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Eﬃcacy of Magnetic and Capacitive Hyperthermia
on Hepatocellular Carcinoma
Chien-Chang Chen and Jean-Fu Kiang*

Abstract—The eﬃcacy of applying magnetic hyperthermia (MHT) and capacitive hyperthermia (CHT)
to treat hepatocellular carcinoma (HCC) is studied. Magnetoquasistatic (MQS) and electroquasistatic
(EQS) formulations are developed to compute the magnetic ﬁeld and electric ﬁeld distributions,
respectively, which are numerically solved by using ﬁnite element method. The heat transport equation
is applied to compute the temperature distribution in the treated area. Simulation results of temperature
distribution are used to compare the eﬃcacy of MHT and CHT.

1. INTRODUCTION
Hepatocellular carcinoma (HCC) is a primary malignancy in human livers [1]. Patients carrying
advanced HCC without treatment were reported to have a mean survival time of less than four
months [1]. Most of them cannot be cured [1, 2], but a few patients can be treated by surgical resection
and transplantation. Typical treatments on HCC include intratumoral injection of absolute ethanol
or acetic acid, invasive thermal destruction by using microwave or radio-frequency (RF) needles [3],
transarterial chemoembolization (TACE) with drug-elutriating beads [1, 4], and so on. Among these
approaches, regional therapies tend to increase the median survival time, although not signiﬁcantly [1].
Hyperthermia (HT) treatment [5] is conducted by delivering RF power to a malignant tumor and
raises its temperature up to 42–45◦ C [6] over a period of 50 minutes [7]. Compared with radiotherapy
and chemotherapy, HT induced less side eﬀects [2]. Diﬀerent types of HT techniques have been
proposed, including capacitive [8], magnetic (inductive) [5, 9], antenna array [10], ultrasound [11] and
interstitial [12].
To practice magnetic hyperthermia (MHT), small magnetic particles with diameter less than 100 nm
were injected to a tumor before it was heated with an alternating magnetic ﬁeld [2]. Such MHT plan
has the advantage of controllable heat source [13], and two major issues need to be considered, the
maximum tolerable magnitude of magnetic ﬁeld and the choice of magnetic nanoparticles [1, 4]. Rats
with HCC were treated with the combination of chemotherapy and MHT, in which case nanoparticles
were made of carbon-coated iron [14] or γ-Fe2 O3 [15].
Capacitive hyperthermia (CHT) is another type of HT, which relies on the electric ﬁeld to deliver
heat [8]. Gold nanoparticles can be injected to focus the heating area [1]. CHT has been used for treating
HCC, as an adjunctive method to radiotherapy [16], chemotherapy [7] and immunotherapy [17].
In this work, both MHT and CHT plans are analyzed, starting from their working principles. Finite
element method is then applied to simulate the ﬁeld distribution in the treated area, and heat transport
equation is solved to obtain the temperature distribution, which is used to compare the eﬃcacy of
diﬀerent methods in treating HCC. The rest of this paper is organized as follows: The theory of MHT
and bio-heat equation are presented in Section 2 and Section 3, respectively, MHT treatment on HCC
is simulated in Section 4, the theory of CHT and its simulation results are presented in Section 5 and
Section 6, respectively. Finally, some conclusions are drawn in Section 7.
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2. THEORY OF MAGNETIC HYPERTHERMIA
The magnetic vector potential can be decomposed into components of diﬀerent orders as Ā(r̄) =
Ā(0) (r̄) + Ā(1) (r̄) + Ā(2) (r̄) + · · · [18]. When the operation frequency is suﬃciently low, the magnetic
ﬁeld can be approximated as a static one, characterized with the zeroth-order magnetic vetcor potential
Ā(0) (r̄) that satisﬁes
1
∇ × Ā(0) (r̄) = J¯(r̄)
(1)
∇×
μ(r̄)
¯ is the volume current density (A/m2 ) in the abdominal model. To solve Eq. (1) with ﬁnite
where J(r̄)
element method, the computational domain is ﬁrst divided into a set of adjoining tetrahedra, and Ā(0) (r̄)
is expanded in terms of the Whitney-1 form elements ω̄n (r̄)’s deﬁned in these tetrahedra as [19, 20]
(0)

Ā

(r̄) =

Ne

n=1

a(0)
n ω̄n (r̄)

(2)

where Ne is the total number of edges, and ω̄n (r̄) has unit tangential component over the nth edge which
lies in one of these tetrahedra. By substituting Eq. (2) into Eq. (1), then applying the Petrov-Galerkin
procedure [20], a matrix equation is derived as
¯ · ā(0) = b̄(0)
(3)
K̄
k

1

¯ is a coeﬃcient matrix; ā(0) contains the tangential magnetic vector potentials on all the edges;
where K̄
1
(0)
¯ and possible surface current density. A generalized
b̄k is derived from the volume current density J(r̄)
minimal residual (GMRES) method [21] is then applied to solve Eq. (3) for ā(0) .
Once Ā(0) is obtained, the electric ﬁeld can be computed as
Ē (1) (r̄) = −jω Ā(0) = −jω

6

n=1

a(0)
n ω̄n (r̄)

(4)

which is a ﬁrst-order quantity in terms of ω. The relaxation heat loss (watt/m3 ) of magnetic ﬁeld,
attributed to magnetic nanoparticles, is computed as [22]
ωμ0 μ (r̄)  (0) 2
(5)
Qem (r̄) 
H̄ (r̄)
2
where μ0 μ (r̄) is the imaginary part of permeability.
3. BIO-HEAT EQUATION
The temperature distribution in the abdominal model satisﬁes the bio-heat equation [23]
∂T (r̄, t)
= ∇ · [ζ(r̄)∇T (r̄, t)] − ξ(r̄)ρ(r̄)ρb cb [T (r̄, t) − Tb ] + Qs (r̄, t)
(6)
ρ(r̄)c(r̄)
∂t
where ρ(r̄) and c(r̄) (J/kg/K) are the mass density (kg/m3 ) and heat capacity (J/kg/K), respectively,
of the tissues; ρb and cb are the mass density and heat capacity, respectively, of the blood; ζ(r̄)
(watt/m/K) and T (r̄, t) (K) are the thermal conductivity and temperature, respectively, of the tissues;
ξ(r̄) (m3 /kg/s) is the blood ﬂow rate per-unit-mass in the tissues; Tb is the temperature of the blood,
which is approximated as a constant; and Qs (r̄, t) (watt/m3 ) is the heat source, which is decomposed
as
Qs (r̄, t) = Qmet (r̄, t) + Qem (r̄, t)
3
where Qmet (r̄, t) (watt/m ) is the metabolic heat generation.
The temperature distribution can be expanded in terms of the Whitney-0 form elements λn (r̄)’s
deﬁned in the same set of tetrahedra as [19, 20]
T (r̄, t) =

Nv

n=1

bn (t)λn (r̄)

(7)
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where Nv is the total number of vertex points. By substituting Eq. (7) into Eq. (6), then applying the
Crank-Nicholson ﬁnite diﬀerence scheme [24] and Petrov-Galerkin procedure [20], a matrix equation is
derived as




¯
¯
¯
¯
¯
Ū + V̄ · b̄(t + Δt) = Ū − V̄ · b̄(t) + d(t)
(8)
¯ and V̄¯ are coeﬃcient matrices; b̄(t) contains the temperature at all the vertices; d(t)
¯ is
where Ū
derived from Tb and Qs (r̄, t). The GMRES method [21] is then applied to solve Eq. (8) for b̄(t),
which characterizes the time evolution of temperature distribution in the treated region.
4. MAGNETIC HYPERTHERMIA PLAN
Figure 1 shows an abdominal model including HCC, where the torso is surrounded by a bolus and a
thin current sheet. Patients with cirrhosis have a high risk of developing HCC [3], hence the spherical
HCC is surrounded by cirrhotic parenchyma in the model. Fig. 1(c) shows a canonical semi-ellipsoid
liver model in the xyz coordinates, which is rotated about the z axis by φ, then about the y axis by θ
and ﬁnally about the x axis by ψ, to be properly oriented inside the abdomen.

(a)

(b)

(c)

Figure 1. Abdominal model in MHT plan, (a) panoramic view, (b) cross-sectional view and (c) liver
model. The grey sphere marks an HCC.
Table 1 lists the geometrical parameters of the abdominal model in the simulations. The size of
the computational domain is (wx , wy , wz ). The semi-axes of the ellipsoid are labeled as a, b and c in x,
y and z directions, respectively; subscripts , t and bl stand for liver, torso and bolus, respectively. The
width of current sheet in the y direction is wcs .
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Table 1. Geometrical parameters (in unit of cm) of abdominal model in MHT.

computational domain
torso
bolus
cirrhotic liver
tumor
current sheet

size

center

(wx , wy , wz ) = (50, 26, 40)
(2at , wy , 2ct ) = (30, 26, 22)
(2abl , wy , 2cbl ) = (34, 26, 26)
(2a , 2b , 2c ) = (20, 16, 14)
θ = π/8, φ = π/4
ψ = 3π/8
2r = 4
(2abl , wcs , 2cbl ) = (34, 12, 26)

(−3, 0, 1)
(−6, 1, 5)
(0, 0, 0)

Table 2 lists the electric properties of the abdominal model and the bolus. In pure water, the
imaginary part of complex dielectric constant is 13.90 [27], equivalent to σ = 0.000927, which is
approximated as zero in the simulations.
Table 2. Electrical properties of abdominal model.

bolus
muscle
cirrhotic liver
HCC

MHT, 1.2 MHz
σ (S/m)
0
0.54 [25]
0.324 [26]
0.324 [26]

CHT,
r
172 [23]
172 [25]
338 [26]
338 [26]

8 MHz
σ (S/m)
0.69 [23]
0.69 [25]
0.42 [26]
0.42 [26]

Table 3 lists the thermal parameters of liver tissues. The mass densities of cirrhotic liver, liver
tumor and blood are 1,040 [28], 1,100 [29] and 1,000 (kg/m3 ) [30], respectively. The blood perfusion
rate ξ in the HCC is higher than that in its surrounding cirrhotic parenchyma [31–33]. Their values are
3.3 and 1 (kg/m3 /s) [31], respectively; or 3.17 × 10−6 and 0.91 × 10−6 (m3 /kg/s, respectively. Typical
metabolic rate of human liver is 200 (kcal/kg/day) [34] or 9,689 (watt/m3 ), assuming the mass density
of liver is 1,100 (kg/m3 ) [29]. The metabolic rate of liver tumor is 6.807 (watt/kg) [35] or 7,079.28
(watt/m3 ), assuming the mass density of tumor is 1,040 (kg/m3 ) [28]. The values of ζ, c and Qmet of
cirrhotic liver are approximated as those of normal liver. The value of ξ in a cirrhotic liver could be 2
(kg/m3 /s) [36] or 1.82 × 10−6 (m3 /kg/s), assuming the mass densities of cirrhotic liver and blood are
1,100 [29] and 1,000 (kg/m3 ) [30], respectively. The value of ξ in an HCC could be 46.3 (ml/100 g/min)
or 7.72 × 10−6 (m3 /kg/s) [33].
Table 3. Thermal parameters of liver tissues.
ζ (W/m/K)

ρ (kg/m3 )

c (J/kg/K)

ξ (m3 /kg/s)

Qmet (W/m3 )

0.6 [23]

1,020 [23]

3,500 [23]

ξmuscle [37]

4,200 [8]

muscle
cirrhotic
liver
parenchyma
HCC

0.48 [38]

1,100 [29]

3,600 [38]

0.91 × 10−6 [28, 30, 31]

9,689 [29, 34]

0.57 [28]

1,040 [28]

3,960 [28]

3.17 × 10−6 [29–31]

7,079 [28, 35]

blood

-

1,000 [30]

4,180 [30]

-

-
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The temperature-dependent blood perfusion rate of human muscle (in m3 /kg/s) can be modeled
as [37]

2
4.41 × 10−7 + 3.48 × 10−6 e−(T −45) /12 , T ≤ 45
(9)
ξmuscle =
T > 45
3.92 × 10−6 ,
where T is the temperature (in ◦ C). It was reported that the perfusion rate in human tumors can be
approximated as a constant during the whole process of hyperthermia treatment, with temperature up to
44◦ [39]. The simulated temperature distributions with temperature-dependent perfusion rate is similar
to that with constant perfusion rate. It is observed that the volume of peripheral muscle aﬀected by
the low-temperature bolus is broader with temperature-dependent ξ than that with constant ξ, because
less warm blood is supplied to muscle as temperature falls below 36◦ C in the former case.
The central area of muscle is raised to a higher temperature with temperature-dependent ξ, as
compared to that with constant ξ. The temperature distribution is determined by the deposition of
electromagnetic and metabolic energies, as well as the blood perfusion rate and the thermal conductivity
of the tissues. Balanced temperature distribution is reached when the heat deposition is equal to the
heat removal by blood perfusion and thermal conduction. Larger volume of peripheral muscle at lower
temperature enhances heat conduction, leading to higher temperature in the muscle. It is also observed
that the liver parenchyma has larger overheated volume with temperature-dependent ξ than that with
constant ξ, possibly caused by inward heat conduction from the muscle.
The product of magnetic ﬁeld and frequency is restricted to about 5 × 108 (A/m/s) in applying HT
to the thorax region [40]. If the same restriction is imposed, at f = 1.2 MHz, the maximum magnetic

(a)

(b)

(c)

Figure 2. Magnitude of Ē (1) (r̄) in (a) xz plane, (b) xy plane and (c) yz plane.
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ﬁeld would be about 400 (A/m). If the tumor density is ρ = 1, 040 (kg/m3 ) [28], a desirable SAR
of 50 (watt/kg) [40] leads to Qrel  5.2 × 104 (watt/m3 ), and the magnetic ﬁeld inside the tumor is
about 175 (A/m). The imaginary part of complex permeability is a function of both the magnetic
ﬁeld strength and the frequency. Take Fe3 O4 in solution for example, μ = 058 at f = 150 kHz and

(a)

(b)

Figure 3. SAR distribution in (a) xz plane, (b) xy plane and (c) yz plane.

Figure 4. SAR distribution attributed to magnetic nanoparticles.

(c)

Progress In Electromagnetics Research M, Vol. 64, 2018

187

|H̄| = 400 A/m [41]. In the simulations, μ (r̄) in the tumor is estimated by using (5) as
2Qrel (r̄)
2 × 5.2 × 104
 0.3584
μ (r̄) =

2 =
2 × π × 1.2 × 106 × μ0 × 1752
ωμ0 H̄(r̄)
Figure 2 shows the magnitude of the ﬁrst-order electric ﬁeld, Ē (1) (r̄). It is observed that the
electric ﬁeld is stronger near the current sheet, and the polarization of Ē (1) (r̄) is the same as that of
Ā(0) . Fig. 3 shows the SAR distribution in the tissues, which ranges from 1 to 8 (watt/kg) in the tumor.
Fig. 4 shows the SAR distribution attributed to magnetic nanoparticles. The magnitude of SAR is
higher in the peripheral area (58 watt/kg) than in the central area (50 watt/kg). The imaginary part of
permeability outside the tumor is approximated as zero, hence no electromagnetic energy is deposited
there. Fig. 5 shows the temperature distribution in the abdominal model under MHT for 50 minutes.
The temperature in the tumor is raised up to 40.86◦ C, which is higher than its surrounding tissues. No
undesirable hot spots are observed.

(a)

(b)

(c)

Figure 5. Temperature distribution in abdominal model under MHT for 50 minutes, (a) xz plane, (b)
xy plane and (c) yz plane.

5. THEORY OF CAPACITIVE HYPERTHERMIA
Figure 6 shows the abdominal model in the CHT plan. The electric scalar potential can be decomposed
into components of diﬀerent orders as Φ(r̄) = Φ(0) (r̄) + Φ(1) (r̄) + Φ(2) (r̄) + · · · [18]. When the operation
frequency is suﬃciently low, the electric ﬁeld can be approximated as a static one, with the zeroth-order
electric potential Φ(0) (r̄) satisfying


(10)
∇ · (r̄)∇Φ(0) (r̄) = −ρ(0) (r̄)
where (r̄) is the complex permittivity (F/m) of the medium, and ρ(0) (r̄) (C/m3 ) is the zeroth-order
charge density in the abdomen. To solve (10), the abdominal region is decomposed into a ﬁnite set

188

Chen and Kiang

Figure 6. Abdominal model in CHT plan.
of adjoining tetrahedra, and the potential distribution Φ(0) (r̄) is expanded in terms of Whitney-0 form
elements λn (r̄)’s as [19, 20]
Nv

(0)
φ(0)
(11)
Φ (r̄) =
n λn (r̄)
n=1

where Nv is the total number of vertex points. By substituting Eq. (11) into Eq. (10) and applying the
Petrov-Galerkin procedure [20], we obtain a matrix equation
(12)
S̄¯ · φ̄(0) = b̄s
¯
(0)
where S̄ is a coeﬃcient matrix; φ̄ contains the zeroth-order electrical potentials at all the vertex
points; b̄s is derived from the potential imposed on the electrodes. A preconditioned GMRES method
is then applied to solve Eq. (12) for φ̄(0) [21].
The arrangement of electrodes as shown in Fig. 6 makes the zeroth-order current J¯(0) (r̄) negligible,
which implies Ā(0) (r̄) = 0 and H̄ (0) (r̄) = 0, where the zeroth-order magnetic vector potential satisﬁes
1
∇ × Ā(0) (r̄) = J¯(0) (r̄). Hence, the electric ﬁeld can be represented in terms of Φ(0) (r̄) as
∇ × μ(r̄)
Ē (0) (r̄) = −∇Φ(0) (r̄)
and the power density per unit volume can be represented as [42]
σ(r̄)  (0) 2
Qem (r̄) =
Ē (r̄)
2

(13)

(14)

6. CAPACITIVE HYPERTHERMIA PLAN
Table 4 lists the geometrical parameters of an abdominal model in the simulations of CHT. A pair
of disk electrodes of diameter 25 or 30 cm used in clinic practice [7, 16] are modeled as two conformal
rectangular electrodes of size 22 cm × 22 cm. The width wy is increased to 36 cm such that the electric
ﬁeld becomes negligible near the boundary of the computational domain.
Figure 7 shows the temperature distribution in an HCC patient after a CHT treatment plan, lasting
for 50 minutes [7, 16]. The power level is 800 watt [7], which is delivered by setting V0 = 90.73 (V). In
clinic practice, the temperature of bolus was maintained at 5◦ C [7], and an average tumor temperature
of 40.3◦ C could be reached [17]. The simulated tumor temperature is 39.7◦ C, but unwanted hot spots at
about 47◦ C appear in liver parenchyma. Because the dielectric properties of HCC and its surrounding
parenchyma are similar, applying CHT may create collateral burning to tissues near the HCC. Moreover,
more blood vessels exist in an HCC than in normal tissues due to hyperplasia, heat convection by
blood makes it more diﬃcult to raise the temperature in the HCC without burning the surrounding
parenchyma. Hence, cautious measure is required to treat HCC with CHT. In comparison, the heat
deposition in MHT plan is focused within the tumor by injecting magnetic nanoparticles to it, thus
reducing collateral damage to the surrounding tissues.
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Table 4. Geometrical parameters (in unit of cm) of abdominal model in CHT.

computational domain
torso
bolus
cirrhotic liver
tumor
upper electrode [7]
lower electrode [7]

size

position

(wx , wy , wz ) = (50, 36, 40)
(2at , wy , 2ct ) = (30, 36, 22)
(2abl , wy , 2cbl ) = (34, 36, 26)
(2a , 2b , 2c ) = (20, 16, 14)
θ = π/8, φ = π/4
ψ = 3π/8
2r = 4
(hx,up , hy,up ) = (22, 22)
(hx,lw , hy,lw ) = (22, 22)

(−3, 0, 1)
(−6, 1, 5)
(0, 1, 13)
(0, 1, −13)

(a)

(b)

(c)

Figure 7. Temperature distribution in an HCC patient treated with CHT, t = 50 minutes, power level
is 800 watt, (a) xz plane, (b) xy plane and (c) yz plane.

7. CONCLUSION
The eﬃcacy of MHT and CHT on treating HCC has been analyzed and compared by simulations.
Finite element method is used to compute the ﬁeld distribution in an HCC and its surrounding tissues.
The temperature distribution is then computed by solving the heat transport equation. The simulation
results show that unwanted temperature rise occurs in cirrhotic liver parenchyma when CHT is applied,
while heat deposition is concentrated to HCC when MHT is applied. The proposed method can provide
important information to customize a hyperthermia treatment plan in clinic practice.
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