been an additional cause of variation.

In this study, the tumour resistivity was found to
range from 40 to 330% of the surrounding brain tissue
values. It is most likely that this difference is high en-
ough to affect the simulations based on the conduc-
tivity models for EEG studies, radiofrequency
exposure or impedance tomography, especially if the
region of interest is near a tumour. More conductivity
measurements (either invasive or non-invasive) cali-
brated to produce actual values should be performed
to confirm these conclusions. The measurements
should be performed with low enough frequencies and
from living tissues. With additional data, the values
could be even used for diagnostic purposes.

We conclude that both realistic shapes and conduc-
tivities of tumours are necessary for accurate conduc-
tivity modelling of the head. The real effect of the
tumours can be evaluated only by applying the con-
ductivity values to each specific case. We plan to inves-
tigate whether the tumours will affect the results of
source location studies when using the values reported
here in comparison to the values used in earlier studies.

Based on our statistical analysis presented in this
study, we can conclude that there are differences in
conductivities between different tumour types and that
it may be possible to separate high-grade gliomas from
low-grade gliomas and meningiomas from low-grade
gliomas based on their different electrical properties.
However, we emphasise that the final diagnosis should
be made through histological assessment only.

We also compared the tumour values to surrounding
healthy brain tissues, and the difference ranged from 40
to 330%. The results suggest that certain tumour types

have different electrical properties and that the resistiv-
ity values could be used to distinguish tumour tissues
from surrounding healthy tissues and to identify and
classify certain brain tumour types.
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