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Abstract. The dielectric properties of human liver were determined by characterization of tissue absorption and coupling of
electromagnetic energy in the electromagnetic field. In this study the ex-vivo dielectric properties of human hepatocellular
carcinoma (well and moderately differentiated), liver hemangioma, hepatic fibrosis (stages S1 and S2), and normal liver
tissue were measured and analyzed over the frequency range of 10 Hz to 100 MHz. The dielectric properties over the
frequency range can reflect tissue information including biological macromolecules, vesicles, and cellular membrane; these
information aids in distinguishing different physiological states and lesions. The ex-vivo conductivity, permittivity, resistivity,
as well as the characteristic parameters between the lesions and normal liver were analyzed and their differences were also
verified. The data can contribute to developing bioelectric applications for tissue diagnostics and creating more accurate
computer models for medical applications.
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1. Introduction

The dielectric properties of biological tissues exhibit current conduction (conductivity) and storage
abilities to electric charges (relative permittivity). The properties are closely related to cell density,
arrangement mode, membrane capacitance, and conductivity in the cytoplasm or cells in tissues [1,2].
Various tissues may thus possess dielectric properties at different pathological and physiological
states.

The dielectric properties of human liver this study obtained could be useful and meaningful. Several
new cancer treatments require knowledge of the dielectric properties of liver tissue, such as
radiofrequency (RF) thermal ablation. A previous study has shown that accurate knowledge regarding
the conductivities of different tissue types (normal and tumor) is essential in creating accurate
computer models of RF ablation [3]. Studies on the dielectric properties between human normal liver
and tumor tissues have been reported [4—6]. However, the current works are unclassified for types of
tumor tissues. The causes of tumors are different, which yield different dielectric properties; these
crucial data remain sparse or missing. Any additional data on measured diseased tissues are necessary.
In this paper, diseased tissues are referred to as hepatic fibrosis, hepatocellular carcinoma (HCC), and
liver hemangioma. HCC morbidity and mortality are the fifth and the third among all cancers
worldwide [1], respectively. Liver hemangioma is a common and benign liver tumor.

The dielectric properties of human living normal liver, HCC, hepatic fibrosis, and liver hemangioma
were systematically measured within 10 Hz to 100 MHz to obtain the sensitive indicators and the
distinguishing features of these tissues by dielectric properties. The obtained data could contribute to
developing bioelectric applications for tissue diagnostics and liver treatment using electrical fields
(e.g., RF ablation).

2. Materials and methods
2.1. Sample source

The research was approved by the Medical Ethics Committee of the Fourth Military Medical
University (Approval No. FMMU-E-III-001(1)). A total of 132 cases of liver tissue samples from 116
patients with hepatectomy were obtained in the General Surgery Operating Room of Xijing Hospital.
The average age of the patients was 49+12 years. Following the dielectric measurement, all tissue
samples were processed with pathological HE staining by the Pathology Department. The tissue types
were then identified.

Among 132 reported cases, 26 of which have normal liver tissues, 31 of which exhibit HCC (well
and moderately differentiated HCC), 28 of which have liver hemangioma, and 47 of which manifest
hepatic fibrosis. Hepatitis was often graded (necro-inflammation) and staged (fibrosis) using the
Scheuer system [7]. Four stages of fibrosis (S1 to S4) were used to clarify the development stages of
liver injuries [8]. In this study, hepatic fibrosis belonged to stages S1 and S2.

2.2. Measurement system
The measurement frequency varied from 10 Hz to 100 MHz; the impedance analyzer mainly

included Solartron 1260 (Schlumberger, UK) and Agilent 4294A (Agilent Technologies, USA).
Solartron 1260 was mainly used to measure the impedance from 10 Hz to 1 MHz. The 4-electrode
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method [9] was used at this frenquency range to eliminate polarization effects of the electrodes. While
Agilent 4294A was mainly used to measure the impedance from 10 kHz to 100 MHz. The 2-electrode
method [10] was applied to reduce the effects of stray capacitance and inductance. The equipment
adopted the logarithmic scanning method that uses ten points for every 10-fold increase in frequency.

Measurements were controlled strictly over the sample ex vivo time (30 min after separation) and
the environment condition (37°C and 90% relative humidity). The result of each sample was the mean
value of three individual measurements. Before any dielectric measurements were made, the system
was calibrated by using saline solution with different concentrations.

2.3. Calculation of the dielectric properties of biological tissues

The data obtained by the equipment included the real part Re and the imaginary part /m. The
conductivity (o ) and permittivity of tissues (€, ) can be written as

Re L
7 Ré+In)- S
(1)
_ Im- L
P 2 2
27 f,-&,-S-(Re*+Im?) @

where ¢, represents the vacuum permittivity, S is the cross-sectional area of the sample, and L is the
effective sample length.

2.4. The Cole—Cole model and calculation of characteristic parameters

Cole et al. showed that the dielectric properties of biological tissues meet the Cole equation [11]:
2(£)=R.+ (R, =R+ (G 7/1.) ] 3

where R, is the limit value of impedance at a high frequency, R, is the impedance at DC, fc is the
characteristic frequency of the relaxation, a is the dispersion angle of the relaxation (0<a<1), and j is
the unit of the imaginary part by which ;= ./-71.

Schwan [12] stated that different dispersions can be found in biological tissues, including a- (from
10 Hz to ~10° Hz), B- (from 10° Hz to <10’ Hz), 8- (<10' Hz), and y-dispersion (>10' Hz). The
dispersions correspond to different relaxation phenomena and are distributed in various frequency
ranges [13]. To accurately characterize the different tissues by limited parameters, the Cole equation
was extended for several dispersions and obtained the general equation of the dielectric properties of
biological tissues given as
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Z(f)=Rw+2ARi/[1+(jf/ﬂ,~)“] @

Where i represents the existing dispersion of the tissue by which one or more dispersions exist
(Eq. (4)); AR; is the incremental impedance of the dispersion. Thus, the characterization of the
dielectric properties of the related tissues was converted into the solutions of R..,, AR;, a;, and f.;. Each
category of the characteristic parameters was processed using one-way ANOVA to determine the
indicators suitable for distinguishing normal liver tissues, HCC, liver hemangioma, and fibrosis. SPSS
13.0 was used for comparisons.

3. Results
3.1. Differences of dielectric properties among four-tissue types

The conductivity, permittivity, and resistivity were applied to characterize and analyze the dielectric
properties of the samples. Figure 1A reveals that the conductivities of tissues from the liver with
hemangioma were two to three times higher than the rest of the tissues. Below 1 MHz, the
conductivity of the hepatic fibrosis was the largest followed by tissues from normal liver and HCC.
The differences among the three tissues gradually decreased with increasing frequency. Changes in
permittivity of the four types of liver tissues were similar (Figure 1B); the permittivity rapidly
decreased below 1 kHz. After a transient and stable change, the permittivity rapidly decreased again
after 10 kHz. At low frequencies, the permittivity of cavernous hemangioma was the largest followed
by tissues from fibrosis, normal liver, and HCC.

The real parts of the resistivity of the tissues from normal liver, HCC, hepatic fibrosis, and liver
hemangioma under 1 kHz were approximately 1025, 1455, 746, and 381 Q-cm, respectively (Figure
1C). At high frequencies, the real parts of the resistivity of tissues from normal liver, HCC, and
hepatic fibrosis were similar; the value for tissues from liver hemangioma was lower than that from
the other tissues. Two peaks of the imaginary part of resistivity appeared from 10 Hz to 100 MHz (two
square frames in Figure 1D). The peak means the minimum of the imaginary part of resistivity in the
certain frequency range. The frequency of the peak is the characteristic frequency. The first
characteristic frequency appeared from 10kHz to 1 MHz; the second characteristic frequency
appeared from 10 MHz to 100 MHz, and the imaginary part of the resistivity of the four tissues were
concentrated between —50 and —100 Q-cm.

3.2. Mathematical modeling and statistical analysis of the model parameters

Figure 1E reveals that two dispersions exist from 10 Hz to 100 MHz. Accordingly, Table 1 shows
the characteristic parameters of each tissue. Ry and AR, can completely distinguish the tissues from
normal liver, HCC, hepatic fibrosis, and cavernous hemangioma (p <0.05); f;; cannot distinguish the
tissues from normal liver and HCC (p=0.079). a; cannot likewise differentiate the tissues from normal
liver and fibrosis (p=0.976); f.,, a,, and AR, cannot distinguish the tissues from normal liver, fibrosis,
and HCC (p>0.05). However, f.,, a,, and AR, of the tissues from cavernous hemangioma exhibited
statistically significant differences from the liver tissues from other states (p<0.05).
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Fig. 1. The dielectric properties of the tissues from normal liver, HCC, fibrosis, and cavernous hemangioma. (A)
Conductivity; (B) permittivity; (C, D) average real and imaginary parts of resistivity p of the four liver tissues; (E) Cole—Cole
curves of the liver tissues.

Although f;; cannot completely distinguish the four types of liver tissues; the imaginary part of the
resistivity of these tissues peaked when the frequency was at f.; of —202+34, —326+53, —130+£11, and
—45+16 Q-cm in tissues from normal liver, HCC, hepatic fibrosis, and cavernous hemangioma (Figure
1D), respectively. One-way ANOVA was used for statistical analysis (p<0.001). The four kinds of
tissues revealed statistical differences.

3.3. Morphological characteristics of the liver tissues

Figures 2a and 2b respectively present the normal liver and the pathological section of HCC. The
cell density of HCC increased and exhibited irregular, small beam-like acinus or pseudoglandular
structures. The results indicated that the conductivity of HCC tissues at low frequencies was lower
than those of normal liver tissues, which was attributed to the effect on the conductivity and
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Fig. 2. Pathological section of tissues from (a) normal liver, (b) HCC, (c) liver hemangioma, and (d) hepatic fibrosis

Characteristic parameters of the four types of liver tissues (mean+SD)

Table 1

Ry(Q) fe1(kHz) o AR(©) fo(MHz) oy AR»(Q))
(1) normal liver 1057£100 39.7+16.9 0.56+0.04 836+86 39.7+4.8  0.80+0.03 220+19
(2)hepatic fibrosis 760+38 77.1£31.2 0.55+£0.03  548+35 39.4£9.8  0.83£0.03 212+27
(3)HCC 1480+212 20.2+10.3 0.64+0.01 1226+199 36.5+4.8 0.79+0.03 238+16
(4)hepatic hemangioma  389+95 235.4£105.6  0.45+£0.02 253464 60.0+9.5  0.85+0.03 141+9
difference between 0 0 0 0 0.001 0.003 0
groups (p)
P12} 0 0.040 0.976 0 1.000 0.057 1.000
P13 0.039 0.079 0 0.043 0.771 1.000 0.736
P14 0 0.013 0 0 0.004 0.001 0
P23 0.006 0.003 0 0.006 0.979 0.066 0.174
P24 0 0.033 0 0 0.007 0.786 0
P34 0 0.008 0 0.001 0.002 0.003 0

Note: T P12 indicates the p value between the tissues from (1) normal liver and (2) hepatic fibrosis; P13 is the p value
between the tissues from (1) normal liver and (3) HCC, and so on.

permittivity from the extracellular fluid. The increased cell density of the cancer tissues was
accompanied by partial restructuring and steatosis, which yielded lower extracellular fluid and smaller
conductivity than those of normal liver tissues.

Figure 2c¢ shows that the cavernous hemangioma was alveolate and filled with different sizes of
capsular blood sinuses. The walls of the sinuses were covered with a layer of endothelial cells. The
structure of internal liver hemangioma was destroyed. Thus, the dielectric properties of the cavernous
hemangioma exhibited significant differences from the other liver tissues. Figure 2d indicates the
pathological section of hepatic fibrosis. The portal area was expanded with fibrosis; fibrous septa were
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formed, and the lobular structure was retained. Given that S1 and S2 belonged to light and medium
fibrosis, the structures of the hepatic lobules were preserved. The results revealed that the conductivity
and permittivity of tissues from hepatic fibrosis were slightly higher than those of normal liver tissues,
which was attributed to the fibrocytes in the tissues.

4. Discussion

This study first integrated the pathological types to measure systematically the dielectric properties
of living tissues form human normal liver, HCC, hepatic fibrosis, and liver hemangioma under strict
specifications over the entire frequency range (10 Hz to 100 MHz).

Figure 1E shows that all samples had two dispersions from 10 Hz to 100 MHz. The two dispersions
of the sample dielectric properties may corresponded to f-and J-dispersions [14]. S-dispersion was
mainly associated with the cell structure of the tissues and the polarization of the cell membrane.
Analysis of the characteristic parameters (f;;, a;, and AR;; Table 1) showed that significant differences
existed in f-dispersion among the four-tissue types. In contrast to normal liver tissues, the cellular
morphology and arrangement mode of the lesions showed different levels and types of degeneration,
which altered the original structure or integrity of the cell membrane. J-dispersion was associated with
the polarization of intracellular proteins or other macromolecular compounds [5,14,15]. Analyses of
the characteristic parameters (f.,, a,, and AR,; Table 1) indicated that the fibrosis and cancerous tissues
were differentiated from normal liver tissues; thus, changes in the contents of the corresponding
proteins or other macromolecular compounds were insignificant.

The results of the dielectric properties between human normal liver tissues and malignancy tissues
showed significant differences based on previous studies [4—6,16]. The results were attributed to the
inconsistent measurements from different research groups because of the uncertainty in tumor type,
stage, and occurrence site. In this paper, the malignancy referred to the HCC (well and moderately
differentiated), hepatic fibrosis (belonged to stages S1 and S2), and cavernous hemangioma. The
occurrence sites of cancers were also strictly controlled. Detailed classification and accurate
measurements yielded increased significance of clinical applications.

Furthermore, ex-vivo liver tissues were placed in the measurement cell [17,18] to ensure the
consistency of the sample sizes and reduce the error caused by the different operational procedures.
Only the strict control of the possible influencing factors can increase data accuracy. The obtained data
could be comparable if the experiment used the same measurement method.

5. Conclusion

The dielectric properties could effectively distinguish the tissues from HCC, hepatic fibrosis, liver
hemangioma, and normal liver; the results could serve as the basis for future studies. The obtained
data could contribute to developing bioelectric applications for tissue diagnostics and liver treatment
using electrical fields. Additional clinical samples could be collected in the future studies to subdivide
the tissue types and comprehensively compare the dielectric properties of different human liver tissues.
This approach will effectively prepare the accurate differentiation of the lesion types and stages of
liver tissues.
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