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Biopsy Needle Integrated with
Electrical Impedance Sensing
Microelectrode Array towards Real-
e o time Needle Guidance and Tissue
et Discrimination
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Inkyu Park'?

A biopsy needle with electrical impedance sensor array based on stainless steel microelectrodes (EIS
needle) was developed for real-time four electrode measurement and multi-spot sensing of tissues
during the biopsy process. The sensor performance was characterized by using saline solutions with
various concentrations, which proved accurate, stable and reliable electrical impedance measurement.
The capability of impedance-based tissue sensing was verified by the conductivity measurement

of agarose hydrogel based phantom mimicking cancer tissue. Furthermore, multi-spot impedance
sensing during needle insertion was demonstrated using porcine meat with muscle and fat layers,
which exhibited a clear discrimination between different types of tissues. Also, the electrical impedance
difference between normal and fatty livers of mouse model was measured by the EIS needle. We could
successfully demonstrate that the EIS needle can provide localized and accurate characterization of
biological tissues at the needle tip.

Image-guided biopsy is conducted in order to extract suspicious lesions from the patients for histological exam-
ination. In this procedure, correct tip positioning of biopsy needle is typically confirmed by using medical imag-
ing tools such as ultrasound, computed tomography (CT) and magnetic resonance imaging (MRI)! as shown in
Fig. 1(a). Because the extracted tissue in the biopsy process is located right at the needle tip, locating the needle tip
at the correct suspicious lesion is critically important as shown in Fig. 1(b). Although the positions of tumor and
needle tip are distinguished by using medical imaging tools in many cases, the location of lesions in some organs
. is occasionally unclear, which increases the uncertainty and inaccuracy of the biopsy procedure. For example, the
© visualization of prostate cancers is often difficult with imaging tools, thereby radiologists extract tissues from 6
© to 12 designated spots in the prostate® In this case, an ultrasonic probe is utilized only for estimating the volume
. of prostate and locating the needle position®. Furthermore, since the imaging tools can only provide the location
of lesion, it is difficult to obtain the detailed information of lesion such as type or stage of cancer before the his-
tological assessment?.

Nowadays, the electrical impedance is considered as one of the most prominent indicators to discriminate the
tissue types and to investigate the biological behaviors or changes of biological matters due to its high sensitiv-
ity, simple measurement method and real-time measurement capability*. Especially, the differences of electrical
impedances between normal and cancerous tissues have been reported in various studies including the cases of
lung, liver, breast, prostate cancer and etc. in both in vivo>® and ex vivo measurements’~'>.
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Figure 1. Impedance sensor integrated biopsy needle as a solution of tip positioning problem of conventional
image-guided biopsy and conventional EIS needle vs. microelectrode array based EIS needle: (a) basic
strategy to confirm the position of the biopsy needle tip; (b) potential problems about mis-positioning of the
biopsy needle; (c) biopsy needle with electrical impedance sensor (EIS needle) for tumor discrimination and
accurate needle positioning; (d) schematic image of conventional EIS needle for 2-electrode measurement; (e)
schematic image of microelectrode array based EIS needle for 4-electrode measurement and multi-spot EIS;
(f) measurement error induced by electrode polarization effect in conventional EIS with two electrodes and its
resolution by using 4-electrode measurement; (g) multi-spot and localized sensing based on microelectrode
array.

Based on these advantages and previous studies on the electrical impedance measurement for tissue discrimi-
nation, biopsy needles with electrical impedance spectroscopy (EIS) capability to investigate the tissue properties
near the needle tip have been developed by several researchers to overcome the above mentioned limitations of
conventional image-guided biopsy process'*-1” as shown in Fig. 1(c). In these works, the metal body of biopsy
needle was directly used as electrodes as illustrated in Fig. 1(d). Typical biopsy needles used in the co-axial biopsy
technique are composed of inner stylet and outer sheath in order to provide a space for containing the tissue cut
by a sharp blade. In the above mentioned studies on EIS needles, an electrical insulation layer was made between
inner stylet and outer sheath, and the needle tip was exposed to the external environment for electrical meas-
urement. Therefore, the electrical properties of tissue near the needle tip could be investigated by measuring the
electrical impedance between inner stylet and outer sheath. In contrary to the above mentioned EIS needle, Yun
et al. reported the EIS needle with interdigitated electrodes for impedance measurement based on conventional
semiconductor fabrication technique. They show the miniaturized interdigitated electrodes with width less than
400 pm which is applicable to needle with diameter of 700 um (22-gauges)'”. However, only 2-electrode measure-
ment technique is possible in those configuration. When the electrical impedance of specimen with ions is meas-
ured, ions are attracted to the electrodes by electrostatic forces and an electric double layer generated by the ion
attraction induces a local potential drop near the charged electrodes'®-?°. This phenomenon is called an electrode
polarization (EP) effect and it causes considerable voltage measurement errors as shown in Fig. 1(f). It strongly
occurs with 2 electrode measurement system in an alternative current with frequencies less than 100 kHz, where
critical information on the biological tissues can be obtained by EIS due to the interfacial relaxation of biological
tissues*. Because of this EP effect, the measurement results in the previous reports inevitably included significant
errors especially in the low frequency regime. It has been generally known that the EP effects can be avoided by
using 4-electrode measurement with two pairs of electrodes, in which one pair (outer electrodes) is used for the
current injection and the other pair (inner electrodes) is used for the voltage measurement'®!°. Above mentioned
EIS needles not only suffered from errors induced by the EP effects, but also were not capable of simultaneous
multi-spot measurement since multiple electrode array was not fabricated at various spots along the biopsy nee-
dle as shown in Fig. 1(g). Furthermore, the sensing area of the previously proposed EIS needle was in the range
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Figure 2. Fabrication process of EIS needle based on stainless steel micro-strips, photos of fabricated EIS
needle and measurement system for EIS needle: (a) overall schematic of EIS needle; (b) fabrication process of
microelectrode array on the surface of biopsy needle (blue box) and packaging to external connection (green
box); (c) photograph image of fabricated EIS needle; (d) microscopic image at the sensing spot of EIS needle
with four electrodes (electrode width =110 um); (e) connection diagram between EIS needle and measurement
devices; EIS needle was connected to an LCR meter but a multiplexer unit was inserted in between EIS needle
and LCR meter if multi-spot sensing was required; (f) photograph images of actual measurement setup of EIS
needle; The EIS needle was fixed to a linear stage and allowed to move vertically in order to minimize human
error during the measurement.

of several mm, and therefore the EIS needle could have low accuracy of tissue discrimination in heterogeneous
tissue structures.

In this paper, we demonstrate a new type of biopsy needle with a capability of multi-point electrical imped-
ance spectroscopy (EIS needle) by using microelectrode array fabricated on the surface of needle as shown in
Fig. 1(e). Instead of utilizing the needle body as electrodes, we fabricated an array of microelectrodes with stain-
less steel microwires, and thus we could easily design the length and number of electrodes on-demand by attach-
ing the stainless steel microwires on the surface of the biopsy needle. Therefore, for the first time, a biopsy needle
with capabilities of 4-electrode measurement and multi-spot measurement with localized impedance sensing for
accurate real-time tissue discrimination could be realized in this work as shown in Fig. 1(f,g). We demonstrated
that our EIS needle could successfully function in 4-electrode measurement configuration with saline solutions
and conduct real-time impedance sensing within an agarose hydrogel based phantom during needle insertion.
Also the capability of multi-spot impedance sensing with a single EIS needle was verified with a real animal tissue.
Furthermore, in order to verify the capability of our EIS needle in actual clinical situation, diagnostic perfor-
mance was evaluated by computational analysis of local impedance measurement accuracy and by experimental
analysis in which normal and fatty liver tissues in mouse model were distinguished with our EIS needle.

Material and Methods

Fabrication of EIS needle. Figure 2(a,b) are schematic images illustrating the fabricated EIS needle and
its fabrication process, respectively. Stainless steel 316 needles with diameter of 1.2 mm (gauge 18) and length
of 15cm (RF Medical, Korea) were used as biopsy needle bodies. First, the needle was encapsulated with a pol-
yethylene terephthalate (PET) heat-shrink tube (Vention Medical, USA) in order to create an electrical insula-
tion between the needle body and microelectrode array. The encapsulation was processed in a convection oven
at 120°C for 1 min. Then, a pressure sensitive adhesive (PSA) with a capability of instant fixation of attached
electrodes was coated on the surface of insulated needle body. Other thermal or UV curing adhesives were not
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Figure 3. Electrical impedance sensing performance of EIS needle: (a) conductance measurement and
conversion of conductance to conductivity: A. conductance measurement by changing frequencies from 1kHz
to 1 MHz, B. converted conductivity value using cell constant derived from reference solution (0.2070 S/m);

(b) Calibration error after converting conductance to conductivity; relative errors (red line) between the
conductivity measured by commercial conductivity meter (green line) and by the fabricated EIS needle (blue
line) is shown; (c) stability test: A. change of measured conductivity of saline solution from 1kHz to 1 MHz at 1,
3, 10 and 30 min after initial measurement, B. relative error from initial measurement.

appropriate for fixing the electrodes because electrodes could not be immobilized on the surface of needle during
the curing processes due to the small curvature radius of the needle. A biocompatible PSA (MD-7 4602, Dow
Corning, USA) was diluted with ethyl acetate (Junsei Chemical, Japan) with a volume ratio of 1:1 in order to
modulate the evaporation rate of solvent. The mixed PSA solution was first coated on a flat PET substrate by
using a bar coater (OSP-10, OSP Korea, Korea) and then this was transferred to the needle surface by rolling the
needle on the PET substrate. Afterwards, PSA was dried in an ambient air for 15min. Then, the electrodes made
of stainless steel 316LV flat strips (thickness =25 pum, width = 110 pm and length = 10 cm; Fort Wayne Metals,
USA) were prepared. (See Fig. S1 in the Supplementary Information) Before attaching the electrodes onto the
surface of needle, 4 cm end of electrodes were electroplated with a 1 um thick gold (Au) layer in order to make
better adhesion to the external wire during soldering process. (See Fig. S2 in the Supplementary Information)
Afterwards, the stainless steel electrodes were manually attached on the surface of needle. Due to the sticky nature
of PSA layer, the electrodes could be fixed with a small amount of pressure. Although there existed small variation
in the distances between electrodes, its effects on the EIS measurement could be calibrated by measuring the cell
constant of the fabricated EIS sensor. The number and arrangement of electrodes could be varied depending on
the number and locations of sensing spots. After the electrode fabrication, the second electrical insulation was
made with PET heat-shrink tubes. In the second insulation, several spots on the heat-shrink tube were locally
cut before the encapsulation in order to expose the sensing electrodes to the analyte in the external environment.
Finally, customized needle hub made by 3D printing was attached at the end of needle and electrodes were con-
nected to the external wire with a diameter of 0.312 mm (Eunsung Inc., Korea) by conventional soldering process.
Figure 2(c) shows the photographic image of the fabricated EIS needle. As shown in the figure, the connection
between the electrode and the external wire was fixed in the trench of needle hub with an epoxy glue. Magnified
view of the electrodes connected on the needle hub is shown in Fig. S3 in the Supplementary Information. Also,
the ends of external wires were finished with Bayonet Neill-Concelman (BNC) connectors for a connection to
an LCR meter. The microscopic image of exposed region to the external environment is shown in Fig. 2(d). The
stainless steel electrodes were attached in a good longitudinal alignment without delamination from the surface
of needle. Furthermore, the electrodes were completely insulated with heat-shrink tube except for the open region
for the electrical impedance measurement of the external environment.

Measurement system configuration. Several equipment such as LCR meter, multiplexer unit and per-
sonal computer were used to measure and control the EIS system, and its overall layout is shown in Fig. 2(e). First,
an LCR meter (E4980a, Keysight, USA) was utilized in order to give alternative current (AC) and to measure the
voltage between electrodes to calculate the electrical impedance. Since the LCR meter was only compatible with
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Figure 4. Computational analysis for impedance sensing range and performance evaluation of the EIS
needle based biopsy process: (a) illustration of model for computational analysis including the EIS needle and
the complex of normal and cancerous tissues; (b) the conductance profile of the EIS needle with electrodes
facing towards cancer; (c) the conductance profile of the EIS needle with electrodes facing against cancer. The
distances between the center of the EIS needle and cancer boundary for 10% and 90% cutoff positions are
shown in the inset images of electrical field distribution; (d) computationally calculated receiver operating
characteristic (ROC) curve of the EIS needle based biopsy process for cancer tissues with diameters of 1 mm,
2mm, 3mm, and 5mm.

single channel composed of four electrodes, the data acquisition unit (34970a, Keysight, USA) with multiplexer
module (34904a, Keysignt, USA) was installed between the EIS needle and LCR meter to enable multi-spot EIS
measurement. This overall measurement system was controlled by Labview® in a personal computer, which could
change the measurement parameters such as the frequency and amplitude of the AC current, selection of con-
nected electrodes, etc.

Figure 2(f) illustrates the actual photograph image of the measurement system with EIS needle. The EIS nee-
dle was attached to the plate of vertical linear stage in order to minimize the measurement errors by avoiding
vibrations from hands during the measurement. When the experiments with hydrogel phantom and biological
sample were conducted, the experiment was performed in a manner similar to a conventional biopsy procedure.
The conventional biopsy procedure proceeds in the order of “needle insertion”, “confirmation of needle position
using medical imaging tools after needle stop”, “additional needle insertion”, and “tissue extraction after repeat-
ing the position correction process”. Therefore, we followed the similar order of “needle insertion’, “needle stop
and impedance measurement’, “additional needle insertion”, and “needle stop and impedance measurement after
reaching other type of tissue” in experiments. The insertion depth was estimated based on the length of needle
outside the phantom or biological tissue because the insertion depth of the EIS needle cannot be accurately meas-
ured in optically opaque sample.

Sample preparation. Preparation of saline solution. ~ Saline solutions used for the characterization and cali-
bration of sensor were made by mixing the deionized water and NaCl powder (7548-4400, Daejung Chemical
& Metals, Korea). The target conductivity of saline solution at room temperature covering conductivity range
of bio-tissue from 0.01 S/m to 1S/m?! were 0.0103 S/m, 0.0257 S/m, 0.0616S/m, 0.1537 S/m, 0.4084 S/m and
1.0115S/m which corresponds to the concentration of 0.001 M, 0.0025M, 0.006 M, 0.015M, 0.04 M and 0.1 M
in accordance with the relation between conductivity and concentration of NaCl solution?’. However, due to the
inaccuracy of manual preparation and other human errors, actual concentrations were slightly different from the
target values. Thus, the actual conductivities of saline solutions at room temperature measured by the conduc-
tivity meter (Orion™ Star A212, Thermo Fisher Scientific Inc., USA) were 0.0125S/m, 0.0352S/m, 0.0714 S/m,
0.2070 S/m, 0.4860 S/m and 1.0370 S/m, respectively.
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Preparation of phantom model with normal and cancerous liver tissues. A phantom model was fabricated using
commercial agarose hydrogel. The phantom consisted of inner core and outer covering agarose hydrogel that
simulated the conductivity of cancerous and normal tissues in human liver, respectively. First, NaCl solutions
were prepared in order to mimic the conductivities of normal and cancerous tissues in human liver (normal
tissue: 0.03S/m to 0.164 S/m and cancerous tissue: 0.166 S/m to 0.272 S/m) based on previous work of S. Laufer,
et al.'’. The conductivities of solutions mimicking normal and cancerous tissues were measured to be 0.0358 S/m
and 0.2 S/m, respectively, using a commercial conductivity meter. In case of cancer mimicking solution, red ink
was added in order to visually distinguish from surrounding normal tissue. Then, 1 wt% of agarose powder (016-
13972, Daejung Chemical & Metals, Korea) was added into each solution, followed by heating to fully dissolve the
agarose powder in the solution. The heated cancer mimicking solution was cooled down for gelation of solution
and gelated tissue was cut into a 1.5cm X 1.5cm x 1.5cm cube. The cancer mimicking cube was wrapped with
Parafilm® (Bemis, USA) in order to avoid diffusion of NaCl ions to the surrounding environment in the phantom.
Then, heated agarose solution that mimics normal tissue was poured over cancer mimicking cube. Finally, cancer
mimicking hydrogel was embedded within normal tissue mimicking hydrogel.

Preparation of porcine meat and fatty-liver mouse model. A porcine meat within one day after sacrifice was uti-
lized for longitudinal EIS measurement. The meat had a clear boundary between fatty and muscular regions and
was placed in a customized plastic container. As a sample for the mouse fatty liver experiment, male C57BL/6
wild-type (WT) mice purchased from the Jackson Laboratory (Bar Harbor, ME) were used. Four- to five-week
old mice were fed with standard diet or high-fat diet (60% fat by calories; Harlan Teklad TD 06414, Madison,
WI) for 12 weeks in a specific pathogen-free facility. At the end of 12-week standard diet or high-fat diet feeding,
electrical impedance measurement was performed. Briefly, under inhalatory anesthesia using isoflurane, mice
received a midline incision along the abdominal cavity to allow for the visualization of the liver. The EIS needle
was inserted in the center of left lateral lobe to measure the electrical impedance. All mice received humane
care according to the criteria outlined in the Guide for the Care and Use of Laboratory Animals provided by the
National Institutes of Health (NIH), and all experimental procedures were approved by the Institutional Animal
Care and Use Committee of KAIST.

Computational analysis for impedance sensing range and performance evaluation of EIS nee-
dle based biopsy process. For computational analysis of tissue conductance measured by EIS needle, a
commercial multi-physics simulation tool, COMSOL® (COMSOL Inc., USA), was used. The conductance of
tissue at the needle tip was calculated by changing the distance between the center of the EIS needle and the
center of circular cancer tissue in a complex of normal and cancerous liver tissues as shown in Fig. 4(a). (See
Supplementary Information about detailed model configuration for the computational analysis)

In order to calculate the sensing range of the EIS needle, we used commercial mathematical software, Matlab®
(Mathworks, USA). It was calculated based on 10% and 90% cutoff conductances, which are defined as 10% and
90% changes between conductances of normal and cancerous liver tissues with infinitely large diameter by the
following equation (See Fig. S6 in Supplementary Information for detail):

Gn% cutoff — Ginﬁnitefnormal + (1’1 X 001) (Ginﬁnitefcancer - Ginfinitefnormal) (1)

where Giuinite_normar @0d Gipfinite_cancer 1€ the conductances when the EIS needle is dipped in infinitely large normal
or cancerous tissues, and # is the cutoff percentage. The 10% and 90% cutoff locations of EIS needle are obtained
by the following criteria and used for the calculation of sensing ranges:

Atx = X10% cutoff * G(X) = Ginﬁnite,normal +0.1 x [Ginfinite,cancer - Ginfinite,normal] (2)

Atx = X90% cutoff * G(x) = Ginfinite,normal +0.9 x [Ginfinite,cancer - Ginﬁnite,normal] (3)

where G(x) is the EIS conductance at needle position x within the complex of normal and cancer tissues.

Monte-Carlo simulation was carried out in order to evaluate the diagnostic performance of the EIS needle
based biopsy process using a commercial mathematical software, Matlab® and conductance profiles along needle
position that were calculated as explained above. (See Fig. S7 in Supplementary Information for detailed simula-
tion process). The sensitivity and the specificity of EIS needle based biopsy process were calculated based on the
result and below equations.

e Number of true positives
Sensitivity =

Number of true positives + Number of false negatives (4)

Number of true negatives

Specificity =
P Y Number of true negatives + Number of false positives (5)

The receiver operating characteristic curve (ROC curve) was plotted and area under ROC curve (AUC) was cal-
culated in order to evaluate the performance of EIS needle based biopsy process.

Results
EIS sensor characterization. We obtained the cell constant of fabricated EIS needle and characterized its
calibration accuracy using saline solution with various conductivities. (See Supplementary Information for the
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EIS electrodes facing in the opposite
EIS electrodes facing toward cancer direction to cancer
Cutoff Location of | Distance between needle center | Location of | Distance between needle
percentage | EISneedle | and cancer boundary EIS needle center and cancer boundary
10% 2.24mm 0.74mm 1.12mm 0.39 mm
90% 1.24mm 0.26 mm 0.325mm 1.18 mm

Table 1. Calculated locations of EIS needle and distance between the center of EIS needle and cancer boundary
for EIS electrodes facing towards cancer or in the opposite direction to the cancer tissue with diameter of 3 mm
as shown in Fig. 4(b,c).

definition and determination of the cell constant) The saline solution with a conductivity of 0.2070 S/m, which
is within the range for the conductivity of human tissues', was used as a reference to obtain the cell constant.
The conductance of saline solution was measured using an LCR meter and the cell constant was calculated using
measured conductance and conductivity of the saline solution. Then, calculated cell constant was utilized to
convert the conductance of arbitrary saline solution into its conductivity, which is an intrinsic property of the
solution. Figure 3(a) shows the measured conductance of saline solutions with various concentrations by chang-
ing the measurement frequency from 1kHz to 1 MHz and their calibrated conductivities. The measured mean
conductance of reference solution and standard deviation in the measurement frequency range were 2.465-1073
S and 7.970-107° S, respectively. The calculated cell constant of fabricated EIS needle was 0.0119 m, which was
obtained by dividing the measured mean conductance by the conductivity of reference solution. The conductance
of other saline solutions with various concentrations were also measured and converted into the conductivity. The
errors between actual and measured conductivities for different concentrations are shown in Fig. 3(b). Here, the
calibration errors were obtained by the following formula:

Calibration error (%) = (Gpean — Gictual)/ Gactual X 100 (6)

where 0,,,,, is the mean conductivity from measured conductance for the frequency range from 1kHz to
1 MHz and o,,, is the conductivity measured by the commercial conductivity meter (Orion Star A212,
Thermo Scientific, USA). All of the calibration errors in saline solutions with conductivities from 0.0125S/m to
1.0370 S/m were within £8%. These errors appear to be mainly induced from parasitic impedance of electrode
arrangement on the surface of needle. Normally, error induced by parasitic impedance of probe was eliminated
by using conventional open/short or open/short/load process. In case of microelectrode array, these approaches
are not accurate because exact short state and adding loads to the end of microelectrodes could not be easily
achieved. However, because the cell constants can be well fitted to a logarithmic function of conductivities of
saline solutions as shown in Fig. S4 in the Supplementary Information, error could be also compensated by math-
ematically modeled cell constants obtained from saline solutions with various conductivities. (See Supplementary
Information for detailed process of error compensation method) Therefore, we have confirmed that the fabricated
EIS needle is capable of sensing the conductivity of ionic solutions with small errors. It should also be noted
that the electrode polarization effect was not observed during the measurement with 4-electrode system: the
conductance measured at 1kHz was 86.7% of that measured at 1 MHz for a saline solution with a conductivity
of 1.037 S/m. In case of 2-electrode measurement of saline solution with conductivity of 1.032 S/m as shown in
Fig. S5(b), the conductance measured at 1 kHz was only 6.4% of that measured at 1 MHz, which was induced by
the electrode polarization effect. (See Fig. S5 in the Supplementary Information)

The stability of EIS needle during long time measurement was also investigated as shown in Fig. 3(c). The
EIS needle was soaked in the reference solution and its conductivity was repeatedly measured at 1 min, 3 min,
10 min and 30 min after the initial measurement. As time elapsed, measured conductivities were slightly shifted
from the initial values. However, their relative changes from the initial measurement were within £4%. This error
may be attributed to partial change of the surface of stainless steel electrodes because pits can be generated on the
surface in aqueous solution with chloride ions®. This degradation of electrodes results in a slow change of surface
impedance of stainless steel?%. Although there were small changes along the elapsed times, these deviations are
insignificant because the needle insertion time is usually shorter than 30 min in the conventional image-guided
biopsy process. The corrosion of electrodes may be critical for their biocompatibility in medical applications.
However, the biocompatibility and corrosion resistance of stainless steel 316 have been extensively examined and
it has already been widely used from simple surgical tools to medical implants®.

Computational analysis for impedance sensing range and performance evaluation of EIS nee-
dle based biopsy process. The sensing range of microelectrode array based EIS needle was analyzed by
computational analysis. The conductance profile of cancer tissue with diameter of 3 mm is shown Fig. 4(b,c). (See
Fig. S8 in Supplementary Information for sensing ranges for cancer tissues with diameters of 1 mm, 5mm, and
10mm) Fig. 4(b,c) are the conductance profiles when the electrodes of EIS needle face towards and oriented in
the opposite direction from the cancer tissue, respectively. The position of the needle center and distance between
needle center and cancer boundary at 10% and 90% cutoff are summarized in Table 1. If the 10% and 90% cutoft
conductances are used as thresholds to distinguish between normal and cancer tissue, the interval between the
10% cutoff and the 90% cutoff is the region where the cancer and normal tissues cannot be distinguished, and
these are 1.01 mm and 0.78 mm for the cancer-facing and reversely oriented EIS needles, respectively. If the EIS
needle is placed in the above mentioned area, the EIS needle based cancer discrimination may fail. This area of
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Figure 5. Real-time tissue discrimination during needle insertion in hydrogel phantom with cancer mimicking
part (red color) surrounded by normal tissue mimicking part (white color): (a) photograph of experimental
setup and hydrogel phantom; red cube (0.2 S/m) in the middle of phantom and surrounding hydrogel

(0.036 S/m) mimic cancerous and normal liver tissues, respectively; (b) Real-time conductivity measurement at
the needle tip during the needle insertion into the hydrogel phantom.

diagnosis failure will be critical if the size of the cancer tissue is less than a few millimeters. In opposite, the prob-
ability of failure will decrease as the size of the cancer tissue increases.

Although the inaccuracy range of proposed EIS needle was less than 1 mm as explained above, it cannot be
directly related to the actual diagnostic performance of the proposed EIS needle. In order to evaluate diagnostic
performance of medical devices, receiver operating characteristic (ROC) curve has been usually employed as a
facile tool for the easy visualization and reliable analysis**?”. A ROC curve is plotted based on the sensitivity and
1-specificity data obtained from actual diagnosis. However, because actual clinical simulation for the EIS needle is
difficult to achieve, we conducted a computational method for the simulation of the biopsy process in order to cal-
culate the sensitivity and specificity of the EIS needle that are defined in equation 4 and 5. Figure 4(d) is the ROC
curve for the performance evaluation of the microelectrode based EIS needle. Here, sensitivity and 1-specificity
are plotted for the cancer with diameter of 1 mm, 2mm, 3 mm, and 5mm by Monte-Carlo simulation. (See the
Supplementary Information about detailed result of Monte-Carlo simulation using the customized result viewer
program) If the size of cancer is 1 mm, the diameter of the biopsy needle is larger than that of cancer and the
maximum measurable conductance is only a 41.9% cutoff conductance as shown in Fig. S8 (Supplementary
Information). Therefore, when the size of the cancer is less than 1 mm, it is impossible to target the cancer using
the EIS needle. In fact, it is shown that the area under ROC curve (AUC) of 1 mm cancer is less than 0.5, indicat-
ing that the diagnostic performance of EIS needle is totally worthless. However, as the size of the cancer increases
to 2mm, 3mm, and 5mm, AUC becomes 0.963, 0.983, and 0.990, respectively. These high AUC values reflect that
the EIS needle based cancer targeting can be used as an excellent diagnostic tool. Here, ROC curve result was
based on the assumption that the clinician can insert a biopsy needle with an accuracy of 5 mm from center of
cancer. Therefore, the position of the EIS needle was randomly selected within =5 mm from the center of cancer
for the simulation. However, if the clinician has more advanced biopsy skill and can insert the biopsy needle
closer to the center of cancer, the usefulness of the proposed EIS needle may decrease. When the range of random
insertion was decreased to =4 mm and &3 mm, the diagnostic performance of the EIS needle slightly decreased.
However, all of AUCs of each ROC curves was still larger than 0.9 as shown in Fig. S9(b,c), which verifies excellent
diagnostic performance of the EIS needle. (See the Supplementary Information).

Tissue discrimination with EIS needle. Real-time EIS measurement in liver mimicking hydrogel phan-
tom. In order to verify the possibilities of tissue discrimination between normal and cancerous tissues, we con-
ducted real-time EIS measurement during needle insertion into liver mimicking hydrogel phantom. A hydrogel
phantom containing an embedded core with a conductivity of 0.20 S/m, which mimics a cancerous tissue, and
surrounding matrix with a conductivity of 0.036 S/m, which corresponds to a normal tissue, was prepared as
shown in Fig. 5(a). During the needle insertion through the phantom, conductance at the needle tip was meas-
ured real-time at a frequency of 100kHz and conductance was calibrated by pre-calculated cell constant equation
as illustrated in Fig S10. As shown in Fig. 5(b), when the EIS needle was inserted into the phantom, measured
conductivity jumped to a mean vale of 0.036 S/m (See the Supplementary Video). When the needle was inserted
further into the cancerous part, the conductivity at the needle tip was immediately increased to a mean value
of 0.193 S/m. The relative difference between cancerous and normal parts was measured as 5.33 times by EIS
needle, while the conductivity meter gave 5.59 times of relative difference. Therefore, we could verify that the
fabricated EIS needle can measure the electrical conductivity and distinguish between normal and cancerous
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tissues real-time during needle insertion. When the needle was retreated to the normal part, the conductivity was
dropped to a mean value of 0.0663 S/m. This is higher than 0.036 S/m that was measured before insertion into
cancerous part, and this appears to be due to the leakage of ions from high concentration zone (cancerous part)
to low concentration zone (normal part) through the hole made by the needle insertion.

Longitudinal porcine tissue discrimination with EIS needle. 'We demonstrated that the EIS needle with multiple
sets of four electrode array can simultaneously measure the electrical properties of biological tissues at several
spots of the needle. Two sets of four electrode array were separated by 1 cm along the needle in order to obtain
the electrical impedance at two dissimilar points along the path of the needle insertion. As an example specimen,
a porcine meat containing both muscle and fat layers was used. It is generally known that typical conductivity
ranges of muscle and fat are 0.1-1S/m and 0.01-0.1 S/m, respectively?"*%, and these values were used as references
to identify the types of tissue near the electrode arrays. The needle was inserted manually into porcine meat in
order to simulate a conventional biopsy procedure, which is performed manually. When the EIS needle was
inserted into the porcine meat, the tissue in contact with each set of four electrode array were changed to either
muscle or fat as shown in the Fig. 6(a). By indicating the differences in the impedance at different sets of elec-
trodes, we could recognize the boundary between muscle and fat tissues and therefore the position of the biopsy
needle tip could be estimated.

Figure 6(b) shows the real-time changes of electrical conductivity measured by each set of electrode array at a
frequency of 1 kHz. (See the Supplementary Video) When the EIS needle tip was inserted slightly into the porcine
meat, the longer electrode array (electrode 1; E1) first contacted with the muscle tissue, from which a conductivity
of 0.26 S/m was measured. As the EIS needle was further inserted, the shorter electrode array (electrode 2; E2)
also made a contact with the muscle tissue and therefore its measured conductivity was almost the same as that
of electrode 1. However, when the needle was further inserted so that the needle tip reached the fat layer, the con-
ductivity at electrode 1 suddenly dropped to 0.093 S/m while the conductivity at electrode 2 was still maintained
above 0.2 S/m which was corresponded to muscle conductivity. Therefore, we could confirm that the EIS needle
tip is able to detect its penetration from the muscle to the fatty tissue.

Comparison of EIS spectra between normal and fatty liver with EIS needle. In order to verify the capability of
EIS needle to discriminate the normal and abnormal tissues in the same organ, we measured the complex admit-
tance and impedance of the normal and fatty mouse livers using the fabricated EIS needle. Fatty liver is often
considered to be the initial event in the pathogenesis of various liver diseases including nonalcoholic fatty liver
disease (NAFLD) and alcoholic fatty liver disease (AFLD). Increased fat uptake and triglyceride deposition in
hepatocytes is the key point, which causes NAFLD®. Previous studies have shown that the fatty liver tissues have
higher electrical impedance than the normal liver tissues. The mechanism of impedance increase in the low fre-
quency regime (100 Hz-100 kHz) is known as the expansion of cell size due to the accumulation of lipid inside
cells, which makes the extracellular space smaller and reduces path for electrical current, particularly in the low
frequency range. On the other hand, in the high frequency regime (>100kHz), the current passing through the
intracellular matrix becomes significant. Since the fat has higher impedance than other intracellular substances,
the fat intruded into the cells increases the impedance of cells. Therefore, the impedance of the tissue is also
increased in the high frequency regime®.

As shown in Fig. 6(c), the EIS needle was inserted into the liver and its impedance spectrum was investi-
gated in the frequency range of 1kHz to 1 MHz. Figure 6(f,g) shows the measured conductivity and susceptance
values of normal and fatty mouse livers, which are summarized in Table 2. (See also Fig. S11 and Table S3 in
Supplementary Information for the values in form of impedance and phase) Although the absolute values of
electrical impedance of normal and fatty livers were different from previously reported data below 100 kHz of
frequency®, the trend of impedance difference between normal and fatty livers was similar. In order to verify
the histological difference between normal and fatty livers, the micro-structures of normal and fatty liver tissues
were investigated as shown in Fig. 6(d,e), respectively. The liver in pair-fed group did not show any histological
abnormalities with clear architecture including portal area and central vein. On the contrary, the high-fat diet fed
mice clearly exhibited the macrovesicular and microvesicular fat accumulation inside the hepatocytes and the
ballooning degeneration of hepatocytes as compared to the pair-fed group. This swelling of cells caused narrower
electrical current path between the cells and induced relatively higher impedance in fatty liver model especially
at low frequency region as explained in Parramon et al’s work®. Therefore, we could confirm a good correlation
between the differences in the electrical impedances of normal and fatty livers, and their histological differences.

Discussion

In the present work, the microelectrode array was patterned on the surface of biopsy needle with diameter of
1.2mm in order to solve the above mentioned limitations of the conventional biopsy needle with EIS sensing
capability. The major advantage of this method is that the number, shape and length of electrodes can be freely
designed by patterning the microelectrode array. The advantages from this novel approach are as follows.

Firstly, a 4-electrode measurement which cannot be realized with the conventional EIS biopsy needle can
be used. The 4-electrode method has been commonly used for the impedance measurement of biological tis-
sues in order to reduce the measurement error from electrode polarization effect's. However, the application of
4-electrode method to surgical instruments having small surface area is very difficult because micro-scaled EIS
sensor should be integrated in the small area, thus the biopsy needle body has been used as an electrode itself in
the previous reports'®. In this report, the microelectrode array based EIS needle could reduce error due to elec-
trode polarization effect as shown in Fig. 3(a) where the conductivity of saline solution is measured to be constant
from 1kHz to 1 MHz of measurement frequencies. Therefore, it can be concluded that the microelectrode array
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Figure 6. Multi-spot sensing for real-time tissue discrimination with porcine meat and EIS needle
measurement of fatty liver mouse model: (a) photograph image of sequential needle insertion into porcine
meat and schematic image showing the change of tissues in contact with each set of electrodes; (b) Measured
conductivity at each set of electrodes during needle insertion; sensing region of electrode 1 (blue line) was

at the end of needle while electrode 2 (red line) was 1 cm shorter than electrode 1. The conductivity range of
muscle (green box) and fat (blue box) was based on Gabriel et al’s work?"?3, The italic numbers correspond
with the sequences illustrated in (a); (c) photograph image of needle insertion experiment into the mouse liver;
Histological images of (d) normal liver and (e) fatty liver of mouse; (f) conductivity and (g) susceptance of
normal and fatty mouse livers from 1kHz to 1 MHz using EIS needle.

Conductivity (S/m) 0.1095 0.1398 0.2947 0.4177
Normal mouse liver

Susceptance (S/m) 0.0199 0.0545 0.1669 0.6958

Conductivity (S/m) 0.0864 0.0989 0.1545 0.1842
Fatty mouse liver

Susceptance (S/m) 0.0053 0.0227 0.0878 0.5086

Table 2. Measured values of conductivity and susceptancee of normal and fatty mouse livers at frequencies of
1kHz, 10kHz, 100kHz and 1 MHz.

based EIS needle can perform EIS accurately in biological tissues where ionic current is dominant and electrode
polarization effect may severely occur in a two electrode system.

Secondly, localized impedance sensing can be conducted using micro-scale electrodes while the previously reported
EIS needles showed sensing ranges in the millimeter scale. The localized sensing area was analyzed by computational
analysis as shown in Fig. 4(b) and (c), which proves the accuracy improvement in heterogeneous tissue by measuring
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the electrical characteristics of only the tissue directly in contact with the EIS sensor electrode array. In addition, the
diagnostic performance of the microelectrode based EIS needle was computationally evaluated by using Monte-Carlo
method and plotting ROC curves. As a result, it was confirmed that a diagnostic performances was sufficiently accurate
for a lesion with diameter larger than 3mm (AUC > 0.95) and this is because of above mentioned localized imped-
ance sensing characteristics. According to previous clinical studies, in case of cancer size less than 1.5cm, diagnostic
accuracy of biopsy process is significantly reduced owing to practical problems on clinicians and relatively low spatial
resolution of conventional medical tools (eg. 0.5 mm for computed tomography)®'*2. Therefore, it is expected that the
microelectrode array based EIS biopsy needle can provide more accurate positioning of biopsy needle with respect to
the cancer tissue and therefore improve the diagnostic accuracy of biopsy for small-sized cancer tissues.

Thirdly, impedance measurements at several points around the biopsy needle can be simultaneously con-
ducted. In the previous reports, impedance measurement could be performed only at the tip of the biopsy needle.
However, in this work, the impedance measurement could be performed at various points around biopsy needle
because the number, length and arrangement of the electrodes can be freely designed by our approach. As shown
in Fig. 6(a,b), it was confirmed that the tissue distribution along the biopsy needle can be monitored in real-time
using two sets of EIS electrode arrays which were placed at the needle tip and 1 cm apart from the needle tip.
Based on this multi-site measurement, more accurate biopsy can be enabled by informing the clinician about
the tissue distribution along the needle, especially in the case of complicated and heterogeneous tissue structure.

Finally, in terms of biocompatibility and fabrication cost, all materials used in the fabrication including elec-
trode materials (stainless steel 316LV), pressure sensitive adhesive and heat-shrink tube are biocompatible and
already utilized in medical devices. Therefore, no significant considerations in the biocompatibility are needed for
their clinical applications. Furthermore, it is cost-effective because the raw materials for the EIS needle fabrication
are inexpensive. In addition, if the manufacturing process is automated, the fabrication cost of the EIS needle can
be further reduced while manufacturing reliability can be greatly improved.

The biggest problem occurring by patterning microelectrodes on the surface of biopsy needle is that parasitic
impedance can be generated as shown in Fig. 3(b). This medium-dependent cell constant could be also calibrated
by the method described in Fig. S4. After applying this calibration process, the composite of two media with large
conductivity difference could be accurately analyzed in real-time as shown in Fig. 5(b). Calibration procedure
using saline solutions with various conductivities may be a nuisance and a disadvantage in practical clinical appli-
cations. However, if proper precision manufacturing method is employed, reliable and reproducible EIS needle
with consistent cell constant curves can be produced and directly used without calibration process.

Conclusion

In this research, we proposed an EIS needle for tissue discrimination and accurate positioning of needle tip during
biopsy process. By direct assembly of stainless steel microwires on the surface of biopsy needle, we could measure
the electrical properties of specimen at a close vicinity of the electrode array. Especially, in our work, four electrode
measurement technique was utilized for the first time in the electrical impedance measurement on a biopsy needle,
in order to eliminate the electrode polarization effect and to improve the measurement accuracy. The accuracy and
diagnostic performance of the EIS needle were evaluated by computational analysis. We confirmed that our EIS
needle can realize highly localized impedance measurement of tissue near the microelectrode array and provide
excellent diagnostic performance. Also, the capability of multi-spot sensing with multiple sets of electrode array was
verified by tracking the conductivity at multiple spots. Therefore, the EIS needle was able to distinguish different
types of tissues and boundary between them. This was confirmed by the experiment of hydrogel phantom with
different impedance zones and porcine meat with muscle and fat tissues. Finally, EIS needle was utilized in the actual
disease model such as fatty liver mouse. We observed that the measured impedance spectra by using EIS needle was
similar to the previously reported differences between normal and fatty livers and verified that our EIS needle could
be used to distinguish the abnormalities of lesion in real-time. Based on our experimental results, we believe that our
EIS needle can be applied to conventional image-guided biopsy by enhancing the capability to detect desired lesion
for tissue collection in the biopsy procedure. Especially, in case of biopsy for small size tumor, our EIS needle will be
able to help the clinicians in accurate positioning of the needle tip and eventually to improve the biopsy-based early
diagnosis of cancer, which will increase the complete recovery rate of the cancer patients.

References
1. Fass, L. Imaging and cancer: A review. Mol. Oncol. 2, 115-152, https://doi.org/10.1016/j.molonc.2008.04.001 (2008).
2. AKkin, O. & Hricak, H. Imaging of prostate cancer. Radiol. Clin. N. Am. 45, 207-222, https://doi.org/10.1016/j.rc1.2006.10.008 (2007).
3. Yacoub, J. H., Verma, S., Moulton, J. S., Eggener, S. & Oto, A. Imaging-guided Prostate Biopsy: Conventional and Emerging
Techniques. Radiographics 32, 819-837, https://doi.org/10.1148/rg.323115053 (2012).
4. Heileman, K., Daoud, J. & Tabrizian, M. Dielectric spectroscopy as a viable biosensing tool for cell and tissue characterization and
analysis. Biosens. Bioelectron. 49, 348-359, https://doi.org/10.1016/j.bios.2013.04.017 (2013).
5. Aberg, P. et al. Skin cancer identification using multifrequency electrical impedance - A potential screening tool. IEEE Trans.
Biomed. Eng. 51, 2097-2102, https://doi.org/10.1109/Tmbe.2004.836523 (2004).
6. Kimura, S. et al. Application of Electrical-Impedance Analysis for Diagnosis of a Pulmonary Mass. Chest 105, 1679-1682, https://
doi.org/10.1378/chest.105.6.1679 (1994).
7. Halter, R. J., Schned, A., Heaney, J., Hartov, A. & Paulsen, K. D. Electrical Properties of Prostatic Tissues: I. Single Frequency
Admittivity Properties. J. Urology 182, 1600-1607, https://doi.org/10.1016/j.juro.2009.06.007 (2009).
8. Halter, R. ], Schned, A., Heaney, J., Hartov, A. & Paulsen, K. D. Electrical Properties of Prostatic Tissues: II. Spectral Admittivity
Properties. J. Urology 182, 1608-1613, https://doi.org/10.1016/j.juro.2009.06.013 (2009).
9. Jahnke, H. G. et al. Impedance spectroscopy-An outstanding method for label-free and real-time discrimination between brain and
tumor tissue in vivo. Biosens. Bioelectron. 46, 8-14, https://doi.org/10.1016/j.bios.2013.02.013 (2013).
10. Laufer, S., Ivorra, A., Reuter, V. E., Rubinsky, B. & Solomon, S. B. Electrical impedance characterization of normal and cancerous
human hepatic tissue. Physiol. Meas. 31, 995-1009, https://doi.org/10.1088/0967-3334/31/7/009 (2010).

SCIENTIFICREPORTS| (2018) 8:264 | DOI:10.1038/s41598-017-18360-4 11


http://dx.doi.org/10.1016/j.molonc.2008.04.001
http://dx.doi.org/10.1016/j.rcl.2006.10.008
http://dx.doi.org/10.1148/rg.323115053
http://dx.doi.org/10.1016/j.bios.2013.04.017
http://dx.doi.org/10.1109/Tmbe.2004.836523
http://dx.doi.org/10.1378/chest.105.6.1679
http://dx.doi.org/10.1378/chest.105.6.1679
http://dx.doi.org/10.1016/j.juro.2009.06.007
http://dx.doi.org/10.1016/j.juro.2009.06.013
http://dx.doi.org/10.1016/j.bios.2013.02.013
http://dx.doi.org/10.1088/0967-3334/31/7/009

www.nature.com/scientificreports/

11. Prakash, S. et al. Ex vivo electrical impedance measurements on excised hepatic tissue from human patients with metastatic
colorectal cancer. Physiol. Meas. 36, 315-328, https://doi.org/10.1088/0967-3334/36/2/315 (2015).

12. daSilva, J. E., de Sa, J. P. & Jossinet, J. Classification of breast tissue by electrical impedance spectroscopy. Med. Biol. Eng. Comput.
38, 26-30 (2000).

13. Surowiec, A. J., Stuchly, S. S., Barr, J. R. & Swarup, A. Dielectric-Properties of Breast-Carcinoma and the Surrounding Tissues. [EEE
Trans. Biomed. Eng. 35, 257-263, https://doi.org/10.1109/10.1374 (1988).

14. Hernandez, D. J. et al. Measurement of bio-impedance with a smart needle to confirm percutaneous kidney access. J. Urology 166,
1520-1523, https://doi.org/10.1016/S0022-5347(05)65823-5 (2001).

15. Kalvoy, H. et al. Impedance-based tissue discrimination for needle guidance. Physiol. Meas. 30, 129-140, https://doi.
org/10.1088/0967-3334/30/2/002 (2009).

16. Mishra, V. et al. A Real-Time Electrical Impedance Sensing Biopsy Needle. IEEE Trans. Biomed. Eng. 59, 3327-3336, https://doi.
org/10.1109/Tbme.2012.2213599 (2012).

17. Yun, J. et al. Electrochemical impedance spectroscopy with interdigitated electrodes at the end of hypodermic needle for depth
profiling of biotissues. Sensor. Actuat. B-Chem. 237, 984-991, https://doi.org/10.1016/j.snb.2016.07.064 (2016).

18. Ben Ishai, P, Talary, M. S., Caduff, A., Levy, E. & Feldman, Y. Electrode polarization in dielectric measurements: a review. Meas. Sci.
Technol. 24, https://doi.org/10.1088/0957-0233/24/10/102001 (2013).

19. H P. Schwan, C. D. E. Four-Electrode Null Techniques for Impedance Measurement with High Resolution. Rev. Sci. Instrum. 39,
https://doi.org/10.1063/1.1683413 (1968).

20. Schwan, H. P. Electrode polarization impedance and measurements in biological materials. Ann. N. Y. Acad. Sci. 148, 191-209 (1968).

21. Gabriel, C., Gabriel, S. & Corthout, E. The dielectric properties of biological tissues .1. Literature survey. Phys. Med. Biol. 41,
2231-2249, https://doi.org/10.1088/0031-9155/41/11/001 (1996).

22. Peyman, A., Gabriel, C. & Grant, E. H. Complex permittivity of sodium chloride solutions at microwave frequencies.
Bioelectromagnetics 28, 264-274, https://doi.org/10.1002/bem.20271 (2007).

23. Malik, A. U, Kutty, P. C. M., Siddiqji, N. A., Andijani, I. N. & Ahmed, S. The Influence of Ph and Chloride Concentration on the Corrosion
Behavior of Aisi 316l Steel in Aqueous-Solutions. Corros. Sci. 33, 1809-&; https://doi.org/10.1016/0010-938x(92)90011-Q (1992).

24. Xin, S. S. & Li, M. C. Electrochemical corrosion characteristics of type 316L stainless steel in hot concentrated seawater. Corros. Sci.
81, 96-101, https://doi.org/10.1016/j.corsci.2013.12.004 (2014).

25. Hansen, D. C. Metal Corrosion in the Human Body: The Ultimate Bio-Corrosion Scenario. Interface 17, 29-30 (2008).

26. Fawcett, T. An introduction to ROC analysis. Pattern Recogn. Lett. 27, 861-874, https://doi.org/10.1016/j.patrec.2005.10.010 (2006).

27. Swets, J. A. Measuring the Accuracy of Diagnostic Systems. Science 240, 1285-1293, https://doi.org/10.1126/science.3287615 (1988).

28. Gabriel, C., Peyman, A. & Grant, E. H. Electrical conductivity of tissue at frequencies below 1 MHz. Phys. Med. Biol. 54, 4863-4878,
https://doi.org/10.1088/0031-9155/54/16/002 (2009).

29. Anstee, Q. M. & Day, C. P. The genetics of NAFLD. Nat. Rev. Gastro. Hepat. 10, 645-655, https://doi.org/10.1038/nrgastro.2013.182 (2013).

30. Parramon, D. et al. In vivo detection of liver steatosis in rats based on impedance spectroscopy. Physiol. Meas. 28, 813-828, https://
doi.org/10.1088/0967-3334/28/8/005 (2007).

31. Lin, E. & Alessio, A. What are the basic concepts of temporal, contrast, and spatial resolution in cardiac CT? J Cardiovasc Comput
Tomogr 3, 403-408, https://doi.org/10.1016/j.jcct.2009.07.003 (2009).

32. Kothary, N., Lock, L., Sze, D. Y. & Hofmann, L. V. Computed Tomography-Guided Percutaneous Needle Biopsy of Pulmonary Nodules:
Impact of Nodule Size on Diagnostic Accuracy. Clin. Lung Cancer 10, 360-363, https://doi.org/10.3816/CLC.2009.n.049 (2009).

Acknowledgements

This research was supported by the Industrial Strategic Technology Development Program (10041618,
Development of Needle Insertion Type Image-based Interventional Robotic System for Biopsy and Treatment
of 1 cm abdominal and Thoracic Lesion with Reduced Radiation Exposure and Improved Accuracy) funded
by the Ministry of Trade, Industry and Energy (MOTIE, Korea) and Nano-Convergence Foundation (www.
nanotech2020.org, project number: R201603110, project name: Flexible nanosensor integrated RF ablation
system for in-vivo tissue pressure measurement) funded by the Ministry of Science and ICT (MSIT, Korea) & the
Ministry of Trade, Industry and Energy(MOTIE, Korea).

Author Contributions

J.P. and L.P. implemented original ideas and detailed mechanisms of the EIS needle, with help from W.M.C., K.K,,
W.LJ. and ].B.S., ].P. and L.P. designed and planned the experiments. W.M.C. and W.L]. prepared the mouse model
with fatty-liver and helped the animal test. J.P., W.M.C., K.K,, performed sample preparation, characterization
of the EIS needle, numerical simulation and tissue discrimination test. J.P. and I.P. wrote the manuscript and all
authors commented on the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-18360-4.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS| (2018) 8:264 | DOI:10.1038/s41598-017-18360-4 12


http://dx.doi.org/10.1088/0967-3334/36/2/315
http://dx.doi.org/10.1109/10.1374
http://dx.doi.org/10.1016/S0022-5347(05)65823-5
http://dx.doi.org/10.1088/0967-3334/30/2/002
http://dx.doi.org/10.1088/0967-3334/30/2/002
http://dx.doi.org/10.1109/Tbme.2012.2213599
http://dx.doi.org/10.1109/Tbme.2012.2213599
http://dx.doi.org/10.1016/j.snb.2016.07.064
http://dx.doi.org/10.1088/0957-0233/24/10/102001
http://dx.doi.org/10.1063/1.1683413
http://dx.doi.org/10.1088/0031-9155/41/11/001
http://dx.doi.org/10.1002/bem.20271
http://dx.doi.org/10.1016/0010-938x(92)90011-Q
http://dx.doi.org/10.1016/j.corsci.2013.12.004
http://dx.doi.org/10.1016/j.patrec.2005.10.010
http://dx.doi.org/10.1126/science.3287615
http://dx.doi.org/10.1088/0031-9155/54/16/002
http://dx.doi.org/10.1038/nrgastro.2013.182
http://dx.doi.org/10.1088/0967-3334/28/8/005
http://dx.doi.org/10.1088/0967-3334/28/8/005
http://dx.doi.org/10.1016/j.jcct.2009.07.003
http://dx.doi.org/10.3816/CLC.2009.n.049
http://www.nanotech2020.org
http://www.nanotech2020.org
http://dx.doi.org/10.1038/s41598-017-18360-4
http://creativecommons.org/licenses/by/4.0/

	Biopsy Needle Integrated with Electrical Impedance Sensing Microelectrode Array towards Real-time Needle Guidance and Tissu ...
	Material and Methods

	Fabrication of EIS needle. 
	Measurement system configuration. 
	Sample preparation. 
	Preparation of saline solution. 
	Preparation of phantom model with normal and cancerous liver tissues. 
	Preparation of porcine meat and fatty-liver mouse model. 

	Computational analysis for impedance sensing range and performance evaluation of EIS needle based biopsy process. 

	Results

	EIS sensor characterization. 
	Computational analysis for impedance sensing range and performance evaluation of EIS needle based biopsy process. 
	Tissue discrimination with EIS needle. 
	Real-time EIS measurement in liver mimicking hydrogel phantom. 
	Longitudinal porcine tissue discrimination with EIS needle. 
	Comparison of EIS spectra between normal and fatty liver with EIS needle. 


	Discussion

	Conclusion

	Acknowledgements

	Figure 1 Impedance sensor integrated biopsy needle as a solution of tip positioning problem of conventional image-guided biopsy and conventional EIS needle vs.
	Figure 2 Fabrication process of EIS needle based on stainless steel micro-strips, photos of fabricated EIS needle and measurement system for EIS needle: (a) overall schematic of EIS needle (b) fabrication process of microelectrode array on the surface of 
	Figure 3 Electrical impedance sensing performance of EIS needle: (a) conductance measurement and conversion of conductance to conductivity: A.
	Figure 4 Computational analysis for impedance sensing range and performance evaluation of the EIS needle based biopsy process: (a) illustration of model for computational analysis including the EIS needle and the complex of normal and cancerous tissues (b
	Figure 5 Real-time tissue discrimination during needle insertion in hydrogel phantom with cancer mimicking part (red color) surrounded by normal tissue mimicking part (white color): (a) photograph of experimental setup and hydrogel phantom red cube (0.
	Figure 6 Multi-spot sensing for real-time tissue discrimination with porcine meat and EIS needle measurement of fatty liver mouse model: (a) photograph image of sequential needle insertion into porcine meat and schematic image showing the change of tissue
	Table 1 Calculated locations of EIS needle and distance between the center of EIS needle and cancer boundary for EIS electrodes facing towards cancer or in the opposite direction to the cancer tissue with diameter of 3 mm as shown in Fig.
	Table 2 Measured values of conductivity and susceptancee of normal and fatty mouse livers at frequencies of 1 kHz, 10 kHz, 100 kHz and 1 MHz.




