
  

  

Abstract— Since the human brain is protected by the skull, it 
is not easy to non-invasively heat deep brain tumors with 
electromagnetic energy for hyperthermia treatments. Generally, 
needle type applicators were used in clinical practice to heat 
brain tumors. To expand the heating area of needle type 
applicators, we have developed a new type of needle made of a 
shape memory alloy (SMA). In this paper, heating properties of 
the proposed SMA needle type applicator were discussed. Here, 
in order to apply the SMA needle type applicator clinically. 
First, we constructed an anatomical 3-D FEM model from MRI 
and X-ray CT images using 3D-CAD software. Second, we 
estimated electric and temperature distributions to confirm the 
SMA needle type applicator using the FEM soft were 
JMAG-Studio. From these results, it was confirmed that the 
proposed method can expand the heating area and control the 
heating of various sizes of brain tumors. 

 
 

I.  INTRODUCTION 
 

S the human brain is protected by the skull, it is not easy 
to heat deep brain tumors non-invasively with 

electromagnetic energy for hyperthermia treatments. Several 
heating methods have been proposed to heat deep tumors. 
Some examples are radio frequency (RF) capacitive heating 
applicators [1], annular phased applicators [2], and coaxial 
transverse electromagnetic (TEM) applicators [3]. Some of 
these methods have been in practical use. However, all of 
them have advantages and disadvantages, and a successful 
heating method has not yet been realized. Typically, the radio 
frequency (RF) interstitial hyperthermia system with a needle 
type applicator is used in clinical practice to invasively heat 
malignant brain tumors [4], [5]. However, this method has 
both the advantages and disadvantages. One of the 
advantages is that direct and local heating of the area around 
the needle is possible. Disadvantages are that this heating 
method has a small heating area and is an invasive heating 
method. To overcome these problems, in 1989 the authors 
proposed a heating method using two or more needle type 
electrodes. However, the burden to the patient is large, and in 
order to carry out effective heating, it is indispensable. 
Further, it is not easy for a medical doctor to set two or more 
parallel needles in parallel inside a brain tumor.  
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Fig. 1.   Illustration of heating system. 

 
 
In order to expand the heating area of a needle type 

applicator, we have developed a new type of needle made of a 
shape memory alloy (SMA). The needle type electrode used 
in the clinic was made by stainless steel.  

 
II.  METHODS 

 
An illustration of our heating system is shown in Fig. 1. In 

Fig. 1, a needle type applicator, which is made of SMA, is 
inserted into the brain tumor and heated by a RF current 
between a needle applicator and a discoid electrode. So, the 
tissue around the needle is heated intensively. 

The tissue temperature T  in a human heated by the 
electromagnetic energy can be calculated by equations 
(1)-(6): 
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Where ρ  is the volume density of tissue, c  is the specific 

heat of tissue, κ  is the thermal conductivity, hW  is the 
heating energy generated by the high-frequency current in a 
human head, cW  is  the cooling energy by the blood flow, 

and M  is the metabolic heat generation. σ is the electrical 
conductivity, φ  is the electrical potential, ω is the radial 
frequency, rε  is the relative dielectric constant, oε  is the 
permittivity of free space, μ  is the magnetic permeability, 
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Fig. 2 .  Method of reconstructing 3-D human head model. 
 

 
 

Fig. 3.   Traced contours. 
 

 
 

Fig. 4.  Extracted tissues and the FEM mesh model; 
(a) Collected contours, (b) Surface model, 

(c) Solid model, (d) FEM models. 

 

  
(a)           (b)             (c) 

Fig. 5.  Shape changes of SMA. 
 

 

 
Fig. 6.  FEM mesh model. 

 
 

F  is the blood flow rate, bT  is the blood temperature, 

MoMo TTTT ,−=Δ  is the basal metabolic temperature, and 

oM  is the basal metabolicheat generation rate 
respectively[1]. Equations (1) and (3) can be solved 
numerically by the finite element method (FEM). In this 
study, we assume that the center of tumor has few blood flow, 
therefore, the heating area is close to the center of tumor. 
 

III.  ANALYTICAL MODEL 
 
Our purpose is to reconstruct the 3-D anatomical model 

from MRI images and CTs and to show by computer 
simulations that the needle type applicator made of SMA may 
apply to clinical heating. 

Fig. 2 shows a method of reconstructing the 3-D human 
head model. Our reconstruction method of the 3-D 
anatomical model consists of five steps.  

The first step is to collect the standard MRI images as 
shown in Fig. 2 from Virtual Anatomia.  
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TABLE I 
Electromagnetic Properties of the Tissues at 13.56MHz 

 
 

TABLE II 
Thermal Properties of the Tissue at 36.8°C 

 
 

 
 (a)             (d) 

Fig. 7.  Results of electric current distributions; 
(a)overall distribution, 

(b)close-up distribution around the needle(bend angle: 0°), 
(c)close-up distribution around the needle(bend angle: 22.5°), 
(d)close-up distribution around the needle(bend angle: 45°). 

 
(a)             (b) 

Fig. 8.   Estimated temperature distributions 
 after 90 seconds of heating; 

(a) bend angle 0°, (b) bend angle 0° -22.5° -45.0°. 
 
 

 The second step is to trace these tissues of contour shown 
in Fig. 3. Fig. 4 shows extracted tissues and the FEM mesh 
model. Fig. 5 shows the shape change images of the SMA.  
  The third step is to collect and combine these contours 
shown in Fig.4 (a) and Fig. 4(b).  
 The fourth step is to make solid models shown in Fig. 4(c) 
from the third step. From the second step to the fourth step, 
the commercial 3D-CAD software, Rhinoceros, was used. 
 The last step is to make the FEM models shown in Fig. 5 
(d). Fig. 6 is the solid models created by commercial 
pre-processer, Hyper Mesh. 
 Fig. 6 shows a FEM model for electric and temperature 
distributions. Here, the commercial FEM software, JMAG, 
was used in computer simulations. The physical parameters 
used in the calculations are listed in Table I and Table II [6]. 
 We calculated the electric and temperature distributions of 
the needle type applicator made of SMA with the FEM mesh 
model shown in Fig. 6. 
 

IV.  RESULTS AND DISCUSSION 
 
A.   Analysis of electric current distribution 
 Fig. 7 shows the results of electric current distributions 
inside the human tissue calculated by the FEM. In Fig. 7(a), 
the electric current is concentrated around the needle 
electrode. There is no location in particular that the electric 
current is concentrated except the small area around the 
needle. Figs. 7(b), (c) and (d) show the electric current 
distributions around the needle electrodes bent to 0°, 22.5° 
and 45°angles. From Figs. 7(b), (c) and (d), it is found that the 
electric currents are distributed in accordance with the shape 
of needle the electrode. 
 
B.   Analysis of temperature distribution 
 Fig. 8 shows the results of the estimated temperature 
distributions by the FEM. Fig. 8(a) is estimated temperature 
distribution of the clinical type of needle applicator after 1 
minute and 30 seconds heating. On the other hand, Fig. 8(b) 
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(a) 

 

 
(b) 

 
Fig. 9.  Normalized temperature profiles on the x-axis: 

(a) on the top of needles, 
(b) on the bottom of needles. 

 
 

shows the temperature distribution of the circumference of 
needles, bent to 0°, 22.5° and 45°angles under 30 seconds of 
heating respectively. Here, the normalized temperature TN is 
given by the equation (7): 
 

min

min
TT

TT
T

MAX
N −

−
=                       (7) 

 
 Where minT  is the minimum temperature on the x-axis, 

MAXT is the maximum temperature on the x-axis. 
Now, the minimum temperature is 37 °C and the maximum 
temperature is 43.5 °C. The temperature rise is 6.5 °C, then 
42 °C is about 80% of the temperature rise. So, we discuss 
over the normalized temperature value of 0.8. 
 Fig. 9 shows the normalized temperature profiles along the 
x-axis. Fig. 9(a) shows the profiles on the top of the SMA 

needle, and Fig. 9(b) shows the profiles on the bottom of the 
SMA needle. In Fig. 9(a), comparing non-shape memory 
function and shape memory function at the normalized 
temperature value of 0.8, the heated length is 6mm in the case 
of non-shape memory function. On the other hand, it is 12mm 
in the case of shape memory function. In Fig. 9(b), the heated 
length is 6mm in the case of non-shape memory function and 
is 8mm in the case of shape memory function. 
 In this paper, we presented a computer analysis of 
temperature distribution using the anatomical FEM model 
and the SMA needle type applicator. 
 From these results, it was confirmed that the proposed  
SMA needle type applicator could overcome the weak point 
and use on clinical heating. 
 

V.  CONCLUSION 
 
 We proposed a method of reconstructing the 3-D 
anatomical model from MRI and X-ray CT images. The 
results of computer simulations using the SMA needle type 
applicator for brain tumors were presented According to our 
computer simulations, it was found that the proposed SMA 
needle type applicator could be used in clinical heating. 
 We are now constructing a method to practice an invasive 
hyperthermia treatment by Virtual Reality. 
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