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ABSTRACT Precise surgical excision of brain tumors depends on the surgeon’s ability to accurately
differentiate tumors from healthy brain tissues. We have developed an automated system integrated with
biochips, an actuation unit, and electronics to measure the electrical resistivity of ex vivo human brain tissues
for differentiating normal and tumor. The electrical resistivity of fresh (n= 48), formalin-fixed for one week
(n = 48), and long-term (six months) formalin-fixed (n = 27) healthy human brain samples from different
anatomical regions and tumor samples (glioma n= 6; fresh, formalin-fixed for one week, and formalin-fixed
for six months) were measured using the automated system. The resistivity of glioma (22.4 ± 1.6 �.cm)
was significantly lesser than the normal region (98.6 ± 1.4 �.cm) for fresh tissue samples (p = 5e-8). The
trend of lower resistivity of glioma compared to normal was preserved after one week and six months of
formalin fixation. We also report the effects of heterogeneity of normal brain tissue and formalin-fixation on
the electrical properties of tissues. White matter regions were found to have higher resistivity compared to
grey matter regions. The heterogeneity associated with grey matter regions was lower than the white matter
regions. Formalin-fixation was observed to increase the magnitude of resistivity measured while retaining
the observed trend across the different regions of the brain and tumors. The study shows that the electrical
resistivity could potentially be used as an additional biomarker for delineating normal from the tumor.

INDEX TERMS Biochips, biomedical systems, brain tumor delineation, electrical resistivity, human brain
physiology.

I. INTRODUCTION
Brain tumors have a high incidence, mortality, and morbidity,
with over 300,000 new cases and over 200,000 related deaths
reported every year [1]. As per the World Health Organisa-
tion (WHO) grading system, primary brain tumors originat-
ing from within the brain or spine are graded from I to IV
based on the potential for malignancy. Grade I is slow-
growing and is usually considered benign, while Grade II is
low-grade tumors, advancing into higher grades. Grade III
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and IV are characterized by rapid growth, local spread,
increased necrosis, vascularisation, and low survival rates
[2]–[4]. Based on the tissues of origin, the brain tumors
are classified as (i) tumors of the neuroepithelial tissue and
(ii) tumors of the non-neuroepithelial tissue [5]. Gliomas are
the most common tumors of the neuroepithelial tissue origi-
nating from transformed glial cells surrounding the neurons,
which provide supportive functions and insulation between
neurons [6]. Based on their cellular origin, gliomas can be
further classified as astrocytoma, ependymoma, and oligo-
dendroglioma. Glioblastoma (GBM), a form of astrocytoma,
is the most aggressive tumor and is considered Grade IV [7].
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In adults, it constitutes nearly 50% of all primary brain tumors
with a median survival rate of only 15 months [8]. Glioblas-
tomas are histologically characterized by microvascular pro-
liferation (MVP) and necrosis.

Surgery plays a vital role in managing these tumors.
Gross total resection (GTR) is crucial to reducing brain
tumor recurrence and requires the surgeon to accurately
differentiate between normal and tumor tissues [7]. How-
ever, due to the anisotropy and heterogeneity of the brain
tissues, especially in deep-seated lesions like diffuse mid-
line gliomas, GTR is generally difficult to achieve [9].
Also, due to the phenomenon of brain shift due to loss
of cerebrospinal fluid (CSF) and tissue edema during the
surgery, the accuracy of preoperative neuronavigation is
limited [7], [10]. Therefore, there is a need for intraop-
erative platforms that can delineate tumors from healthy
brain tissues objectively. Intra-operative magnetic resonance
imaging (iMRI), intra-operative ultrasonography (iUS), com-
puted tomography (CT), 5-ALA (aminolaevulinic acid),
fluorescence-guided surgery, and intraoperative tissue sam-
pling for histology are used to achieve GTR [11]. iMRI is
the most accurate of all tools, with GTR being achieved in
as high as 96% of the cases [12]. However, iMRI is asso-
ciated with extremely high costs and long operating times
and requires dedicated operating rooms and instruments [10].
iUS is an affordable and time-efficient alternative to iMRI
and 5-ALA [13]. However, difficulty in achieving deeper
penetration while simultaneously obtaining higher resolution
and identifying diffused tumor boundaries are the limitations
of iUS [11]. Also, tumors of size less than 1 cm are difficult
to identify [7]. CT is associated with ionizing radiation and
limited mass delineation [14]. The 5-ALA is exceptionally
effective in identifying higher grade tumors but is ineffec-
tive for low-grade gliomas (LGGs) [7], [10]. The 5-ALA
administration is also limited by adverse effects such as nau-
sea, elevated liver enzymes, neurological deficits, and mild
hypotension [15], [16].

An intraoperative sampling of resected tissue samples
provides the most remarkable accuracy of tumor delin-
eation based on molecular, cellular, and structural variations
between tumor and normal tissues [11]. This involves analyz-
ing the tissue samples obtained during the surgery through
cytology, frozen sections, or histopathology [17]. Cytology
can be performed intraoperatively and is the fastest among
these methods, with less than a minute for analysis once
the slide is prepared. Histopathology examination through
Haematoxylin and Eosin (H&E) staining remains the gold-
standard technique for diagnosing and stratifying primary
brain tumors. Although the diagnosis through histopathology
enables deciding the methodology for post-operative therapy,
its contribution during surgery to achieve GTR is limited
as the diagnosis can take several days [7], [11]. A frozen
tissue section is quicker but takes between 15 to 45 minutes
and is less reliable than permanent sections. For all these
approaches, an expert neuropathologist has a crucial role [18].

Hence, a system that can perform intraoperative delineation
of tumors can aid neurosurgeons in arriving at quicker and
effective decision-making during tumor resection. The pro-
posed methodology utilizes the electrical characterization of
tissues as a biomarker for delineating tumors from normal
tissues.

Electrical properties of tissues are known to vary between
normal and tumor samples and are proposed as a potential
tool for tumor delineation [19]–[22]. Studies show contrast-
ing electrical properties such as resistance and capacitance of
tumors compared to the adjacent healthy brain [23]–[26]. The
electrical resistivity of human brain tissues is conventionally
measured ex vivo by applying an electric current through
the excised tissues and measuring the potential drop across
the tissue [27], [28]. The electrical characterization of bio-
logical tissues for tumor delineation has been reported with
high (>100 MHz) and low (<100 MHz, and direct current
(DC)) frequencies [23], [29]–[33]. The tissues exhibit differ-
ent behavior at different frequency ranges based on various
phenomena happening within them under the influence of
electric fields. These can include ionic movements, electrode-
electrolyte interface polarization, relaxation phenomena due
to dipolar orientations, and rotation of macromolecules like
proteins [34]. Based on the phenomena occurring at different
frequency ranges, three frequency bands referred to as ∝,
β and γ dispersions were defined by Schwan in 1957 [35].
γ dispersions typically beyond 100 MHz are mainly due
to the polarization of small molecules like water. Below
100 MHz, ∝ and β dispersions occur, and the electrical
behaviors are highly sample dependent and are of interest
in the study. Recently, in vivo brain tissue characteriza-
tion was performed for tumor delineation using monopolar
and bipolar probes commonly used for brain stimulation
at 50 kHz and 140 Hz, respectively [23], [31]. However, the
electrode polarization effects exist at low-frequency ranges,
and there is no widely accepted correction methodology for
the same [31]. Hence, assuming the possibility of a sys-
tematic error and considering the physiological relevance
of low-frequency characterization, we perform DC resistiv-
ity characterization of normal brain tissues and tumors for
tumor delineation. The systems measuring electrical resistiv-
ity have the potential to be used intraoperatively for perform-
ing the preliminary analysis during tumor resection because
of high resolution (determined by the active area of the elec-
trode), low acquisition time, low-power consumption, and
cost-effectiveness [36].

Sensors fabricated using microengineering technology
present an exciting possibility of integration into com-
pact and portable systems for highly sensitive applications
[37], [38]. These sensors can be fabricated on various sub-
strates like silicon, glass, polymers, etc., and can be cost-
effective in large-scale fabrication. Microelectromechanical
systems (MEMS)-based sensors find significant applications
in biomedical systems [39]. We have previously reported
using microfabricated sensors to delineate between tumor
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TABLE 1. Automated system for brain tumor delineation: specifications.

FIGURE 1. Process flow for the fabrication of the biochip: (a) 4-inch
single side polished silicon wafer, (b) SiO2 (1 µm) grown using thermal
oxidation, (c) photoresist spin-coated on oxidized silicon wafer,
(d) patterning of photoresist (e) titanium/platinum deposited on the
patterned photoresist, (f) microelectrodes realized using lift-off process,
(g) biochip dimensions, and (h) scanning electron microscopy (SEM)
image of the biochip.

and healthy tissues in breast cancer using resistivity mea-
surements [40], [33], [41]. These studies were focused on
breast cancer, and the experiments were performed using
deparaffinized tissues. In this work, the bulk electrical resis-
tivity of different healthy human brain regions and tumors are
studied using an automated system integrated with biochips
fabricated using MEMS-based technology. We also study
the effects of short and long-term fixation on the electrical
resistivity of the tissues. Such a study that looks at both the
different healthy regions of the brain and different types of
tumors while also studying the effects of formalin-fixation
on their electrical properties is hitherto not reported in the
literature, to the best of our knowledge. Table 1 shows the
specifications of the automated system.

II. MATERIALS AND METHODS
This section discusses the system-level description of the
automated system, including the fabrication process flow of
the biochips, electro-mechanical modules, and the protocol
for preparing the brain tissues for the measurements.

A. MICROELECTRODE FABRICATION
The biochips were fabricated on a 4-inch silicon substrate
using a single mask process [42]. The process flow used for
the fabrication of biochips (Fig. 1) is as follows: (a) a 4-inch
500 µm thick single side polished (100) oriented silicon (Si)
wafer was used as the substrate, (b) 1 µm thick silicon
dioxide (SiO2) was grown by thermal oxidation, (c) positive
photoresist (PR) S1813 was spin-coated at 4000 rpm for
40 seconds, followed by soft-bake at 90 ◦C for 1 minute
on a hot plate, (d) PR coated wafer was exposed using a
photomask in an MJB4 mask aligner followed by develop-
ment and post-exposure bake at 110 ◦C for 1 minute on
a hot plate, (e) Titanium/Platinum (Ti/Pt) (25 nm/150 nm)
was deposited using E-beam evaporation (TECPORTE-beam
evaporator), and (f) the substrate was then dipped in ace-
tone, and Ti/Pt electrodes were realized using a lift-off pro-
cess. An automatic dicing machine (DAD321 Disco Wafer
Dicer) was used to dice the fabricated biochips from the
silicon wafer. The biochip sensing region covers an area of
330 µm × 330 µm and consists of two planar coaxial elec-
trodes, the pick-up electrode (PU) and the current-carrying
electrode (CC) (Fig. 1(g)). The biochip has a total dimension
of 10 mm × 5 mm (L × B) (Fig.1(g)). Using a single 4-inch
silicon wafer, sixty biochips were fabricated. The estimated
cost of a biochip is around US $5. The cost was calculated
by taking the ratio of the total cost for one fabrication run
(the cost of raw materials and usage charges for equipment
required to perform the fabrication processes) to the total
number of biochips obtained in a single run (sixty). Table with
detailed cost analysis is added as Appendix I of supplemen-
tary material. The biochip cost can be further lowered by
fabricating the biochips on a larger diameter wafer or using
multiple wafers in a single fabrication cycle.

B. AUTOMATED SYSTEM DESIGN FOR BRAIN TISSUE
STUDIES
The design of the automated system integrated with
biochips for measuring the electrical resistivity of brain
tissues is shown in Fig. 2. he dimensions of the system
are 180 mm× 140 mm× 180 mm (L× B× H). The system
casing was built out of 20 mm × 20 mm (W × B) aluminum
extrusions as structures and paneled with a 1 mm laser cut
brushed stainless steel (SS) sheet. 3D printing using PLA
(polylactic acid) was used to fabricate custom parts such as
clamps and fixtures. The system consists of a vertical inden-
tation stage actuated using a NEMA 17 stepper motor with
a resolution of 200 steps per revolution. The motor’s rotary
motion gets converted to translational motion in±Z direction
through a four-start ACME threaded rodwith a pitch of 2mm,
along with an anti-backlash nut. Two precision linear guide
rails with a total displacement of 35 mm were used to guide
the indentation stage. Arduino Mega 2560 was used as the
controller for mechanical actuation, and bidirectional motor
movements are regulated by the RAMPS 1.4 motor driver
unit. End-stop limit switches were provided at axis limits
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FIGURE 2. The automated system for studying electrical resistivity of
brain tissues (ex vivo) showing (a) front-view, (b) magnified view of the
tissue holder, and (c) the exploded view of the system.

to calibrate home positions and prevent overrunning of the
stage. At the tip of the indentation stage, slide fit contacts
were provided to attach the microfabricated biochip P (see
Fig. 2(b)). A fixed tissue holder with slide fit contacts to
attach biochip Q, aligned with the axis of movement of the
biochip P, was provided at the base of the system.

As part of the study, we measured the bulk electrical resis-
tivity of the tissue samples. Electrical resistivity was chosen
as the modality for the characterization of the tissues after
performing an electrical impedance spectroscopy study using
an impedance analyzer (GW INSTEK LCR-8105G) con-
nected to the same biochips (Appendix II of supplementary
material). The electrical resistance measurement was carried
out through a four-electrode (tetrapolar) measurement cir-
cuit controlled by a microcontroller (STM32H743). In order
to measure the bulk resistivity, we required two pairs of
electrodes on the two opposite sides of the cuboidal tissue
sample. We used two biochips that come in contact with
the tissue surface on the two opposite sides to enable this
requirement. Each biochip (P and Q) has one CC and one
PU electrode. Hence, we were able to pass a constant current
through the bulk of the tissue sample using the CC electrodes
and measure the potential drop across the PU electrodes. The
sample tissue is placed over the sensing area of biochip Q, and
then the biochip P is actuated in -Z direction. A sharp drop
in resistance across the biochips P and Q confirms the tissue
contact with biochips. As a next step, biochip P is moved by
500 µm in the -Z direction. This procedure is consistent for
all the measurements. Fig. 2(c) shows the blown-up diagram
of the system.

The electronic module (shown in Fig. 3(a)) consists of
the fabricated biochips, a current source amplifier, a current

sense amplifier, and an analog to digital converter (ADC) for
measuring potential drop across the tissue. Linear dropout
regulators are provided on-board to supply 5 V, 3.3 V, and
1.8 V voltage rails for the different integrated circuits used.
The use of CC and PU electrodes ensures that two separate
electrode pairs measure the current injection into the tissue
and the voltage drop across it, respectively. Using the CC
electrodes, a constant current of 54 ± 0.5 µA is applied
across a series combination of a 0.1% precision shunt resistor
(1 k�) and the tissue loaded between the biochips P and Q.
The current range was chosen so that the excitation current
would not damage the tissue during the characterization.
We selected a current range approximately half themagnitude
implemented during direct electric stimulation procedures in
the human brain [43]. A precision current sense amplifier
connected across the shunt resistor measures the injected cur-
rent. The leads V1 and V2 (PU electrodes) of the biochips are
connected to the built-in 16-bit ADC of the microcontroller
(Fig. 3(b)). The difference in the measured potentials at V1
and V2 gives the potential drop across the tissue sample.
The sample resistance values are calculated in real-time using
the microcontroller from the measured current and voltage
values. Fig. 3b shows the conceptual block diagram of the
electrical resistance measurement setup.

C. INVERSE OPTIMIZATION PROBLEM TO COMPUTE
SAMPLE RESISTIVITY FROM MEASURED RESISTANCE
An inverse optimization problem using the Nelder-Mead
optimization technique was implemented and solved in the
COMSOL Multiphysics 5.6 finite element method (FEM)
tool to evaluate the sample resistivity from measured resis-
tance (Fig.4) [44]. This approach has been previously
reported to calculate resistivity from resistance in the
brain [31]. Also, our group has used a similar technique for
estimating the thermal conductivity of tissue samples from
the temperature profiles [45]. The Nelder-Mead optimiza-
tion tool is part of the COMSOL Multiphysics optimization
module. The Nelder-Mead simplex algorithm uses a simplex,
i.e., if the number of variables in x is n, the algorithm uses
a set of (n + 1) different points of x and iteratively discards
the point giving the highest value of f (x) from this set and
replaces it with a new point that gives a smaller value using
certain operations like reflect, expand, contract, and shrink.
In this way, after every iteration, the (n+ 1) points get closer
to each other, and the function goes closer to the minimum
value. The iteration stops when both the distance between
points and the standard deviation of the function values at the
(n+ 1) points are lesser than a specified value.

The COMSOL model considers the effects due to the
variation in current density through the bulk of the tissue.
A parametric model for the tissue was constructed using
the dimensions of the tissue used for the experiments. The
potential difference across the tissue was applied using termi-
nal and ground boundary conditions. The tissue’s electrical
resistance was defined as the ratio of voltage across the
PU electrodes and the current flowing through the tissue.
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FIGURE 3. Electronic module: (a) schematic of the resistivity measurement circuit and (b) outline of circuit interfacing for tissue resistance
measurement.

FIGURE 4. Process flow of the inverse optimization problem for
calculating the tissue resistivity using COMSOL multiphysics.

The relative permittivity of the brain tissue was set as 4× 107

based on literature [46]. The resistance of the tissue Rc was
evaluated using the FEM tool based on initialized resistivity
of the tissue ρ, and measured resistance (Rm) was used as
the starting condition of the optimization study. An objective
function (Z ) at steady state was defined as,

Z =

∣∣∣∣Rm − RcRm

∣∣∣∣2 (1)

and was then minimized subject to,

ρL < ρ < ρU (2)

where ρL and ρU are the lower and upper bounds of resis-
tivity. The value of ρ hence obtained was used for statistical
analysis. The details of the geometry, physics, constraints and
other relevant simulation settings are added as Appendix III
of supplementary material.

D. TISSUE DIMENSION OPTIMIZATION
An optimization study was performed to understand the
current propagation through the tissue and evaluate the
effect of tissue dimensions on the measured resistivity using
COMSOL Multiphysics (Fig. 5(a)). The motivation behind
this step was to make sure that errors in measuring the tissue
dimensions and variability due to non-uniformity of the tissue
samples should minimally affect the calculation of resistivity
from resistance. This is especially important as the excised
tissue sample can have irregular shapes. The objective of
the simulation was to find the tissue dimensions (length and
height) above which the resistivity can be approximated to
be independent of dimensional variabilities. Resistivity and
relative permittivity are the two material parameters required
to simulate the electrical property of brain tissue. The tissue
block was assumed to be a homogeneous medium with a
resistivity of 100 �.cm and a relative permittivity of 4 × 107

based on literature [31], [46]. The tissue block was then
assumed to be segmented into several identical cubes of side
length 0.5 mm. The tissue dimensions can then be repre-
sented as an assembly of m × m × n cubes, where m and
n are the number of cubes along length and height, respec-
tively (Fig. 5(b)). The value of m and n was chosen to vary
from 1 to 12, representing the variation in tissue dimensions
from 0.5 mm to 6 mm. The electrodes were centrally placed
on the two faces normal to the height of the tissue block at
(x, y), where,

x = y =

{
0.25m, m is odd
0.5m, m is even

(3)

A current conservation boundary condition was applied
to the tissue for adding the continuity equation for electric
potential. By setting a constant target resistance measured
across the electrodes, Nelder-Mead optimization studies were
performed to understand the influence of tissue dimensions
on measured resistivity. The simulated percentage change
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in tissue resistivity as a function of tissue height (red) and
length (black) is shown in (Fig. 5). Further, to theoretically
quantify the maximum and minimum change in resistivity
with dimensions, the simulated change in resistivity (1ρc)
with tissue dimensions (parameterized through i) was fit to
an exponentially decreasing function of the type,

1ρc = 1ρc0 + (1ρc1 −1ρc0)e
1−i (4)

where,

i =

{
m, for variation in length
n, for variation in height

(5)

The Eq.(4) reduces to,

1ρc =

{
1ρc0, i→∞
1ρc1, i = 1

(6)

FIGURE 5. The plot of change in the simulated resistivity with tissue
dimension for a given electrode dimensions.

Thus, 1ρc0 and 1ρc1 represents the bounds of 1ρc. The
fitted curve is shown in (Fig. 5) as dotted lines.

However, in our simulation, 1 ≤ i ≤ 12. The lower
and higher limits of i are defined by the biochip electrode
dimensions and the practical challenge of getting larger tissue
samples, respectively. After fitting the function, we obtained
1ρc0 = 0.25 ± 0.6 and 0.62 ± 0.61, and 1ρc1 = 19.23 ±
1.43 and 53.34 ± 1.43 for variation in height and length,
respectively. Here, 1ρc0 and 1ρc1 represents the minimum
and maximum percentage variation in the tissue resistivity
within the given range of i, corresponding to 0.5 to 6 mm
tissue dimensions. It can be noticed from the1ρc1 value that
the change in tissue length significantly impacts the calcu-
lated resistivity compared to tissue height. These phenomena
can be attributed to the concentration of electric field as
the tissue cross-section decreases. Keeping a 5% variation
as the cut-off for 1ρc tissue blocks of dimensions greater
than 3 mm × 3 mm × 4 mm were selected for the study.

FIGURE 6. (a) Coronal section of brain depicting the anatomical areas
selected for measurements, (b) the neuroanatomical regions are
distinctly delineated in Luxol fast blue stains that label white matter
areas blue and grey matter zones as pink, (c) Hippocampus, specialized
area of the brain is organized with white matter (alveus) on the outer
zone covering the inner zone of grey matter, (d) Grey matter areas of the
brain characterised by presence of neurons within a loose neuropil or
matrix, that varies from regimented layered arrangement in frontal grey
matter, (e) to aggregates of neurons in caudate, (f) putamen, and
(g) thalamus, and (h) the white matter areas composed of compactly
arranged myelinated fibres are organized as relatively loose pattern in
frontal white matter, (i) to intersecting crisscross bundles in internal
capsule, (j) to densely compact unidirectional bundles in corpus
callosum. [FGM = frontal grey matter, FWM = frontal white matter,
CC = corpus callosum, CAU = caudate, TH = thalamus, IC = internal
capsule, PUT = putamen, HIP = hippocampus, LFB = Luxol fast blue].

E. TISSUE PREPARATION AND ANALYSIS
The experiments were performed on three groups of human
brain samples. Normal (n = 27) and tumor samples
(n = 6) from N = 3 subjects preserved under long-term
formalin fixation (six months) formed the first group of sam-
ples. The tissue samples with no known pathology collected
from road traffic accident victims constituted the normal
tissues. The tumors were sourced from the formalin-fixed
glioma samples stored at the Human Brain Tissue Repository
(Brain Bank) at the National Institute of Mental Health &
Neurosciences (NIMHANS).

Fresh normal (n= 48) and tumor (n= 6) samplesmeasured
within three hours of surgical resection constituted the second
group. The fresh tissues were obtained from the autopsy of
a brain donor (N = 1) with no known pathology, and glioma
samples were excised during tumor resection surgery (N= 3).
The fresh samples, formalin-fixed for a week, formed the
third group of samples. These three groups were chosen for
the study to comprehensively understand the changes in elec-
trical properties with formalin-fixation in the short and long
term. Many studies have previously reported using formalin-
fixed tissues because of their relatively higher availability
than fresh tissue samples. However, no literature quantita-
tively compares the electrical resistivity of fresh tissues and
formalin-fixed tissue to the best of our knowledge. Hence,
we found it essential to perform experiments with fresh and
formalin-fixed tissues. The correlation of the resistivity with
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TABLE 2. Tissue samples used for the study.

the heterogeneity observed in the normal regions of the brain
was also studied.

The written informed consent from a close relative of the
patients from whom tumors were obtained (Ethical clear-
ance document no. NIMHANS/23rd (BS & NS DIV.)/2020
and NIMHANS/DO/98th IEC/2015). The control tissues
had no known pathology and were collected post-mortem
with informed consent from a close relative (Ethical clear-
ance document no. NIMHANS/IEC (BS & NS DIV.) 26th

MEETING/2020-21). Ethical clearance was also obtained
from the Indian Institute of Science, Bangalore (Institute
Human Ethics Committee) to characterize excised tumor
samples and control samples obtained post-mortem using the
system developed at the institute (IHEC No: 01/5.8.2021).

While performing early experiments, we understood that
dehydration could lead to errors in measurement. Hence,
we used a standard protocol for all the experiments reported in
this study. The tumor samples excised during the surgery and
tissue samples extracted from the cadaver brain were imme-
diately placed in a physiological saline solution to prevent
dehydration. The normal brains were sliced serially in the
coronal plane. Cuboidal tissue blocks of dimensions greater
than 3 mm × 3 mm × 4 mm were dissected using a surgi-
cal scalpel from these slices by a trained neuropathologist.
Similar cubical blocks were prepared from tumor samples,
which were resected from patients. The samples were then
stored at 4 ◦C using an industrial refrigerator. Before the
measurements were carried out, the samples were allowed to
stabilize to the room temperature of ∼21 ◦C for 15 minutes
in phosphate-buffered saline (PBS) water bath. All the fresh
samples (normal and tumor) were characterized within three
hours of excision to prevent tissue integrity loss and maintain
the neurofilament protein structure [47].

The samples were then fixed in a 10 % buffered forma-
lin solution within this three-hour window. The formalin-
fixed samples were stored at a controlled room temperature
of ∼21 ◦C for one week. The protocol was kept consis-
tent throughout all the measurements. We believe that even
though we cannot rule out the possibility of dehydration,

since we have followed a standard protocol, the errors due
to dehydration will be consistent and minimal throughout the
samples and can be considered as a systematic error. After
each measurement, the biochips were disposed-off following
biosafety protocols.

The number of tissue samples used for normal and tumors
are tabulated in Table 2. During tissue preparation for
the experiment, samples were also separately collected for
histopathological analysis. These samples were formalin-
fixed and processed for paraffin embedding. Serial sections
4-6 µm thick were extracted and stained with Hematoxylin-
eosin, Luxol Fast Blue, to delineate myelin, Cresyl Violet for
demonstrating neuronal component. Masson trichrome stain
to delineate vascularity and matrix was performed, and each
parameter was analyzed across the tissue blocks. The sec-
tions from tumors were subjected to Hematoxylin-eosin and
appropriate immunohistochemistry for characterizing tumor
grade (Fig. 6). A consultant neuropathologist performed the
conventional pathological examination ofH&E-stained slides
and confirmed the diagnosis (normal or tumor). The gliomas
used for the study were confirmed by histopathology as
glioblastoma, astrocytoma, and oligodendroglioma.

FIGURE 7. Plot of mean resistivity of tumor and corresponding normal
tissues (SE = Standard error).

F. STATISTICAL ANALYSIS
The statistical analysis used for the study involved both
descriptive statistics and hypothesis testing. Shapiro-Wilk
normality test was performed to see if the electrical resistivity
of tumor and corresponding normal for long-term formalin-
fixed, fresh, and one week formalin-fixed samples followed
a normal distribution. Further, two-tailed Student t-tests were
performed for all three pairs of tumor and corresponding nor-
mal samples to compare themean resistivity. A one-way anal-
ysis of variance (ANOVA) was performed for all the normal
regions of the brain to assess if there were any statistically sig-
nificant differences in resistivity between the regions. Also,
Tukey’s honest significant difference test was performed
to find out the combinations of regions with significantly
different means. Student’s t-test with Welch’s correction was
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performed to compare between pooled resistivity of white
matter regions and grey matter regions. Finally, a one-way
ANOVA was performed to see any statistically significant
differences in resistivity among the groups of normal samples
as an effect of formalin fixation. All the tests were performed
at a 0.05 confidence level.

III. RESULTS AND DISCUSSION
A. COMPARISON BETWEEN TUMOR AND
CORRESPONDING NORMAL
The electrical resistivity characterization of normal and tumor
human brain tissues from all three sample groups is shown
in Fig. 7. Gliomas are known to originate majorly in the
frontal and temporal lobes [48]. Hence, the measured mean
resistivity of gliomas (n = 6) was compared with FWM
(n= 6). Tumor tissues were observed to have lower resistivity
than the corresponding normal tissues in fresh and formalin-
fixed samples. A Shapiro-Wilk normality test indicated that
the resistivity values for all the groups of samples followed a
normal distribution. As the samples followed normality, two-
tailed Student t-tests were performed. For the study using
long-term formalin-fixed samples, the resistivity of glioma
(536± 29�.cm) was significantly lower than that of the nor-
mal (2558± 157�.cm) (p= 1.99e-05). The mean resistivity
of glioma (22.4± 1.6�.cm)was substantially lower than nor-
mal (98.6 ± 1.4 �.cm) for the fresh samples (p = 5.02e-08).
The glioma samples after one week of formalin-fixation also
showed significantly lower resistivity of tumor (82± 3�.cm)
compared to normal (1275 ± 59 �.cm) (p = 5.57e-06). The
lower resistivity values for glioma than normal brain tissues
follow the trend reported in the literature [23], [49]. The nor-
mal brain tissues have well-organized membrane structures
associated with their electrogenic and functional properties,
and this organization is absent in the case of tumors [24].
Also, there is significant degradation of cellular membranes
caused by enzyme secretions associated with tumor progres-
sion [50]. Tumors like gliomas cause extensive necrosis and
reduce the fraction of intact cells, increasing the extracellular
matrix (ECM) volume and infusion of intracellular ions into
the ECM. These phenomena can lead to the availability of a
higher fraction of the extracellular conductive matrix in the
tissue volume for conduction [51]. Table 3 summarizes the
mean resistivity for different anatomical regions of the brain
and tumors.

B. HETEROGENEITY AMONG HUMAN BRAIN REGIONS
It was observed that heterogeneity of the tissue causes wide
variability in tissue resistivity between the different anatom-
ical areas of the brain. Fig. 8 shows the heterogeneity in
resistivity between normal brain regions and its compari-
son with the tumor for long-term formalin-fixed samples.
The heterogeneity observed among the brain regions for
fresh tissues (Fig. 9(a)) and after one week formalin-fixation
(Fig. 9(b)) are also shown. ANOVA showed that the popula-
tionmeanswere significantly different for fresh and formalin-
fixed samples (p < 7e-24).

FIGURE 8. Plot of mean resistivity of tumor and different anatomical
regions of human brain under long-term formalin-fixation (six months)
(SE = Standard error).

FIGURE 9. Plot of mean resistivity of tumor and different anatomical
regions of human brain (a) freshly excised, and (b) subsequently
formalin-fixed for one week (SE = Standard error).

Further, the Tukey test for mean comparisons between
each region obtained from fresh tissues indicated that all
white matter regions were significantly different from all
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TABLE 3. The mean resistivity of different anatomical regions of brain and glioma.

grey matter regions (p < 0.05). However, this difference
was not evident in the case of formalin-fixed samples. There
was no significant difference in the means of TH-FGM,
HIP-FGM, and HIP-TH for fresh and formalin tissues among
grey matter regions. This suggests considerable homogeneity
among the predominantly grey matter regions (FGM, TH,
and HIP), which was not observed for white matter regions
(CC, FWM, and IC). The results also suggest that the brain
regions with a higher content of white matter have higher
resistivity for fresh (1.92 times), one week formalin-fixed
(1.88 times), and long-term formalin-fixed (2.0 times) tis-
sues compared to tissues from grey matter. The magnitude
of increase in CAU resistivity after one week of formalin-
fixation was lower than that of other regions, and the reason is
being investigated. A Student’s t-test with Welch’s correction
showed a significant difference between the mean resistivity
of white matter (84.1 ± 18 �.cm) and grey matter (54.4 ±
15 �.cm) (p = 1.96 e-6). The brain tissue architecture is
heterogeneous and consists of a complex arrangement of a
wide variety of cells with different sizes and functionality.
White matter consists of compact stacks of fibers with cells
separated by a loose matrix. The relative densities of these
two components – cells and their ECM, vary across different
types of white matter, hence the heterogeneity. Grey matter,
in contrast, lacks this complex architecture and therefore
contributes to the lower heterogeneity in resistivity, as evident
in the study. Also, comparatively lower resistivity for grey
matter than white matter could be due to the higher water
content [36], [52], [53].

C. EFFECT OF FORMALIN-FIXATION
Formalin-fixation preserves the cellular architecture and cell
composition by chemical modification of tissue proteins and
constituents [54], [55]. Formaldehyde in an aqueous medium
is hydrated to form methylene glycol, which polymerizes
to form polyoxymethylene glycol [54]. This cross-linking
leads to reduced availability of free ions for conduction
in the tissue, explaining the higher resistivity of formalin-
fixed healthy brain and tumor tissues than that of unfixed
tissues [36], [55]. The initial cross-linking happens within

TABLE 4. Summary of statistical analysis (p-value table).

two days, and it takes roughly 30 days to undergo stable
fixation [54], [56]. There was an observed increase of 9.19±
3.85 times in the tissue resistivity due to formalin fixation
for one week. Hence, the one week time point was chosen to
understand the effect of initial cross-linking and six month
time point for understanding the effect of stable fixation.
The resistivity of long-term (six months) formalin-fixed tis-
sues was more than that of one week fixed tissues (3.14 ±
2.17 times) and fresh tissues (25.76 ± 6.38 times). One-
way ANOVA was performed for fresh and formalin-fixed
tissues, and the groups were observed to be significantly
different (p< 3.16e-37). Considering around 35 % change in
the resistivity happens within around 3.8 % of fixation time
(one week in six months), it can be assumed that the initial
cross-linking influences the resistivity significantly. This also
suggests that the significant changes in the resistivity should
be complete within the stable fixation period of 30 days.
Hence, electrical characterization of tissue samples has to be
performed either using fresh tissues or using tissue samples
that have undergone stable fixation to avoid errors due to
temporal changes during the fixation process. Table 4 shows
the summary of statistical tests performed in the study.
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IV. CONCLUSION
Human tissues have been characterized by microscopic
examination using different stains and at various magnifica-
tion levels using a range of the light spectrum. However, using
a different physical property of human tissues – viz. electrical
properties, of which resistivity is but one aspect, has been
used only sparingly to correlate with pathological behav-
ior. As assessed by the pathologist using light microscopy,
various tissue characteristics have been used to understand
and predict the behavior of pathological processes until now.
Studying the physical properties of human brain tissues for
intraoperative tumor delineation has been so far limited.

The heterogeneous nature of the healthy human brain and
the varied types of oncogenic transformations that lead to
different brain tumors demand a detailed understanding of
the ex vivo brain tissue before progressing to in vivo studies.
However, developing a protocol for handling and characteriz-
ing precious human brain biopsy tissues is a clinical and engi-
neering challenge. The difficulties range from implementing
rapid measurement to prevent the temporal degradation of
tissue samples to optimizing sample dimensions to account
for errors due to sample shape. To mitigate these challenges,
an automated system integrated with biochips, mechanical
actuators, and electronic modules for measuring the electrical
resistivity of human brain tissues is designed and developed.
An inverse optimization strategy using the FEM tool is used
to standardize tissue dimensions and to calculate resistivity
from measured resistance. The electrical resistivity of dif-
ferent areas of the normal human brain and malignant brain
tissues is distinct. The freshly excised glioma tissues have
significantly lower resistivity than the corresponding normal
tissues. Formalin-fixation, a commonly used tissue preserva-
tion technique, was observed to increase the electrical resis-
tivity of normal and tumor tissues and conserve the trends in
resistivity in the normal and tumor groups. Formalin-fixation
is shown to increase the resistivity of fresh tissues around
nine times in a week and around twenty-six times in six
months. Differences in electrical properties of tumors and
adjacent brain tissues could become a potential biomarker
that can be used for intraoperative brain tumor delineation.
The developed automated system integrated with biochips
could explore further aspects of brain tissue, such as hetero-
geneity and its impact on prognosis. The system is scalable,
compact, and allows for high-throughput measurement from
ex vivo brain tissue samples to generate a dataset that will aid
us for in vivo studies in the future. We show that properties
such as electrical resistivity can also be a valuable adjunct for
precise tumor delineation and prognostication. If electrical
properties can be part of a pathologist’s armamentarium,
it may further improve the granularity of disease diagnosis.
As the next step, we envisage understanding the mechanical
properties of tissues along with electrical properties using a
large set of fresh human brain tissues and comparing them
with tumors. We envisage moving towards a hand-held probe
integrated with electrical and mechanical sensors for real-
time intra-operative in vivo tumor delineation.
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