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Abstract—Histological analysis is meaningful in diagnosis
only if the targeted tissue is obtained in the biopsy. Often,
physicians have to take a tissue sample without accurate
information about the location of the instrument tip. A novel
biopsy needle with bioimpedance-based tissue identification
has been developed to provide data for the automatic
classification of the tissue type at the tip of the needle. The
aim of this study was to examine the resolution of this
identification method and to assess how tissue heterogeneities
affect the measurement and tissue classification. Finite
element method simulations of bioimpedance measurements
were performed using a 3D model. In vivo data of a porcine
model were gathered with a moving needle from fat, muscle,
blood, liver, and spleen, and a tissue classifier was created
and tested based on the gathered data. Simulations showed
that very small targets were detectable, and targets of 2 x 2 x
2 mm?® and larger were correctly measurable. Based on the
in vivo data, the performance of the tissue classifier was high.
The total accuracy of classifying different tissues was
approximately 94%. Our results indicate that local bioimpe-
dance-based tissue classification is feasible in vivo, and thus
the method provides high potential to improve clinical biopsy
procedures.

Keywords—Tissue classification, In vivo, Animal study,
Simulations, Tissue properties, Liver, Hepatic tissue.

INTRODUCTION

Biopsies play a key role in the treatment of diseases,
such as cancer. Tissue samples, however, only repre-
sent a small proportion of the organ, and therefore the
accurate selection of the sampling site is of the utmost
importance. Furthermore, unrepresentative tissue
samples can lead to misdiagnosis and delays in treat-
ments. With a conventional biopsy, for example, the

Address correspondence to Sanna Halonen, R&D Department,
Injeq Ltd, Hermiankatu 22, 33720 Tampere, Finland. Electronic
mail: sanna.halonen@injeq.com

Published online: 18 December 2018

false-negative rate for prostate cancer can be as high as
38%.°°

Tumorous tissue is often characterized as having a
unique or unordered structure and abnormal vascu-
larization. In large tumors, the interior is often ne-
crotic. Because the histology changes, the electrical
properties of the tissue most likely also change. In fact,
multiple studies indicate that bioimpedance can dif-
ferentiate tumorous tissue from benign tissue. For
example, ex vivo prostate cancer'®?*?! and hepatic
tumors®'?** have been studied with promising results.

Measurement probe embedded directly in a medical
instrument could provide a practical method for tissue
detection. Bioimpedance-measuring needles have been
studied in animal and ex vivo studies for general tissue
discrimination purposes,'**’ for detecting transcuta-
neous kidney access,'' for detecting nerve tissue,'* and
for measuring muscle properties.'® In addition, Mishra
et al®' investigated the use of a biopsy needle for
prostate cancer using ex vivo samples. They reported a
performance of approximately 75% in discriminating
cancerous and non-cancerous tissue. However, they
also reported a weakness with the method in that it not
only measures the sampled tissue but also the sur-
rounding tissue. In fact, using their configuration, only
5% of the sensitivity distribution was in the sampled
tissue volume according to our resistive finite element
method (FEM) simulation.’

Many instruments used in animal or ex vivo im-
pedance studies do not fulfill the requirements for
clinical use because the probe is unsuitable for use in
humans (large size, toxic, or materials not sterilizable),
the probe is not suitable for manufacturing, the
instrumentation is not suitable for use in humans
(electrical safety regulations), or the measurement de-
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vice is impractical for medical use (slow measurement,
complex user-interface).

A thin hypodermic needle with integrated bioim-
pedance measurement electrodes can enable easy inte-
gration into the clinical workflow and spatial accuracy
of the measurement.'* Such a needle setup has previ-
ously been used successfully in clinical intra-articular
injections® and spinal anesthesia.” Similar measure-
ment principles have also been adapted to biopsy
needles, and a 14G prototype has been tested in ani-
mals.” The biopsy needle discussed here was created
using a non-centric configuration with the aim of
concentrating the measurement sensitivity distribution
at the very tip of the needle. Our initial simulations in
purely resistive homogenous media showed a very local
sensitivity ~ distribution. With quasi-static FEM,
approximately 98% of the distribution was in the
volume in front of the needle facet, meaning that
essentially everything that is measured would also be
sampled.’

The prototype biopsy needle has now been further
developed for clinical use. The needle has a size and tip
geometry equal to those used clinically, and it is made
from biocompatible and sterilizable materials. Fur-
thermore, the measurement device is simple to use and
fulfills safety regulations. In clinical use, the needle
should enable the detection of local tissue targets, and
the classification of the tissue should be ensured despite
the inevitable artifacts from movements of the needle
and tissue heterogeneity. A final aim is to create a
useful tool to help physicians guide the biopsy proce-
dure. Such a tool would enhance biopsy quality and
make the procedure easier by providing precise needle
location information on whether the selected target has
been reached or not.

The aim of this study is to assess the properties and
performance of the novel Injeq 1Q-Biopsy needle. In
the study, the spatial measurement properties of the
needle for identifying targets and the tissue discrimi-
nation ability targeted for real-time tissue identifica-
tion using liver biopsy as an example were investigated.
To do this, we used FEM simulations of a penetrating
needle to test its capability to detect tissue boundaries
and small, variably sized tissue targets in the path of
the penetrating needle or close to it. In addition to
simulations, the biopsy device was also tested in vivo in
a porcine model with 21 punctures in five tissue types
to test whether it is possible to identify macroscopically
different tissues with highly local measurement, and
what kind of classification performance can be
achieved from in vivo data. Classifier analysis provided
a basis for creating initial classification parameters
before clinical studies. To the best of our knowledge,
this is the first time that a clinically suitable biopsy
system has been used in bioimpedance-based local
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in vivo tissue discrimination and its performance values
reported. Moreover, the results are generally applica-
ble to bioimpedance tissue measurement and classifi-
cation.

MATERIALS AND METHODS

Measurement System

Measurements were performed using an Injeq 1Q-
Biopsy system that comprised an IQ-Biopsy Needle,
1Q-Biopsy instrument, coaxial cable, and the Injeq BZ-
301 impedance analyzer with modified parameters
(Fig. 1). During the study, the system was still in the
research and development phase and was not com-
mercially available. The biopsy needles had a similar
geometry and mechanical working principle to the
conventional Bard® Magnum® core-biopsy needle,
but when connected to the measurement device, the
1Q-Biopsy needle could measure and record bioimpe-
dance spectra.

The biopsy needles were core-type biopsy needles
having a size of 18G (outer diameter 1.27 mm) and
comprised two nested stainless-steel needles. The nee-
dle is punctured in the loaded state, and when the
target is reached, the biopsy instrument fires the two
nested needles forward for tissue collection. The inner
needle, with a sampling notch, proceeds first, and the
outer needle follows immediately after, cutting and
trapping the sample into the notch.

In the 1Q-Biopsy Needle, the inner needle also has
an electrode wire inside it that is insulated from the
needle cannula. Bioimpedance measurement was per-
formed at multiple measurement frequencies between
the electrode wire and the inner needle cannula, as
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FIGURE 1. The Injeq BZ-301 measurement device and Injeq
1Q-Biopsy system. The enlargement of the needle tip shows
the electrode wire inside the inner needle. The image is
published with kind permission of Injeq Ltd, which holds the
copyright.
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described in Refs. 7, 9, and 14. This configuration
enabled the measurement from the very tip of the inner
needle. The electrode wire was placed eccentrically to
the other edge of the inner needle in such a way that
the tip of the electrode wire was closer to the tip of the
needle than where it would be in a centric configura-
tion (Fig. 1). Hence, the sensitivity distribution was
drawn even further to the very tip of the needle.

In the needle, the same electrodes were used for both
feeding the excitation signal and for measurement. Due
to this bipolar measurement principle, electrode inter-
face impedance (EII) affected the measurement values.
The effect was strongest at low measurement frequen-
cies (see the measured impedance spectra of the needle
obtained in saline solution in Fig. 2). It is, however,
also possible that EII is tissue-type dependent due to
various electrolytic conditions, and this would make
EII estimation uncertain.

The sampling rate of the bioimpedance analyzer was
200 Hz. Fast measurement was achieved by using an
excitation signal that was a customized sequence of
binary pulses, with power focused on the desired fre-
quencies as in Ref. 2. Thus, one excitation signal
provided the information of all the desired measure-
ment frequencies simultaneously, and multiple sweeps
were not needed.

The presynthesized multifrequency binary excita-
tion signal was transformed to analog output using an
enhanced pulse-width modulator.> The excitation sig-
nal comprises sequences of binary values that create a
series of rectangular pulse signals. By modulating the
length, number, and repetition of these pulses, the
frequency content of the injected signal can be con-
trolled. By applying this spectrally designed binary
excitation, the voltage and current were measured from
the device’s analog inputs. The complex transfer
function of the measured impedance was calculated via
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Discrete Fourier Transform of the voltage and current
signals. The actual impedance response was calculated
using convolution.

The data processing part of the device uses the DSP
efficient DFT-algorithm to extract real and imaginary
parts of the complex value from the measured voltage
and current at 15 frequency-points between 1 and 350
kHz. These complex values were then passed to the
classifier unit where input phase and module data were
converted to feature data. The tissue classification is
made based on feature data.

The measurement device was optimized for safe,
fast, real-time measurement rather than absolute
accuracy. The binary excitation approach causes
aliasing to the impedance value.? In addition, because
the device has doubled components and electronics
designed to ensure safe operation and to fulfill elec-
trical safety regulation IEC60601, the measurements
were affected. Measurement device error was estimated
using multiple combinations of resistors and capacitors
in parallel. Component combinations do not provide
spectra that represent tissue over all frequencies, and
therefore the RC error model provided only a rough
estimation of the measurement error on the specified
frequency. The stray capacitance from the cabling, the
biopsy instrument, and the needle was approximately
160 pF. Its effect was estimated and compensated
using the open compensation method,”® where the
capacitance of the cable and instrument Zmpjing iS
measured first without load. The impedance of the
target Zareer 18 then obtained by subtracting the open
impedance including the stay capacitance from the
measured total impedance Z,,casured-

1 1 1

Ztarget Zmeasured anbling

)
S

IS
S

Phase angle [ ]

N
S

=== Simulated

m— Measured
-80 2x STD
10° 10* 10°

Frequency [Hz]

FIGURE 2. Frequency spectra of measured and simulated impedance of 0.9% saline.
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For tissue discrimination purposes, the absolute
impedance value is not critical, but high repeatability
plays a crucial role. The repeatability of the measure-
ment device was high. Depending on the measurement
frequency and measurement target, impedance mag-
nitude differences in repeated RC measurements were
on the level of 0.5%.

Simulations

The measurement properties of the 1Q-Biopsy were
simulated using 3D FEM (COMSOL Multi-
physics®v.5.2.a, Stockholm), including both the resis-
tive and reactive properties of the material. The outer
needle, inner needle, and electrode wire diameters were
1.3, 1.02, and 0.2 mm, respectively, and corresponded
to the geometry of the 18G 1Q-Biopsy. The main bevel
angle of the needle tip was 17°. The outer boundaries
of the needle were set as a ground potential, and the tip
of the electrode wire was set as a terminal. A nominal
current of 1 A was introduced through the terminal
into the system. All outer boundaries of the simulated
system were insulated. Extra-fine physics-controlled
tetrahedral mesh was used. The simulated systems had
approximately 520,000 tetrahedral mesh elements,
20,000 triangular elements, 1000 edge elements, and 31
vertex elements. The element size ranged from 0.075 to
1.75 mm. The mesh elements were smallest nearest the
needle electrodes. All material properties were set to be
isotropic. A stationary linear solver with the iterative
biconjugate gradient stabilized method were used to
solve the complex impedance at 127 kHz.

The significant volume for the needle measurement
was evaluated using the sensitivity distribution S of the
impedance measurement, defined as

S = Jres * Jeurrent

where J..s and Jeurrene are the current density field of
the reciprocal current between the voltage measure-
ment electrodes and the feeding current electrodes,
respectively.’ In our configuration, the same electrode
pair was used for current feeding and measurement,
and therefore, the equation has the simplified form:

S = |qurrent |2

The resulting impedance Z can be calculated from
the sensitivity distribution, conductivity ¢, and the
permittivity ¢ of the measured volume as an integration
over the volume 7°

1
Z = /%SdV
o+ jwe
14

BIOMEDICAL
ENGINEERING
SOCIETY

Thus, the sensitivity distribution describes the spa-
tial sampling properties of the measurement arrange-
ment when there is no change in conductivity or in
permittivity over the volume. Visualization of the
computed S provided a way to assess impedance
measurement arrangements.'”> The technique is widely
used for whole body impedance cardiography and for
microelectrodes in cell culture.®'>'7 We visualized the
sensitivity distribution of the needle system in homo-
geneous media. However, the impedance values during
the penetrations of different targets were calculated
directly from the current and voltages on the simulated
electrodes.

Multiple volume conductor cases were simulated
using a 50 x 50 x 50 mm? cube (Fig. 3). The needle in
the cube was defined using boundary conditions, so
that no simulation of the interior of the needle was
needed (defined as a vacuum). The following types of
simulation were made: (1) needle in a homogeneous
block, (2) needle penetration to another tissue, (3)
needle penetration through a membrane, (4) needle

(a) (c)

<

(b)

FIGURE 3. 3D finite element method simulation geometries:
(a) the needle in the 50 x 50 x 50 mm® cube where there is
tissue change. (b)—(e) are zoomed to the target and needle tip
inside the cube. The surrounding tissue is in blue and the
target tissue is in red. (b) shows a 1 mm thick membrane, (c)
shows a 0.2 x 1 X 1 mm® heterogeneity in front of the needle,
(d) shows a 2 x 2 x 2 mm® heterogeneity, and (e) shows a
heterogeneity of 10 x 10 x 10 mm® next to the needle
penetration route. In (e) the heterogeneity touches the outer
needle surface, but is not on the needle penetration route.
This simulation has also been repeated with a different needle
facet direction compared to the heterogeneity.
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penetration through a small heterogeneity and (5)
needle below, above, or beside a heterogeneity. The
membranes in the simulations represented any thin
anatomical structure in the body, such as endothelia or
epithelia layers lining the tissue structures or inter tis-
sue layers in the interior ligaments of the liver.

Tissue change was simulated using homogeneous
blocks. A tissue boundary was placed in the middle of
the block, perpendicular to the longitudinal axis of the
needle. The needle was moved along its longitudinal
axis from one tissue to another step-by-step. Subse-
quently, the impedance signal was calculated for each
step from the voltage on the surface of the inner elec-
trode using Ohm’s law. The penetration was perpen-
dicular to the tissue interface. The aim was to show
how different kinds of heterogeneity in tissues are seen
in the impedance signal and to determine whether there
are differences in resolution when measuring better or
worse conducting materials. The surrounding tissue
had a conductivity of 0.1 S/m and a relative permit-
tivity of 5000. Compared with the surrounding tissue,
the other tissue had higher and lower conductivities
and relative permittivities, with conductivity values of
0.01, 0.05, 0.075, 0.1, 0.133, 0.2, and 1 S/m and relative
permittivity values of 1, 1000, 5000, 10,000, and
100,000. All 35 combinations were simulated. These
material values were selected to cover the typical tissue
properties at 127 kHz and beyond. For example, fat is
a low conductive material with a conductivity of 0.02
to 0.05 S/m and relative permittivity of 20 to 80,* while
blood is a high conductive material, with a conduc-
tivity of about 0.7 S/m and a relative permittivity of
approximately 10,000.%

Membrane and small-heterogeneity penetrations
were simulated using the same conductivity and per-
mittivity values. The thickness of the simulated mem-
brane was 1 mm, and the sizes of the heterogeneities
were 0.2 x 1 x 1,05 x 1 x 1,1 x1I x1l,and2 x 2 x 2
mm?, of which the first dimension was in the direction
of needle penetration.

To estimate how much the heterogeneities next to
the needle penetration route affected the impedance,
simulations were performed with a block of 10 x 10 x
10 mm® above, below, and next to the asymmetric
biopsy needle. The heterogeneity was placed so that it
touched the surface of the outer needle but was not in
front of the needle facet. Thus, if the needle had been
fired, the heterogeneity would not have been sampled.

When penetrating new tissue or a heterogeneity, the
change in impedance was considered to be significant
and detectable if it was over 5% of the impedance
magnitude of the surrounding tissue or over 2° in
phase angle. In addition to detectability, we also ana-
lyzed when the new tissue or heterogeneity was cor-
rectly measurable. The heterogeneity was considered to

be correctly measurable if the obtained impedance
from the heterogeneity differed by less than 5% from
the impedance magnitude and less than 2° in phase
angle of the pure heterogeneity.

Animal Study

In vivo porcine tissues were measured with the 1Q-
Biopsy system. The pig (male, about 45 kg) was
anesthetized during the study, and an experienced
veterinarian monitored the study. The study was
authorized by the Ethics Committee of the Southern
Finland Regional State Administrative Agency (ESA-
VI1/4389/04.10.07/2015).

Two types of data were gathered: (1) ultrasound-
guided liver biopsies and (2) multiple visually con-
trolled punctures into adipose tissue, muscle, liver,
spleen, and blood with seven biopsy needles. The
ultrasound-guided punctures were recorded from skin
penetration until biopsy needle firing and liver sam-
pling. Thus, the ultrasound punctures contained mul-
tiple tissues that occur naturally in the liver biopsy
needle route. These data represented a close simulation
of the future clinical use of the biopsy needle.

The visually controlled punctures were targeted to
one tissue at a time, and the needle location was veri-
fied visually. The stomach of the pig was opened for
visual control punctures, so that the needle operator
could see the organs and was able to control which
organ was punctured by the needle. For muscle and fat
measurements, the skin was cut to provide a view of
the tissues. Adipose tissue was measured from the back
of the neck and muscle from hind leg (m. biceps fe-
moris, m. semitendinosus). No tissue desiccation was
made, and the punctures were done in vivo. Blood
circulation was active in all tissues during the punc-
tures of fat, muscle, liver and spleen. Blood measure-
ments were the only exception: Venous blood was
collected from ear vein to a vial for the measurement.
Blood measurements were performed immediately
after blood collection, and old blood was replaced with
fresh blood in the vial before blood clotting after two
measurements. Each tissue was measured three times
using the same needle, but always from a different
puncture site. Seven needles were used, resulting in 21
punctures for each tissue type. From each puncture, a
time-dependent measurement signal from the forward
moving needle was simultaneously recorded from 15
measurement frequencies at a sampling rate of 200 Hz.
This resulted in approximately 3 min of data from each
tissue type. The biopsy needle was in the loaded state,
and variations from normal tissue heterogeneities and
from needle movements were present in the data in
order to provide as realistic data as possible for our
classifier. Time stamps were put into the data when the
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needle tip was totally in the desired tissue and was
moving forward in good contact with the desired tis-
sue. The needle penetrated into the tissue for a couple
of centimeters. The data were collected in real time,
and thus the signal emerged from the structural inho-
mogeneties of the tissue during the movements of the
needle. One time stamp per puncture was marked to
the data. Each puncture was made in a slightly dif-
ferent location. This provided reliable data from a
single tissue only.

Analysis of In Vivo Data and Tissue Classifier

Data characteristics were analyzed qualitatively from
the whole data set but quantitatively from only the
visually controlled biopsy data. In practice, the mea-
surement signal period 0.5 s before until 0.5 s after the
time stamp (200 data points) from each measurement
was included in the analysis and resulted in approxi-
mately 21 seconds of data from each tissue (4200 data
points). This ensured that only data with a known origin
of the forward moving needle were included in the
classifier performance evaluation. Moreover, it stan-
dardized the amount of data between tissue types.

The data were manually checked and clearly erro-
neous looking tissue positions, indicated as outliers
and strong noise, were removed. Normal variation due
to needle movements and other factors were conserved.

The outliers were removed using the threshold
method: values under or over a specified threshold
were considered as outliers. The threshold value was
manually selected based on the data analysis using
histograms and different visualization tools. The
threshold value was selected so large that only values
that were clearly different from the majority of data of
the tissue type in question were identified as outliers.
The thresholds in 127 kHz impedance magnitude were
4000 Q < Z < 20,000 Q included for fat, 0 Q < Z <
4000 Q for muscle, 0 Q < Z < 2500 Q for blood, and
2000 Q < Z < 5800 Q for liver. The amount of data
obtained from different tissues are shown in Table 1.
Liver data contained more outliers than the other tis-

sue data. The reason for most of the liver outliers was
most likely blood. The liver is a well-vascularized or-
gan, and punctures cause bleeding. From fat, there
were two punctures more than from other tissues, and
therefore fat tissue data were 2 s longer.

The tissue classifier was created based on the origi-
nal visual-control data, without error correction,
measured with the biopsy needle. The performance
values of the classifications were calculated using a
sevenfold, needle-specific hold-out method. The clas-
sifier was created using data from six needles, and the
data from the hold-out needle were used as testing
data. This was done seven times so that each needle
was left out once. The final performance value was
averaged over all seven rounds.

The classification model was a statistical model
based on the Gaussian distribution and the maximum
likelihood principle as in Ref. 7. The likelihood p was
the probability of sample vector x to belong to class
w;, calculated by

U ez o)

p(xloj) = —
o) =

)

where y; and X; are the mean and covariance of class
w;, respectively, and d is the number of dimensions in
the feature space. The final classification result was the
tissue class that had the highest likelihood.

The method finds the best classification result even
when the likelihoods are low. However, then the clas-
sification may often be incorrect. To avoid this kind of
misleading classification result, we have used threshold
when classifying the ultrasound guided punctures: If
the likelihood is lower than the threshold value 10™*
for all of the tissue classes, the data point is classified as
‘No Class’.

Measurement data of 30 simultaneous values
(magnitude and phase angle of 15 frequencies) were
reduced to features calculated from the data in order to
reduce dimensionality and provide real-time classifi-
cation. The features described the DC level and the
shape of the impedance magnitude and phase angle

TABLE 1. Data during time stamps of visually controlled punctures were selected for the classifier creation.

Visual control data

Data from time stamps

Outliers removed Data for analysis

Number of samples (s) Number of samples (s) Number of samples (s) Number of samples (s)
Fat 52,323 262 4600 23 280 1.4 4320 22
Muscle 42,682 213 4200 21 64 0.3 4136 21
Blood 37,007 185 4200 21 155 0.8 4045 20
Spleen 37,276 186 4200 21 0 0.0 4200 21
Liver 35,017 175 4200 21 554 2.8 3646 18

Clear outliers were removed, and the remaining data were used in analysis and classifier creation. The number of samples is shown both in
numbers of samples and in duration (in seconds). One sample comprises 15 impedance magnitudes and 15 phase angles.
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spectra. Impedance at higher frequencies were weigh-
ted more than lower frequencies to reduce the effect of
EII. Based on the feature vector values, the probabil-
ities that the sample belonged in different tissue classes
was calculated.

The total accuracy of the classification was defined
as all correct classifications/all classifications. Sensi-
tivity was defined for each tissue class as true positive
cases/all positive cases and specificity as true negative
cases/all negative cases.

RESULTS

Simulations

The sensitivity distribution was focused on the
needle facet, and especially on the volume around the
tip of the electrode wire (Fig. 4). Over 90% of the
sensitivity distribution was within the elliptic cylinder

volume of height 0.5 mm and semi-axis radii of 0.4 mm
and 0.6 mm on the needle facet.

The simulated impedance values of the homoge-
neous materials are shown in Table 2 to present the
absolute differences between the materials.

Penetration to another tissue caused an impedance
change when the inner electrode contacted the new
tissue. Figure 5 shows an example of impedance sig-
nals from penetrations from one tissue to another with
different tissue sizes and conductivities. The zero point
is defined to be at the tissue boundary. The results
show that the impedance change was significant when
about 0.5 mm of the needle tip was in the new tissue
(Table 3). This was to be expected as the measurement
needs two electrodes and after 0.5 mm penetration
both the electrodes are in contact with the new tissue.
Saline measurements in the laboratory have also
shown that the very tip of the needle has to be in the
saline before changes in impedance occur. When the
needle entered the new tissue, the signal followed the

z
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FIGURE 4. Sensitivity distribution of the biopsy needle in the homogeneous volume conductor. Needle is in 50 x 50 x 50 mm?®

cube, outer needle diameter is 1.3 mm.
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same path regardless of the size of the new tissue.
Hence, the signal and detection points were the same
whether the needle totally penectrated new large tissue
or just entered a small heterogeneity or membrane
(Fig. 5). The signal was not disturbed by the tissues in
front of the needle, and the signal was only affected by
tissues directly on the facet.

The new tissue was correctly measurable when
about 1.2 mm of the needle was in new tissue (Table 3,
Fig. 5). Because the length of the biopsy needle facet is
over 3 mm, the new tissue was correctly measurable
with all simulated conductivity differences before the
whole needle facet was in the new tissue. All that was
required was that parts of both electrodes were in the
new tissue type. The signal curve from the penetration
had a sharper shape when penetrating through lower-
conducting material than higher-conducting material.
Hence, the change in impedance was slightly higher
earlier when the new tissue had higher conductivity
than the tissue where the needle had previously been
(Fig. 5).

Small targets with sizes of 2 x 2 x 2 mm’ were
correctly measurable with all simulated conductivity
and relative permittivity values. The length at which
the heterogeneity was correctly measurable (Table 3)
depended to some extent on conductivity and relative
permittivity, but even with the largest differences in
conductivity and permittivity, the correct measurement
value was achievable at least for a length of 1.1 mm.

When the target was smaller than 1 x 1 x 1 mm®,
the impedance of the target was no longer correctly
measurable, but it could be detected because it affected
the impedance and the value became a mixture of the
surrounding tissue and the target (Fig. 5). When the
small target or membrane had passed the electrode
wire, impedance recovered, but the effect of hetero-
geneity was “longer’” than the actual thickness of the
heterogeneity. Table 4 shows for how long different
sizes of heterogeneities affected the measurement va-

FIGURE 5. Example of impedance signals duringp
penetration through heterogeneities of different sizes and
different conductivities. Conductivity ¢ and relative
permittivity ¢, of the heterogeneities are shown in each
figure. The surrounding tissue conductivity and permittivity
was 0.1 S/m and 5000, respectively. A membrane with a
thickness of 1 mm and a small target with a size of 1 x 1 x 1
mm?® provided almost identical impedance signals (graphs
overlap). Grey lines show the impedance magnitude levels of
5% greater/less than the bulk material and 5% less/greater
than the inclusion, and corresponding values of 2° in phase
angle.

lue. Already, 0.2 x 1 x 1 mm® targets caused a
detectable change in the impedance when the needle tip
penetrated through them (Fig. 5, Table 4). However,
10 x 10 x 10 mm? heterogeneities next to, or above or
below the needle tip did not affect the impedance.
Thus, only objects in front of the path of the needle
affected the measured signal. All signals remained at
the impedance values of the large block (difference less
than 2% in magnitude and less than 2° in phase angle)
regardless of the heterogeneity above, below, or beside
the needle.

In Vivo Data

Tissue data were measured in vivo in a porcine
model. As seen from example punctures to the liver
(Fig. 6), the raw data had high variation. Short periods
also showed the periodic behavior of the signal. This
could have been due to the ordered histological
structure of the liver, but we were unable to verify the
microscopic penetration route.

Visual-control data from different tissues in vivo are
shown in Fig. 7. The values are raw values without
measurement error correction. All the measured tissues
lie between 1 kQ and 1 MQ at 127 kHz. The liver
impedance magnitude had median 3330 Q and quar-
tiles 3154 and 3512 Q, phase angle median — 23.2°,
and quartiles — 24.4° and — 21.9°. When correcting

TABLE 2. Impedance values from computer simulations at 127 kHz.

Impedance magnitude (Q)/phase angle (°)

Relative permittivity

Conductivity (S/m) 1 1000 5000 10,000 100,000

0.01 90,838/0 74,189/— 35 24,741/— 74 12,730/— 82 1286/— 89
0.05 18,168/0 17,989/ 8 14,838/— 35 10,495/— 55 1282/— 86
0.075 12,112/0 12,058/— 5 10,957/— 25 8816/— 43 1278/— 84
0.1 9084/0 9061/— 4 8565/— 19 7419/— 35 1273/ 82
0.133 6830/0 6820/— 3 6601/— 15 6032/— 28 1263/— 79
0.2 4542/0 4539/— 2 4473/- 10 4283/— 19 1237/- 74
1 908/0 908/0 908/— 2 906/— 4 742/— 35
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TABLE 3. Detection and correct measurement depths in different conductivity and permittivity.

Detection depth (mm)/correct measurement depth (mm)/length of correct measurement (mm)

Relative permittivity

Conductivity (S/m) 1 1000 5000 10,000 100,000
0.01 0.5/1.3/1.1 0.5/1.3/1.1 0.5/1.3/1.1 0.5/1.3/1.1 0.5/1.3/1.1
0.05 0.6/1.2/1.3 0.6/1.2/1.3 0.6/1.2/1.3 0.5/1.2/1.2 0.5/1.3/1.1
0.075 0.6/1.2/1.3 0.6/1.2/1.3 0.71.1/1.4 0.6/1.2/1.3 0.5/1.3/1.1
0.1 0.6/1.2/1.3 0.6/1.2/1.3 NA/NA/NA 0.6/1.1/1.4 0.5/1.3/1.1
0.133 0.6/1.2/1.3 0.6/1.2/1.4 0.6/1.1/1.4 0.6/1.1/1.4 0.5/1.3/1.1
0.2 0.6/1.2/1.3 0.6/1.2/1.3 0.6/1.2/1.3 0.6/1.2/1.3 0.5/1.3/1.1
1 0.5/1.3/1.1 0.5/1.3/1.1 0.5/1.3/1.1 0.5/1.3/1.1 0.5/1.3/1.1

‘Detection depth’ from the tissue boundary—the distance from the new target tissue boundary when the needle signal deviates due to the
vicinity of the boundary more than the selected noise level. ‘Correct measurement depth’ shows the needle depth in new tissue when the
impedance signal of the target tissue was achieved within the noise level. ‘Length of correct measuement’ is the largest length of correct
measurement with 2 x 2 x 2 mm? target. It is defined from the “first correct measurement depth” until the “last correct measurement depth”
when the needle is passing through a target tissue of 2 x 2 x 2 mm?.

NA not applicable.

TABLE 4. Interval of depth points (mm) when there was a significant effect of the heterogeneity on the impedance signal.

Size of the heterogeneity (mm?®)

Conductivity (S/m) Relative permittivity 2x2x2 1x1x1 05x1x1 02x1x1 25 x 50 x 50
0.01 5000 0.5-3.1 0.5-2.1 0.5-1.6 0.5-1.3 0.5-
0.05 5000 0.6-3.1 0.6-2.1 0.6-1.6 0.6-1.3 0.6—
0.075 5000 0.7-3.0 0.7-2.0 0.7-1.5 0.7-1.2 0.6—
0.133 5000 0.6-3.0 0.6-2.0 0.6-1.5 0.7-1.2 0.6—
0.2 5000 0.6-3.1 0.6-2.1 0.6-1.6 0.6-1.3 0.6—
1 5000 0.5-3.2 0.5-2.2 0.5-1.7 0.5-1.4 0.5-
0.1 1 0.6-3.1 0.6-2.1 0.6-1.6 0.6-1.3 0.6—
0.1 1000 0.6-3.0 0.6-2.0 0.6-1.5 0.6-1.2 0.6—
0.1 10,000 0.6-3.1 0.6-2.1 0.6-1.6 0.6-1.3 0.6—
0.1 100,000 0.5-3.2 0.5-2.2 0.5-1.7 0.5-1.4 0.5-

The tissue boundary is at 0 mm. A membrane with a thickness of 1 mm provided basically the same results as a 1 x 1 x 1 mm? target, and
therefore the membrane is not included in the table.

the measurement device error based on the RC com- Tissue Classifications
ponent model and compensating for the stray capaci-
tance, the liver impedance median was 2950 Q and
— 60°.

The parameters derived from the impedance mea-
surements from different tissue types formed separate
but partially overlapping clusters. Figure 7 shows the
relationship of the tissue impedance values to each
other in the impedance magnitude and phase angle
space. Fat has low conductivity, and therefore had the
highest impedance. Blood has high conductivity and
the lowest impedance. Liver has characteristics
between those of the spleen and muscle. Depending on
tissue type, differentiation from other tissues varied.
However, not even fat can be reliably differentiated
from other tissues based on single frequency magni-
tude alone.
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Classification results based on the needle-specific
hold-out method are shown in Table 5. The total
accuracy (all correct classifications/all classifications)
was approximately 94%. Fat was the most accurately
classified tissue. Because muscle, spleen, and liver tis-
sues are similar, they yielded more misclassifications.
Still, their classification accuracies were over 90%.

The sensitivity to classify certain tissue is shown in
the diagonal values of Table 5 (e.g. ‘Liver’, 91%, ‘Fat’
is 99%). Specificities for ‘Liver’, ‘Spleen’, ‘Blood’,
‘Muscle’ and ‘Fat’ are 97, 99, 100, 96 and 100%.

An example of ultrasound-guided liver biopsy
punctures is shown in Fig. 8. Raw data had high
variation, yet classification could be performed, and
the device mostly knew correctly where the needle tip
was during the puncture.
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FIGURE 6. Example data of punctures to the liver with the biopsy needle. The figure contains three punctures to different
locations with a single needle. Data are from the moving needle. Only one frequency plotted. Median-filtered data are shown in

black, and raw data points are shown in blue.
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FIGURE 7. In vivo tissue data at 127 kHz. Needle location
verified by visual control. Measurement values are raw values
without error correction.

DISCUSSION

Measurement Resolution

In biopsy applications, an optimal sensitivity field
should enable the detection of a tumor in the path
from where the biopsy will be taken. Thus, this de-
pends not only on the requirements to detect tumors of
various sizes, but also when a tumor is detected then
the tool should capture some tumorous tissue. A large
sensitivity volume would also mean a large lateral
sensitivity area. Thus, the needle would also be sensi-
tive to tissue changes that are not actually in the path
of the needle, which provides misleading guidance.
Hence, we believe that our impedance measurement
configuration with a small measurement volume at the
front of the needle would produce better tissue
assessment for the biopsy. The computer simulations
show that the measurement sensitivity distribution of
the 1Q-Biopsy needle is focused on the very tip of the
needle and spatially offers very precise tissue identifi-

cation. The simulations also show that tissue structures
next to the needle do not cause artifacts in the mea-
surement values. Thus, the target at the front of the tip
that is measured will always also be sampled in a
biopsy.

According to our simulations, the correct im-
pedance measurement of the target is already achiev-
able when part of the needle tip is in new tissue. The
resolution of the method is high, and even 2 x 2 x 2
mm? targets at the front of the tip are correctly mea-
sured with the device. Results in Table 3 also demon-
strate that the conductance and relative permittivity of
the surrounding tissue do not have a major impact on
measurement resolution. Furthermore, even much
smaller targets are easily detected by changes in im-
pedance. Thus, in homogeneous tissue with a variation
of less than 5%, the method could theoretically detect
small tumors or malignancies even if their electrical
properties differ only slightly from the surrounding
tissues (for example, surrounding conductivity 0.10 S/
m, target 0.13 S/m). In practice, the signal varies due to
electrical measurement noise, differences between
individuals, and the inhomogeneity of the tissue, and
thus tumor detection is made more challenging. The
use of multiple frequencies, however, can increase
detectability despite this variation.

High resolution is a desired property, but highly
local sensitivity distribution may cause large variations
in the signal, since even small heterogeneities at the
needle tip affect the impedance. We saw this in both
simulations and in vivo data; even 0.2 mm thin targets
affected the signal value in the simulations if they were
exactly at the needle tip. In vivo porcine data, verified
visually being from single tissues, show high variation
in the raw measurement values. Even in macroscopi-
cally homogeneous tissue, the measurement signal
varies due to tissue structures. For example, the liver is
composed of hexagonal lobules with blood vessels in
the middle and in the vertices and connective tissue

BIOMEDICAL
ENGINEERING
SOCIETY



HALONEN ef al.

TABLE 5. Measurement-based classification results in different needle locations.

Needle location, verified visually

Fat Muscle Blood Spleen Liver

Classification

Fat 99% 0% 0% 0% 0%

Muscle 0% 93% 8% 2% 5%

Blood 0% 0% 92% 0% 0%

Spleen 0% 1% 0% 94% 4%

Liver 0% 6% 0% 4% 91%
Amount of data 432,022 s 4136 21s 404,520 s 420,021 s 364,6 18 s

The amount of data is shown both in the number of data samples and in seconds. One data sample comprises 15 impedance magnitudes and

phase angles.
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FIGURE 8. Single-frequency impedance magnitude raw
signal during one ultrasound-guided liver biopsy. The red
line indicates the ultrasound tissue identification. Coloring of
the signal curve is according to the classification based on
full spectral analysis. The classification model was created
using the visual-control data.

between the lobules. However, the in vivo measured
data provided excellent tissue identification results.
Therefore, based on our results, the spatial sensitivity
of the needle is excellent for the purpose of biopsies.
The clinically popular ultrasound-guided liver
punctures could benefit from highly local measurement
because the resolution of ultrasonography is limited
and identifying the very tip of the needle on an ultra-
sound image is challenging. Bioimpedance-based tissue
identification could provide precise real-time location
for tissue sampling. On the other hand, our needle
system could also benefit from ultrasound imaging to
guide the needle close to the target, as our needle only
senses the very local tissue at the needle tip. In addi-
tion, core biopsy needles shoot approximately 2 cm
forward and collect not only very local tissue, but also
material further away that the needle can measure.
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Measurement Value Accuracy

There is discrepancy between measured and simu-
lated spectra especially in low frequencies as seen in
Fig. 2. Electrode interface impedance (EII) is one major
explaining factor for the difference as in our simulations
we omitted the complex electrode interface as its effect
depend on electrode material and the tissue electrolytic
properties and on the amplifier characteristics. However
this has profound effect as the needle system used two
electrode measurement setup. Moreover in real mea-
surements instrumentation, cabling, stray capacitance
of cabling etc., have an effect. All these contribute to the
observed large difference of the impedance magnitude in
low frequency compared to simulations. The difference
in high frequencies is much smaller, however still these
factors may deviate the measured values. For example in
0.9% saline solution, the measured impedance at room
temperature (22 °C) at a frequency of 127 kHz with 1Q-
Biopsy was 760 Q (2STD: 650, 870 Q) with phase of
— 13.5° (= 11.3, — 15.7) (capacitance of cabling is
compensated). Simulations with conductivity of 1.3 S/m
and relative permittivity of 80 suggest that impedance
should be 700 Q and 0°. Thus, the measured impedance
magnitude is about 60 Q too high at 127 kHz in saline
and phase angle is 13.5° too low. In tissues, the effect of
EII and measurement error may behave in different way
than in saline.

We reported the impedance values of five tissues at
127 kHz measured in vivo from the living animal. At
this frequency range, EII is not such a major issue as it
is in saline measurements at low frequencies. The
measured median impedance value of liver at 127 kHz
corresponded to the simulated impedance with a con-
ductivity of approximately 0.16 S/m and a relative
permittivity of approximately 38,000.

In the literature, the reported conductivity values at
100 to 127 kHz vary between 0.09 and 0.25 S/m, and
the relative permittivity values vary between 6000 and
40,000.+6-19-23-2528 The ranges of liver material prop-
erties found in the literature were used in the simula-
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TABLE 6. Comparison of measured and simulated impedance of liver.

Impedance magnitude (Q)/phase angle (°)

Measured liver

Simulated liver

Median Conductivity (S/m) 0.09
Relative permittivity 8000
2950/— 60 9020/ 32

0.09 0.15 0.25 0.25
40,000 40,000 8000 40,000
3230/— 72 3000/— 62 3740/— 13 2540/ 49

Simulations cover the wide range of conductivities and permittivities of liver reported in the literature.

tions, and the resultant impedances are shown in
Table 6 together with the measured impedance values.
As shown in Table 6, impedances in our measurements
are within the range that was obtained in simulations
with material properties taken from the literature.
However, the conductivities may not be directly com-
parable to the macroscopic conductivities presented in
the literature because the measurement setup, instru-
mentation, and sub-needle-tip size sensitivity distribu-
tion make comparisons difficult. Further, most of the
data available in the literature are post-mortem data
from tissue samples. Our data, however, provide elec-
trical material property values from living tissues.

A tetrapolar configuration would, in theory, provide
more accurate impedance values as the effects of
EII would be diminished. However, a tetrapolar mea-
surement system, in addition to being considerable
more complex to realize in a needle tip, would create a
new source of uncertainty due to its even smaller and
very complex sensitivity distribution with volumes of
negative and positive sensitivities shown in impedance
cardiography,'® EIT,"” and microelectrode environ-
ments.® For needle guidance, this would be a major
problem when interpreting the results taking into
account the complex sensitivity distribution and the
inhomogeneous real tissue volume conductivity shown
here. Therefore, we consider that for biopsy guidance,
the bipolar configuration of the needle can be consid-
ered to be a good compromise.

The depth of the needle could in theory effect the
impedance measurements, as in our case the entire
needle body acts as another electrode. This has been
shown to be the case in needle measurements with an
electrode configuration, where the measurements is
done between the needle and the surface electrode. In
our case, because the electrodes are so very close to
each other, the major part of the current flows in the
small area at the needle facet, and the depth of the
needle shaft does not have significant impact on the
measurement. In addition to theoretical considera-
tions, this has also been tested in laboratory tests with
saline. No significant effect has been noted from the
depth of needle shaft entering the measured volume
(data not shown).

Tissue Discrimination and Classification

Tissue heterogeneities are a challenge for tissue
classification creation since the created model should
tolerate normal variation during the movement of the
needle in tissue. Due to the variations, comprehensive
training data are important. In this study, the im-
pedance data were gathered from different tissues
in vivo. The use of living tissue, multiple needles,
multiple puncture sites, and moving needles are clear
strengths of this study.

We acknowledge that the gathered tissue data
originates from a single individual. Because impedance
can vary between individuals, inter-subject variation
has the potential to alter the classification perfor-
mance. However, variation is also high within the same
tissue type in a single individual as we have shown
here. Different tissue heterogeneities and different
measurement locations produced large variations in
measured impedance. Thus, in our case, when the
measurement is performed from the small volume at
the front of the needle facet, it is likely that the vari-
ation within the subject is already highly representa-
tive. Moreover, the variation between subjects is most
probably relatively smaller compared with the effect of
tissue heterogeneity within each subject.

Based on the needle measurements, a tissue classifier
capable of differentiating fat, muscle, blood, spleen,
and liver was created. Tissue discrimination perfor-
mance was good, approximately 94% total accuracy
was achieved. Fat and blood, for example, have dif-
ferent conductive properties already, but muscle,
spleen, and liver are more alike in their electrical
properties. The differentiation of liver, spleen, and
muscle from each other shows that our classifier can
also discriminate tissues with less obvious impedance
differences. However, using only one frequency mag-
nitude, reliable differentiation is not possible since
multiple tissue types overlap each other.

The exact needle location information in this study
was limited to the macroscopic tissue information
available either visually or by ultrasonography. The
classification performance values were calculated using
data from the time periods during time-stamps which
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indicated proper needle contact with the desired tissue
and forward needle procession. The whole data set
from needle penetrations was also analyzed qualita-
tively, but reliable quantitative analysis requires data
that are measured reliably from the desired tissue type.

Heterogeneities in tissue occasionally affected the
classification in dynamic measurement. For example,
when the needle stopped or was withdrawn from tissue,
the impedance values represented blood. We can
hypothesize that in these circumstances, blood or
extracellular fluid accumulated around the needle tip
and changed the measurement value. According to the
simulations, 0.2 mm thick heterogeneity with 1 S/m
conductivity can decrease the impedance of 0.1 S/m
conducting tissue by approximately 70%. Another
example is the measurement signal from liver, which
seemed to have some periodic characteristics when the
needle was penetrating into the tissue. This might have
been due to the liver’s repetitive structure, including
hexagonal lobules with blood vessels. However, peri-
odicity was not always present, and because the needle
penetration velocity was not constant, and the pene-
tration angle not fixed, structure thicknesses and their
effects on the signal cannot be verified. In real tissues,
needle velocity is difficult to standardize, since even
though the needle is moved at a constant speed, the
needle tip speed inside the tissue with respect to the
tissue can change due to differences in tissue stiffness,
membrane structures, etc. Constant needle velocity is
therefore not possible in studies of in vivo and is also
irrelevant for clinical use.

Because the sensitivity distribution is so focused on
the needle tip, even small heterogeneities or small
amounts of fluid can change the measurement values.
Thus, with the small measurement volume, as we have
shown, the small inhomogeneities in every tissue pro-
duced by, e.g., blood vessels, pockets of stroma, and
liver lobules, all have an effect on the impedance signal,
and thus have an impact on classification accuracy.
However, as our results have shown, the classification
can still be obtained with good accuracy. In the
example case study in Fig. 8, for example, when the
needle is in liver, the classification is correct 86% of the
time. There were also misclassifications, such as muscle
(11% of time), but most of those occasions were short,
and it may be possible to remove them using signal
processing.

If other electrode configurations are used that pro-
duce large sensitivity volumes, the measurements may
not only fail to reflect purely small target tissues at the
needle tip but will also include the surrounding tis-
sues,” and thus identification of the volume at the front
of the needle could be compromised.

The speed of the penetration could compromise the
tissue identification accuracy. The sampling rate and
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classification rate of our measurement device was 200
Hz, and thus we measured all 15 frequencies and also
classified the measured tissue with each 5 ms. Based on
the simulations, most of our sensitivity is within the
volume of 0.5 mm height and a 0.4 x 0.6 semi-axis
radius cylinder. We can assume that to be able to
measure the needle penetration route, at least two
measurements per every cylinder are needed. This can
be achieved if the penetration speed is 10 cm/s or less.
This theoretical maximum penetration speed is fast,
and not considered realistic during a normal biopsy.
Therefore, within typical ranges, the penetration speed
most likely does not affect classification accuracy.

The main source of the variation is most likely the
tissue heterogeneity. When used in clinical practice,
possible tissue misclassifications as blood during
withdrawal of the needle are easily interpretable by
physicians who move the needle and know when they
are withdrawing or stopping the needle. Therefore,
brief misclassifications, especially during needle with-
drawal, are not considered to be critical drawbacks.

The tissue classification performance reported here
provides preliminary results of tissue identification.
Tissue identification performance may differ when the
device is used in a clinical setting and tumour differ-
entiation is still a question that needs to be answered in
future clinical studies. However, we consider that our
in vivo study using a pig model provides realistic data
and represents well the clinical case in the sense of
noise and tissue heterogeneity. It does not provide
tumor data, as no large animal tumor model was
available. However, liver and spleen have limited
contrast between each other in terms of conductivity
(at 127 kHz liver 0.09 S/m and spleen 0.12 S/m').
Therefore, because organs such as the spleen and liver
can be separated, perhaps other not-so-evidently dif-
ferent tissues, such as tumors, could also be differen-
tiated with the device.

In addition to the potential to help with selecting the
proper site to take a biopsy, the impedance data could
also provide information on the tissues in the path of
the needle prior to the biopsy. This could be clinically
important, for example, to provide a better view of the
extent of cancer.

CONCLUSIONS

To conclude, the results of this study show that
during biopsy needle puncture, tissues can be accu-
rately identified in vivo and in real-time using bioim-
pedance needle measurement with a highly targeted
electrode arrangement. The simulations in this study
showed that the needle tissue detection is spatially very
accurate and new tissues with a size of 2 x 2 x 2 mm®
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can be accurately measured, and even 0.2 mm thick
small tissue patches can be identified. Due to the high
spatial sampling, tissue heterogeneities cause variations
in the local bioimpedance measurement of the needle
system. However, the classifiers were able to overcome
this problem, and good results were achieved in iden-
tifying five separate tissue types in this preliminary
study with one subject. Thus, the spatial accuracy of
the needle system presented in this study indicates to be
well suited for biopsy. Overall, the 1Q-Biopsy needle
and the tissue identification method are expected to
have high potential to improve biopsy quality.
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