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Background: There is a lack of information regarding electrical properties of white matter and brain
tumors.
Objective: To investigate the feasibility of in-vivo measurement of electrical resistivity during brain
surgery and establish a better understanding of the resistivity patterns of brain tumors in correlation to
the white matter.
Methods: A bipolar probe was used to measure electrical resistivity during surgery in a prospective
cohort of patients with brain tumors. For impedance measurement, the probe applied a constant current
of 0.7 mA with a frequency of 140 Hz. The measurement was performed in the white matter within and
outside peritumoral edema as well as in non-enhancing, enhancing and necrotic tumor areas. Resistivity
values expressed in ohmmeter (U*m) were compared between different intracranial tissues and brain
tumors.
Results: Ninety-two patients (gliomas WHO II:16, WHO III:10, WHO IV:33, metastasis:33) were included.
White matter outside peritumoral edema had higher resistivity values (13.3 ± 1.7 U*m) than within
peritumoral edema (8.5 ± 1.6 U*m), and both had higher values than brain tumors including non-
enhancing (WHO II:6.4 ± 1.3 U*m, WHO III:6.3 ± 0.9 U*m), enhancing (WHO IV:5 ± 1 U*m,
metastasis:5.4 ± 1.3 U*m) and necrotic tumor areas (WHO IV:3.9 ± 1.1 U*m, metastasis:4.3 ± 1.3 U*m),
p¼<0.001. No difference was found between low-grade and anaplastic gliomas, p ¼ 0.808, while re-
sistivity values in both were higher than the highest values found in glioblastomas, p ¼ 0.003 and
p ¼ 0.004, respectively.
Conclusions: The technique we applied enabled us to measure electrical resistivity of white matter and
brain tumors in-vivo presumably with a significant effect with regard to dielectric polarization. Our
results suggest that there are significant differences within different areas and subtypes of brain tumors
and that white matter exhibits higher electrical resistivity than brain tumors.
© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Brain tumors have proved challenging to treat [1]. Therapeutic
approaches have largely addressed the biological characteristics of
these cancers. Electrical properties of brain tumors are unknown.
Research addressing electrical resistivity of brain tumors is lacking,
probably due to the fact that to date no appropriate technique for
performing in-vivo measurement of electrical resistivity on brain
hy; MRI, magnetic resonance imagi
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and tumor tissues has been developed, nor have normative values
with regard to the resistivity of different brain tissues, including
white matter, been established.

Brain stimulation is a basic technique that underlies several
diagnostic and therapeutic procedures such as deep brain stimu-
lation, transcranial magnetic stimulation [2], electrical transcranial
and direct cortical electrical stimulation [3,4]. Better understanding
of the electrical properties of the brain, such as tissue impedance, is
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essential for the further optimization and development of these
applications. More in-depth knowledge of how electrical fields
from an intracerebral or external source pass through brain tissues
is also required within different research areas, such as modeling
studies for electroencephalogram and electrical impedance to-
mography (EIT) [2,5e7].

Measurement of tissue resistivity has been found to be an
effective tool in distinguishing benign tissue from tumor tissues [8]
and continues to be used in detecting malignancies in case of
prostate [8] and breast cancer [9]. In addition, EIT has been used for
detection of pathologic conditions like pulmonary air and fluid
accumulations [10]. Measurements of brain tissue resistivity have
mainly relied on ex-vivo measurement of samples obtained during
surgical treatment of cranial diseases [11]. This approach is tech-
nically and ethically practical. Results obtained in this way do not,
however, necessarily reflect the real in-vivo resistivity values and
differences between intracranial tissues, as cell death commences
immediately upon tissue excision leading to an increase in tissue
resistivity [12]. In addition, this resistivity is considerably affected
by the loss of blood perfusion [13], which occurs as soon as the
tissues are extracted. The most common approach for in-vivo
impedance measurement is EIT even though this approach has
significant limitations, since the scalp and skull diminish the
amplitude of the signal [14]. In addition, the amount of current
passing through the brain is presumably toominiscule compared to
the current shunted by the scalp, thus causing the sensitivity to
resistivity differences within the brain to be insufficient [15].

During surgical resection of brain tumors, cancerous tissues can
often be recognized due to their special consistency, vasculature
and water content. We, therefore, presumed that different areas
and subtypes of brain tumors have different electrical resistivity
values that might differentiate them from surrounding white
matter. To test this hypothesis, we used a bipolar probe— approved
for brain stimulation— to measure in-vivo the electrical resistivity
of intracranial tissue and brain tumors during surgical resection in a
prospective cohort of patients operated for brain tumors. Our
intention was to investigate the feasibility of this technique and to
establish an understanding of the resistivity patterns of brain tu-
mors in correlation to the white matter.
Fig. 1. The measurement tool, a bipolar probe with two spherical tips (made of medical
steel) which is applied in exposed tumor tissues and white matter. Diameter of each
sphere ¼ 1.25 mm and the distance between the spheres ¼ 5 mm.
2. Materials and methods

2.1. Patient population

All patients whowere admitted to our institute between January
2018 and January 2020 for operative treatment of a brain tumor
were screened for this study. Most of themwere from the southern
part of Lower Saxony in Germany. Anyone over the age of 18,
regardless of gender, was considered eligible for the study if they
had either been diagnosed as having or were suspected of having a
glioma or brain metastasis. Only those patients were admitted to
the study whose preoperative magnetic resonance imaging (MRI)
revealed a tumor of at least 2.5 cm in diameter which was subse-
quently confirmed via an intraoperative frozen section. Ultimately,
the sample size was determined by the number of admissions and
the availability of a sole measurement device during the course of
the study period. During the operation patients were put in either a
supine or sitting position. Intraoperative navigationwas performed
to plan the surgical approach and to confirm the localization of the
measurement probe in the surgical field. Prior to surgery patients
with suspected anaplastic gliomas, glioblastomas and brain me-
tastases received 5ALA (5-aminolevulinic acid) prior to the surgery,
which was used to make malignant tissue clearly visible during
tumor resection.
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2.2. Anesthesia

All procedures were performed under general intravenous
anesthesia. The same protocol was followed for all patients using
identical drugs in weight-adjusted doses. Anesthesia was induced
and maintained with propofol, analgesia was applied with sufen-
tanil during intubation and continued with remifentanil. Invasive
measurement of blood pressure was performed during all pro-
cedures to maintain stable systolic and mean blood pressure. Body
temperature was maintained at a near normal level.

2.3. Technical setup

Measurement of tissue impedance was performed using a bi-
polar probe with two identical spherical tips (Dr. Langer Medical
GmbH; diameter of each sphere ¼ 1.25 mm; distance between the
spheres¼ 5mm; the spheres are made of medical steel, Fig. 1). This
probe has been approved for electrical stimulation of the cortex and
white matter during brain surgery. The probe was connected to a
device that is used for intraoperative neuromonitoring (ISIS,
inomed Medizintechnik GmbH, Germany). To measure the
impedance, this device produces a constant current of 0.7 mA at a
frequency of 140 Hz. Impedance can be measured in a range be-
tween 0 and 500 kU with a resolution of 0.1 kU. The whole mea-
surement systemwas checked and calibrated by connecting a series
of metal film resistors with a 1% degree of accuracy directly to the
tips of the probe. This calibration procedure was performed in the
range of 0.1 kUe12 kU.

2.4. Surgery and measurement of tissue impedance

After skin incision, a navigation-guided craniotomy was per-
formed and the dura was exposed. After opening the dura, a cor-
tectomy was conducted and the impedance in the exposed solid
tumor tissue was measured. Various tumor areas were measured,
depending on the morphological features of the tumor shown on
MRI. Inmetastases and glioblastomasmeasurement was performed
within necrotic and enhancing tumor areas. In grade III gliomas it
was done in enhancing and non-enhancing tumor areas while in
low-grade gliomas this was carried out in non-enhancing tumor
areas. When possible, impedance measurement was also per-
formed in the areas of peritumoral edema and in healthy exposed
white matter. These areas were identified through intraoperative
navigation, through tissue texture during resection and through the
absence of 5ALA enhancement. We performed one measurement
for each tissue per patient. During measurement within a tumor or
white matter, spherical tips were inserted half way into the tissue
and the probe was held in a vertical position with respect to the
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exposed tissue until the indicated value remained unchanged,
which took up to 30 s per measurement. To avoid impurities during
measurement, the tissueswere kept free of blood and cerebrospinal
fluid (CSF) through surgical suction. When fluids appeared to affect
the measurement, the procedure was repeated after fluid removal;
otherwise, the result was not considered. To avoid interfering with
the impedance measurement, other instruments connected to the
power supply were not activated during this procedure. Location of
the measurement probe was verified for each measurement via
neuronavigation to avoid involving more than one tissue type.
Impedance values were recorded by a technical assistant and the
surgeon performing the measurement could not access the results.
Impedance values were expressed in ohm (U). Examples of the
tumor areas, in which impedance measurements were performed
are displayed in images derived from screen shots taken by the
navigation system during surgical resection of the tumors (Figs. 2
and 3 and Supplementary Fig. 1).
2.5. Estimation of resistivity

To calculate resistivity of the tissues from the resistance
measured, the geometry of the measuring arrangement must also
be considered. The resistance R, which is equal to the quotient of
voltage and current (Ohm's law), depends on the resistivity of the
medium r and the geometrical factor k:

R¼ r*
1
k

(1)

To calculate the geometrical factor with respect to the two
spherical tips, a numerical simulation of current injection via two
spheres embedded half way in a homogeneous medium with a
conductivity of 1 S/m (resistivity: 1 U*m) was performed using
COMSOL Multiphysics (COMSOL AB, Stockholm, Sweden). A voltage
difference of 2 V between the surfaces of the spheres (voltage þ1 V
and -1 V at the surfaces) was preset and the resulting current
density was calculated. The current amplitude I was calculated
from the current density by surface integration in the area of the
spheres. As R¼U/I, the geometrical factor can be calculated then by
rearranging (1) into

k¼ r*I
U

(2)

(r - resistivity¼ 1 U*m, Ue voltage difference¼ 2 V, Fig. 4A and
B).

A verification of the geometrical factor was performed using a
conductivity calibration solution (KCl solution, resistivity of 67U*m
at 25 �C, Sensortechnik Meinsberg GbmH). This solution with high
resistivity was chosen to overcome possible dielectric polarization.
At room temperature, the probe was held vertically, the spherical
tips of the probe were embedded half way in the solution and the
Fig. 2. MRI of a patient with glioblastoma. The images were derived from an intraoperative n
the measurements were performed. The corresponding resistivity values ¼ 2.8 and 4.5 U*m
calculated resistivity value ¼ 8.3 U*m.
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resistivity was measured in a frequency range of
100 Hze10,000 Hz, using an HP4194A Impedance/Gain-Phase
Analyzer.

To estimate the possible effect of dielectric polarization, the
measurement was repeated using a conductivity calibration solu-
tion with low resistivity (KCl solution, resistivity of 7 U*m at 25 �C,
Sensortechnik Meinsberg GbmH).

2.6. Ethics statement

Approval by the local ethics committee (14/10/2017) was ob-
tained and archived in accordance with local and institutional laws
and data protection regulations. This study was performed in
accordance with the ethical standards provided in the 1964
Declaration of Helsinki and its later amendments. Informed con-
sent was obtained from the participants prior to surgery.

2.7. Statistical analysis

This is an exploratory study, both prospective and observational
in nature, a) to determine the feasibility of in-vivo intracranial
impedance measurement, b) to investigate whether white matter
and different tumor regions have distinct resistivity values, and c)
to compare resistivity values among a variety of brain tumors.

For all tests, a p-value less than 0.05 was considered significant.
Statistical analysis and graphics were performed using Microsoft
Excel (2013, Microsoft Inc, Seattle, Washington, USA), SigmaPlot
(v12.5, Systat Software Inc, Erkrath, Germany) and Prism (v9.1.2,
GraphPad Software, San Diego, USA). A paired t-test was applied to
compare resistivity values between different intracranial tissues.
We used thew t-test to compare resistivity values between the
different tumor groups.

2.8. Data availability

The anonymized data supporting the findings of this study are
available upon request from the corresponding author.

3. Results

During the recruitment period 150 patients were screened for
the study. PreoperativeMRI revealed a suspectedmeningioma in 15
patients and an inflammation or ischemia in 14 patients, thus
leaving 121 eligible patients. Since 19 in this group refused to
participate and another 10 had to be because after intraoperative
frozen sections exhibited a pathology differing from that of a tumor,
we ultimately included 92 patients in the study. They had a mean
age of 60 (range 18e88 years); 57% of them were male and 43%
were female. Thirty-three patients (40.7%) had a glioblastoma, 33
(29.6%) had ametastasis,10 (12.3%) had an anaplastic glioma and 16
avigation system and show the necrotic (a) and the enhancing tumor areas (b), in which
, respectively. The measurement was also performed in the peritumoral edema (c). The



Fig. 3. MRI of a patient with anaplastic glioma. The images show different spots, at which the measurements were performed. T1 weighted image (a) and T2 weighted image (b)
refer to the same spot within the enhancing part of the tumor with a resistivity value of 4.5 U*m. T1 weighted image (c) and T2 weighted image (d) demonstrate a measurement
spot within the non-enhancing part of the tumor with a resistivity value of 7.4 U*m. T1 weighted image (c) and T2 weighted image (d) show a measurement spot within the white
matter with a resistivity value of 12.3 U*m.

Fig. 4. Calculation of the geometrical factor of the probe A) Potential distribution, B) Distribution of current intensity when the spheres are half embedded in the homogeneous
medium with a conductivity of 1 S/m (resistivity: 1 U*m), (when voltage difference is set to 2 V between the surfaces of the spheres).

T. Abboud, G. Hahn, A. Just et al. Brain Stimulation 14 (2021) 1307e1316
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Fig. 5. A diagram depicting results of calibration of the measurement device. The
whole measurement system showed good stability and linearity in the range of
0.1 kUe12 kU. The fitted linear calibration curve was R measured ¼ a*R set þ b with
a ¼ 0.924 und b ¼ 0.0099 kU. R measured denotes the displayed values of resistance and
R set denotes the calibration resistors. The latter corresponds to R (resistance) as used
in the tissue measurements. Coefficient of determination (r2) was 0.9998.
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(17.3%) had a low-grade glioma. In 44.4% of the cases the lesions
were located in the frontal lobe, in 22.2% in the parietal lobe, in 16%,
in the temporal lobe, in 8.6% in the occipital lobe, and in 8.6% in the
insula. Nine patients (11.1%) had a recurrent tumor.

3.1. Impedance measurements

We analyzed four different subgroups of tumors (low-grade
glioma, anaplastic glioma, glioblastoma and metastasis) and two
different brain areas (white matter and edema). In three of the four
different tumor subgroups (metastases, glioblastomas, and
anaplastic glioma) two distinct tumor areas were investigated:
contrast-enhancing and necrotic. Measurement was done in 32
patients in contrast-enhancing tumor areas (15 with metastases, 15
with glioblastomas and 2 with anaplastic gliomas). Necrotic tumor
areas were measured in 63 patients (32 with glioblastomas and 31
with metastases). Bleeding at the intended measurement site
prohibited appropriate measuring in contrast-enhancing tumor
areas in 36 patients (18 with metastases, 18 with glioblastomas)
and in necrotic tumor areas in 3 patients (1 with glioblastoma and 2
with metastases).

Impedance of non-enhancing tumor areas was measured in all
patients with low-grade and anaplastic glioma.

Impedance of white matter within and outside of the peritu-
moral edema was measured in 32 patients (10 with metastasis, 10
with glioblastoma, 2 with anaplastic glioma and 10 with low-grade
glioma). In the remaining patients, a measurement was not per-
formed in the white matter because the tumor resection was not
complete, or because hemostasis prohibited the measurement at
the conclusion of tumor resection. All measurements were per-
formed at body temperature (37 �C).

Table 1 depicts the number of preformed measurements for
each tissue type.

3.2. Calibration and geometrical calculation

The whole measurement system displayed a high degree of
stability and linearity from 0.1 kU to 12 kU. The fitted linear cali-
bration curve was

Rmeasured ¼ a*Rset þ b (3)

with a ¼ 0.924 und b ¼ 0.0099 kU.
R measured denotes the displayed values of resistance and R set

denotes the calibration resistors. The latter corresponds to R
(resistance) as later used in the tissue measurements. Coefficient of
determination (r2) was 0.9998 (Fig. 5).

The numerical simulation yielded a geometrical factor of
k ¼ 5.2 mm (spherical tips half embedded). Resistivity r (U*m) was
finally calculated from R measured (kU) as follows:

r¼ðRmeasured � bÞ=a*k: (4)

Measurements in the conductivity calibration solution with
high resistivity (67U*m) revealed a frequency dependent deviation
Table 1
Number of measurements performed for each tissue subtype.

Number of included patients Non-enhancing areaa Enhancing a

Low grade glioma 16 16 0
Anaplastic glioma 10 10 2
Glioblastoma 33 0 15
Metastasis 33 0 15
Total (patients) 92 26 32

a Number of patients, in whom the measurement was performed in this area.
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from the indicated resistivity value of the producer with a mean
of �8.6% ± 3.3%. At a frequency of 141 Hz the deviation was as low
as 2.2% and the calculated geometrical factor was therefore
accepted (Supplementary Table 1).

The measurement in the conductivity calibration solution with
low resistivity (7 U*m) showed a frequency dependent deviation
from the indicated resistivity value of the producer with a mean of
19.2% ± 32.3%. At a frequency of 141 Hz the deviationwas as high as
81.3% (Supplementary Table 2).

3.3. Tissue resistivities

The mean of resistivity values of white matter outside the per-
itumoral edema was 13.3 ± 1.7 U*m (median 12.9, range
9e18 U*m).

The resistivity value of white matter within the peritumoral
edema had a mean of 8.5 ± 1.6 U*m (median 8.4, range
6.7e10.1 U*m).

In patients with low-grade glioma, the mean of the resistivity
values was 6.4 ± 1.3 U*m (median 6.4, range 4.5e8.4 U*m).

In patients with anaplastic gliomas the mean of resistivity
values of non-enhancing tumor areas was 6.3 ± 0.9 U*m (median
6.1, range 5.6e8.4 U*m). Measurements in contrast-enhancing tu-
mor areas were performed in two patients with anaplastic glioma
and each displayed a resistivity value of 4.5 U*m.

In patients with glioblastoma, the mean of the resistivity values
in contrast-enhancing tumor areas was 5 ± 1 U*m (median 5, range
3.3e7.3 U*m). The mean of the resistivity values in necrotic tumor
areas was 3.9 ± 1.1 U*m (median 3.9, range 1.6e8.4 U*m).

In patients with brain metastases, the mean of the resistivity
values in contrast-enhancing tumor areas was 5.4 ± 1.3 U*m (me-
dian 5.6, range 2.8e7.8 U*m), and the mean of the resistivity values
in necrotic tumor areas was 4.3 ± 1.3 U*m (median 3.9, range
2.2e8.4 U*m).
reasa Necrotic areasa White matter (edema)a White matter (outside edema)a

0 2 10
0 2 2
32 5 10
31 5 10
63 14 32
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When all tumors were considered together, the mean of re-
sistivity values of necrotic tumor areas was 4 ± 1.2 U*m (median
3.9, range 1.6e8.3 U*m). The mean of resistivity values of
enhancing tumor areas was 5.1 ± 1.7 U*m (median 5 U*m, range
2.8e7.8 U*m). The mean of resistivity values of non-enhancing
tumor areas was 6.3 ± 1.1 U*m (median 6.1, range 4.5e8.4 U*m).

3.4. Analysis

White matter outside peritumoral edema had higher resistivity
values than did white matter within peritumoral edema; and both
had higher resistivity values than brain tumors, including non-
enhancing, enhancing and necrotic brain areas (paired t-test, p ¼
<0.001, Fig. 6A). There was no correlation between age and re-
sistivity values of white matter (p ¼ 0.245).

No overlap was found between resistivity values of brain and
tumor tissues stemming from the same patient. Resistivity of white
matter was on average 158% higher than the highest tumor values
(range 54%e346%). Resistivity of edema was on average 85% higher
than the highest tumor values (range 15%e204%). Resistivity of
white matter was on average 60% higher than resistivity of edema
(range 24%e114%).

The tumor groups studied were not significantly different
regarding gender or age (chi-squared test p ¼ 0.823 and p ¼ 0.689,
respectively). Resistivity values within contrast-enhancing tumor
areas in glioblastomas were higher in comparison to those in
necrotic tumor areas (paired t-test p ¼ <0.001, Fig. 6B). The same
result was found in metastases with significantly higher values in
contrast-enhancing tumor areas (paired t-test p ¼ <0.001, Fig. 6B).
No significant difference in resistivity values was found between
glioblastomas and metastases when comparing necrotic tumor
areas or contrast-enhancing tumor areas in both tumor groups (t-
test p ¼ 0.193 and p ¼ 0.334, respectively, Fig. 6B).

No difference in resistivity values was found between low-grade
and anaplastic gliomas (t-test p¼ 0.808), whereas resistivity values
in both were higher than the highest values found in glioblastomas
(t-test p ¼ 0.003 and p ¼ 0.004, respectively, Fig. 6C).

When all tumors were considered together, values of necrotic
tumor areas were lower than those of enhancing tumor areas and
both were lower than those of non-enhancing areas (t-rest p ¼
<0.001, Fig. 6D).

4. Discussion

In this study, we evaluated a technique for non-invasive in-vivo
measurement of electrical resistivity of intracranial tissues and
brain tumors using a bipolar probe. This technique was feasible
during surgical resection of brain tumors and allowed us to
approach electrical characteristics of intracranial tissues and brain
tumors. Although a systematic error in the absolute resistivity may
exist, we found distinct resistivity values for white matter within
and outside of peritumoral edema which were higher than the
resistivity values of tumor tissues. Glioblastomas and metastases
were not homogenous in their electrical resistivity. We found a
significant difference between necrotic and contrast-enhancing
tumor areas; moreover, resistivity values in metastases and glio-
blastomas were lower than those in less malignant tumors
including low-grade and anaplastic gliomas. A certain overlap in
the range of resistivity values was found between contrast-
enhancing and low-grade gliomas as well as between white mat-
ter within peritumoral edema and low-grade gliomas. The range of
resistivity of healthywhitematter did not overlapwith that of other
tissues. The aforementioned overlap might be attributed to differ-
ences among patients, since such an overlap was not found be-
tween the brain and tumor tissues from individual patients.
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Another explanation for the observed variation might be found in
the conditions in which the measurements were performed. A
computational study during electrical subcortical stimulation sug-
gested, for example, that bipolar stimulation might be subjective to
variations in moisture conditions [16]. In the current study we al-
ways kept the measurement site dry; however, we cannot rule out
the existence of an invisible fluid layer which could have contrib-
uted to the variations seen in the measured values.

To date intracranial in-vivo measurement of brain tissue re-
sistivity has only been described twice in the literature. Although
Latikka et al. did not utilize a statistical analysis – probably due to
the small number of patients–, they paved the way by performing
such measurements with a monopolar needle electrode in nine
patients during brain surgery. Mean resistivity values were 3.5U*m
for grey matter and 3.9 U*m for white matter; values for tumor
tissues ranged from 2.3 to 9.7 U*m [17]. The second group to report
on measurements of brain tissue resistivity was Koessler et al.. In a
sterotactic procedure performed on 15 epileptic patients, they used
intracerebral multi-contact electrodes designed for stereo-
electroencephalography and noted mean resistivity values of
3.8 U*m for grey matter, 5.2 U*m for white matter and 3.5 U*m for
the epileptogenic zones. They reported a statistically significant
difference between healthy grey and white matter; grey matter had
a higher resistivity in healthy tissue than in epileptogenic zones [5].

In a meta-analysis of the data from 15 studies on electrical con-
ductivities in human head tissue, McCann et al. found that values
varied significantly depending on the method and frequency. They
citedmeasurements performed using either EIT, magnetic resonance
EIT, electro- or magnetoencephalography, diffusion tensor imaging
(DTI) or directly applied current in-vitro/ex-vivo. The mean value for
white matter was 4.2 Umwith a range of 1.2e15.5 Um. Our method
implemented a directly applied current in-vivo. This fact limits the
comparability of our data with data from previous studies which
adhered to a different measurement principle such as EIT or DTI or
which collected measurements in-vitro or ex-vivo under different
conditions [18]. The data presented by Latikka et al. and Koessler
et al. recorded the resistivity of white matter to be 3.9 U m and
5.2 U m, respectively. Since they carried out their measurements
using current directly applied in-vivo, we can make reliable com-
parisons between their data and ours. Given that both studies
applied a frequency of 50 kHz, higher resistivity values of white
matter were expected at lower frequencies, as observed in our study
(at 140 Hz resistivity ¼ 13.3 ± 1.7 U m). We expected this, because
resistivity of human tissues is frequency dependent and it increases
at lower frequencies [19]. The absolute values of tissue resistivity
seem to differ according to the measurement method, whereby the
relationship between resistivity values of healthy and pathological
tissues within the brain measured with the same method and fre-
quency should not be affected.

4.1. Dielectric polarization

Dielectric polarization might also offer further explanation of
why resistivity values in our studies were higher. To estimate the
effect of dielectric polarization, we performed the measurement in
a low resistivity solution (7 U m) and found a deviation of 81.3%
(Supplementary Table 2), suggesting that dielectric polarization
might have led to higher resistivity values by a factor of approx. 1.8.
Such a factor would explain the difference between our values and
those measured by Latikka et al. and Koessler et al. We have to take
into consideration that neither of their studies investigated the role
of the dielectric polarization, and that dielectric polarization is
usually affected by a wide variety of factors. It has been reported
that dielectric polarization can depend upon the topography of the
electrode surface and its area on a microscopic level, as well as



Fig. 6. Boxplots showing, A) resistivity values of white matter compared to tumor tissues: White matter outside peritumoral edema had higher resistivity values than white matter
within peritumoral edema, and both had higher resistivity values than brain tumors including non-enhancing, enhancing and necrotic brain areas, paired t-test, p ¼ <0.001, B)
resistivity values of necrotic and contrast-enhancing tumor areas in glioblastomas and metastases: In both, resistivity values within contrast-enhancing tumor areas were higher in
comparison to those in necrotic tumor areas, paired t-test p ¼ <0.001, C) resistivity values of different gliomas (glioblastomas are represented by their highest resistivity values): No
difference in resistivity values was found between low-grade and anaplastic gliomas, t-test p ¼ 0.808. Resistivity values in low-grade and anaplastic gliomas were higher than the
highest values found in glioblastomas (contrast-enhancing tumor areas), t-test p ¼ 0.003 and p ¼ 0.004, respectively, D) resistivity values of all tumors: Values of necrotic tumor
areas were lower than those of enhancing tumor areas and both were lower than those of non-enhancing areas, t-test p ¼ <0.001.
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upon the surface chemistry or the electrode/sample interface.
Because of the fact that these effects can be so very diverse, no
simple correction technique has been widely accepted [3]. For this
reason, we did not undertake a correction of the resistivity values,
which would have been dependent on the estimated polarization
1313
effect. Instead, we accepted the possibility of a systematic error and
tried to quantify the resistivity as a whole to detect the differences
between the various tissues.
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4.2. Electrical anisotropy

A certain variability in the resistivity values of white matter was
expected, since electrical conductivity of brain tissue, particularly
white matter, is known to be anisotropic. In our current study, it
was not possible to plan in advance as to whether the actual
measurement angle would be longitudinal or across the fibers
because that was ultimately dictated by the surgical approach itself.
Electrical anisotropy of white matter was investigated during in-
vivo animal experiments [20,21]. Nicholson has reported on the
anisotropy of white matter (cat internal capsule, in-vivo) and sug-
gested a factor of between 9 and 10 for the conductivity along and
across the fibers [21,22]. That anisotropy has an effect on the con-
ductivity of white matter has not yet been studied in-vivo on hu-
man brain tissue. Anisotropic conductivity profiles of the human
brain have, in most cases, been derived from diffusion weighted
MRI [6,23]. Although it is possible to measure fractional anisotropy
using DTI, the range within which the recorded values would affect
results of electrical impedance measurement remains unknown.
Our randommeasurement inwhite matter showing a lack of a high
impact of anisotropymirrors results from a study donewith dipolar
electrical sources and intracranial measurement using intracranial
electrodes. In that study a better prediction with a model con-
taining CSF and brain anisotropy (based on DTI) was shown and the
model with a global anisotropic ratio of 10:1 between the eigen-
values (parallel: tangential to the fiber direction) had the poorest
performance of all the anisotropic models [24].
Fig. 7. Schematic drawing of the measurement procedure during surgery for a brain
tumor. The different colors represent the various areas within the tumor as well as
peritumoral edema and white matter with their corresponding average resistivity
values. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
4.3. A different approach of understanding brain tumors

Our data suggest that healthy intracranial tissues have different
resistivity values than do tumorous tissues. Even peritumoral
edema showed distinct resistivity values that were higher than
those of tumor tissue. These findings are in accordance with the
literature available on resistivity values of extracranial cancer tis-
sues known to have lower resistivity values than the surrounding
healthy tissues [25,26]. Ex-vivo studies on extra-cranial tumor
tissues have already shown that malignant tissues have a lower
resistivity at a variety of frequencies due mainly to water content,
which increases in malignant tissues [27,28]. An ex-vivo study
found that the permittivity and conductivity were 30% higher in
tumors than in the surrounding tissues due to their higher water
content [29]. This concurs with our results. Our measurements
applied a single low frequency and provided in-vivo assessment of
brain tissue and tumors under sustained blood perfusion. Our
findings are also supported by the well-known fact that blood
perfusion increases with malignancy [30]. Using electron micro-
scopy Bakay et al. measured the extracellular spaces in 15 human
intracranial tumors. They found that these extracellular spaces
were enlarged in each of the gliomas examined. In most of these
tumors the extracellular spacewas enlarged on average by 20e40%.
The average size of the normal extracellular white matter was
calculated at 6e7% [31]. These findings suggest that there is a
correlation between the enlargement of extracellular space found
in gliomas and the fact that tumor as well as peritumoral edema
had lower resistivity values than did white matter.

Although it is possible to study electrical properties of tumor
tissues using MRI [32,33], this approach is limited in its clinical
applicability. When optimized for a clinical setting, its use is limited
to diagnostics and treatment monitoring (follow-up) [34]. Direct
intraoperativemeasurement could lead to a real time recognition of
pathological tissue during surgery. This would thus support all
other methods used to distinguish pathological tissue from normal
tissue.
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During surgical resection of brain tumors, areas of different
consistencies are usually encountered. We performed the mea-
surement in various areas of the tumor and obtained different re-
sistivity values. This is a finding we expected as brain tumors in
general and metastasis and glioblastomas in particular are known
to be inhomogeneous. In addition, low-grade and anaplastic glioma
displayed higher resistivity values than did the more malignant
tissue of glioblastoma, which is known to exhibit necrosis as an
important biological feature compared to WHO I, II, and III gliomas
[35]. One can imagine a resistivity model (Fig. 7) in which tissue
resistivity values decrease, the more pathological or tumorous the
tissue becomes (Fig. 3). Such a model can, when further validated,
be the basis of resistivity-guided tumor resection. Since, in the
current study, we were not able to investigate all relevant tumor
areas such as the zone in glioblastomas directly outside enhancing
areas, we believe that each and every tumor area should undergo a
screening for electrical resistivity prior to any possible clinical
application.

Because MRI-based diagnoses of brain tumors are so reliable,
there is no diagnostic need for the use of impedance measurement,
as is often the case in other cancers such as breast and prostate
cancer. Image-guided tumor resection has now been the standard
for decades; nevertheless, the discrepancy between the extent of
intended tumor resection and the de facto extent of tumor resec-
tion as confirmed in postoperative imaging is still considered to be
a serious neuro-oncological issue [36]. A tool for resistivity-guided
tumor resection could be a significant and useful addition to the
surgical techniques currently available.

Data with respect to significant differences in the elasticity be-
tween normal brain tissue and brain tumors are already available in
the literature [37].Whereas wewould expect a correlation between
elasticity and electrical conductivity of brain tissues and tumors, an
investigation of this issue did not lie within the scope of our study.
It could, however, be addressed in the future.
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4.4. Subcortical stimulation and tissue resistivity

The use of electrical cortical and subcortical stimulation as a
mapping method to detect the corticospinal tract (CST) has been
established over the past few decades [38e40]. Tumor resection
under continuous monopolar subcortical stimulation was devel-
oped as a means of decreasing the possibility of damaging the CST
[4]. A threshold of 5 mA intensity, at which a muscle action po-
tential can be evoked, was considered to be a safe point to stop
tumor resection without causing mechanical damage to the CST
[41]. A correlation between the intensity of the stimulating current
and the distance between the stimulation site and CST has been
suggested in many studies. One study based on intraoperative
image analysis found a linear correlation between the current in-
tensity and the distance to the CST and estimated this correlation to
be approximately 0.97 mA per 1 mm distance to the CST [42].
Another group used titanium clips to mark stimulation sites and a
postoperative MRI to estimate this distance. They did not find a
linear correlation between the current intensity and the distance to
the CST, for the CST was reached sooner than a linear correlation
would have projected [43]. Others estimated the correlation at
1.8 mA per 1 mm [44]. What these studies have in common is that
the analysis of the correlation between electrical stimulation and
the distance to the CST included a variety of different pathologies
and assumed a constant electrical resistivity [43]. Our results
indicate that there is a difference in the resistivity values between
white matter and brain tumors; moreover, brain tumors showed
inhomogeneity in resistivity values within the tumor itself and in
relation to the tumor subtype as well. Thus, the current passing
through these tissues encounters varying resistivity values. This
might be an explanation for the discrepancy found in the studies
mentioned above with regard to the correlation between the dis-
tance to the CST and current intensity. Our results reveal that a
reevaluation of this correlation is necessary and that the resistivity
value of each tumor must be considered separately.

4.5. Limitations and areas of further research

As a criticism of our methodology, one could note that the
measurement was performed at particular spots within the tumor
or the white matter. A screening of the electrical resistivity of as
many spots as possible would be requisite to attain a comprehen-
sive picture of the electrical resistivity of the tumor within the
white matter. This would then be similar to the images generated
by EIT. The technical apparatus for such an in-vivo screening is not
available at the moment but could be the focus of further research.
Our measurements were done at a low frequency, thus giving the
electrical property of the extracellular liquid a decisive role in the
impedance measurement. Cell membranes have a high electrical
capacity at low frequency, which hardly involves the intracellular
compartment in the current conduction. This can change at higher
frequencies; under such conditions the current flows equally
through the extra- and intracellular space and the impedance
measurement reflects the current conductivity and volume of both
compartments [45]. Resistivity measurement of brain tumors with
high frequencies would be valuable and would most probably
enhance the differences between healthy brain tissues and brain
tumors found in our study. As discussed earlier, we did not address
the effect of electrical anisotropy on impedance measurement
within white matter and tumor tissue; this effect could, however,
be the focus of additional research. We also have not investigated
the resistivity of grey matter within the framework of this study.
Since the surface of the exposed cortex is covered by pia mater and
arachnoid, a measurement of cortical convexity would have to have
included these layers; furthermore, any incision of the cortex leads
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to the opening of subarachnoid space where direct measurement
there would be influenced by CSF.

In this study we measured the resistivity of large tumors
whereby white matter was assumed to be an extended area. Thus,
in our numerical simulation, we based the calculation of geometric
factor on the assumption that we were dealing with a homoge-
neousmedium. Asmentioned above, measurements in the skull are
not only influenced by the tissue under investigation but also by
neighboring structures. Gomez-Tame et al. have, for example,
examined the influence of tumor thickness and the CSF layer [16].
Such numerical simulations on realistic headmodels could possibly
be a useful tool in helping to make the interpretation of resistivity
measurements in future research more precise.

A final limitation involves 5ALA, which was administered
shortly before surgery to make malignant tissue during tumor
resection clearly visible. The administration of 5-ALA leads to the
accumulation of protoporphyrin IX specifically in cancer cells
[46,47]. The effect of such an accumulation on tissue resistivity
remains an unknown and was not considered within the frame-
work of our study.
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