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Abstract. Magnetic fluid based hyperthermia therapy for treating cancerous
tumors can be performed with a high success rate and minimal error given the
possibility of detecting and estimating magnetic fluid weight density in vivo. In
this chapter, a uniquely designed GMR needle probe is presented for the detec-
tion and estimation of magnetic fluid content density inside tumors. Experimen-
tal results showed that the proposed technique has a good potential to be
implemented in hyperthermia therapy in the future.

1 Introduction

Magnetic fluid based hyperthermia has the potential to be an effective, non-invasive
cancer therapy with negligible side effects [1-8]. Magnetic fluid is injected into the
affected area and an external AC magnetic flux density is applied to exploit the self-
heating properties of the magnetic beads (MBs) in the fluid. Temperatures in excess
of 42 °C destroy tumors [9-12]. Generally, all parameters, except the magnetic fluid
content density in vivo, are known in the specific heat equation which governs the
heat given in hyperthermia therapy to destroy cancer cells. This is due to the fact that
magnetic fluid injected into an affected area spreads to neighboring tissue thus, effec-
tively reducing the magnetic fluid content density. Hence, accurate estimation of
magnetic fluid content density in vivo is critical for successful cancer treatment by
hyperthermia therapy. The purpose of this research is to develop a method and appro-
priate apparatus/tools to estimate magnetic fluid content density in vivo so that tumors
can be destroyed without affecting healthy cells. The key feature of this research is
the fabricated novel GMR needle probe. The GMR needle probe is designed in such a
way so that it can be inserted in vivo in a minimally-invasive way to detect and esti-
mate magnetic fluid content density.

2 Estimation of Magnetic Fluid Density Inside Tumors

2.1 Introduction

Recent cancer treatment has focused on the effectiveness of killing localized or deep
seated cancer tumors. The use of magnetic materials to heat tumors was first proposed
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by Gilchrist et al in 1957 [13], who used iron oxides to heat lymph nodes. Since then
much research has been done to heat tumors directly in a non-invasive way. In the
past, heating methods were difficult, expensive and unsafe resulting in the whole
procedure being unfeasible. However, hyperthermia therapy with the aid of magnetic
fluid is now regarded as one of the most promising cancer therapies due to the
progress made in the synthesis of superparamagnetic type beads in the last decade.
Superparamagnetic type MBs have single domains, where the magnetization direc-
tion flips randomly due to temperature [14]. However, when an external magnetic
flux density is applied the magnetization direction aligns in the direction of the ap-
plied flux; therefore, MBs can be controlled by an external magnetic flux density [15,
16]. In the case of magnetic fluid hyperthermia, MBs can be injected in vivo and
moved to the target site, held there until treatment is completed and removed after-
wards, by localized magnetic flux gradients. Furthermore, since MBs have large sur-
face to volume ratios for binding of biological cells and are physiologically well
tolerated there are limitless opportunities for their utilization in many biomedical
applications such as biological cell tagging, targeted drug delivery and MRI [17-20].
Magnetite (Fe;O,) is the most widely used and promising MB available today for
biomedical applications [21-23]. Fe;0, beads have hydrophobic surfaces and when
they interact with each other the beads agglomerate to form clusters which increase
the bead size. Hence, to stabilize MBs and prevent agglomeration a stabilizer such as
a surfactant or polymer is usually added during preparation [21-25].

Exciting coil supplying Control device and
magnetic fields ek supply
fl

(b) Magnetic fluid
Fig. 1. Magnetic fluid hyperthermia
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Cancer cells are different to normal, healthy cells in many ways including how
they react to heat [26]. Due to this difference it is possible for hyperthermia therapy to
destroy without harming the healthy normal cells surrounding the tumor. Figure 1 (a)
shows a magnetic fluid hyperthermia therapy system. As shown in Fig. 1 (b), magnet-
ic fluids used in hyperthermia therapy are colloidal mixtures consisting of MBs sus-
pended in a carrier fluid, usually an organic solvent or water; the fluid is injected
directly into the tumor body or into an artery supplying the tumor. An external AC
magnetic flux density of several kHz is then applied to the magnetic fluid filled area
of the body. For biomedical purpose, the frequency has to be to 50 kHz to avoid neu-
romuscular electrostimulation and lower than 10 MHz for appropriate penetration
depth of the radio frequency field [27]. Heat is produced in the magnetic fluid filled
tumor since it is exposed to an external AC magnetic flux density. The heating losses
of MBs are mainly due to Neel relaxation and Brownian motion [28, 29]. Most types
of cancer cells are more sensitive to temperatures in excess of 42° C than normal
cells. Tumor apoptosis can be triggered if the temperature can be controlled at the
therapeutic threshold of 42° C for a prolonged period of time, resulting in the tumor
being destroyed or at least partly destroyed. Since the energy is coupled magnetically
to the MBs, bone or boundaries of different conductive tissues do not interfere with
power absorption as with electric field dominant systems used for regional hyper-
thermia for example [30]. Furthermore, there is also homogenous heating in the target
region since even though there is a large number of MBs, each can be thought of as a
separate hot source, giving temperature homogeneity during inactivation of cancer
cells [31]. So, given that the fluid can be injected homogenously throughout the target
region a homogenous cell inactivation could be expected. The AC magnetic flux den-
sity should also be homogenous because each bead has its specific power absorption,
which is only constant if the applied magnetic flux density is also homogenous.

The specific heat capacity Q (W/ml), generated by magnetic fluid can be calculated
as follows [32]:

0=k, /D, B (M

where k,, is a constant of 3.14x10 (W/Hz/(mgFe/ml)/TZ/ml), f is the exciting fre-
quency of the applied magnetic flux density (kHz), D,, is the magnetic fluid weight
density (mgFe/ml) and B is the amplitude of the applied magnetic flux density (T).

Currently, one of the main problems associated with magnetic fluid hyperthermia
is that the magnetic fluid spreads inside tissue once injected, reducing D,,. From
Eq. 1 it can be seen that Q is directly proportional to D,,. Inaccurate estimation of D,,
has two major effects: i) if a low dosage is given the overall effect is thermal under-
dosage in the target region which often leads to recurrent tumor growth, ii) if heat
given to a target region exceeds the therapeutic limit it may damage healthy cells.
Hence, it can be stated that the quality of magnetic fluid hyperthermia treatment is
proportional to the accuracy of estimating D,, in vivo. The purpose of this research is
to develop a method and appropriate apparatus/tools to estimate D,, in vivo before
hyperthermia therapy. The key feature of this research is the fabricated unique GMR
needle probe which is designed in such a way so that it can be inserted in vivo in a
minimally invasive way to detect and estimate D,,.
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2.2 Analytical Estimation of Magnetic Fluid Parameters

2.2.1 Relationship between Relative Permeability, Magnetic Fluid Weight
and Volume Density
The different variables used in this relationship are defined as follows:

D,: (measured as a percentage); magnetic fluid volume density
D,,: (measured as weight per volume); magnetic fluid weight density
7. (W-35 sample — Taiho Co. = 4.58); specific gravity of MBs

So then, the relationship between D, and D,, can be expressed as follows:

D,: weight of MBs in 1 ml volume : weight of combined MBs and water in 1 ml
volume

(7f XDV)
w= : @)
((1_Dv)+ }/f XDV)
This can be simplified to,

Applied magnetic
flux density, By

Magnetic bead shape

Fig. 2. Model of MBs uniformly distributed inside magnetic fluid
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The relative permeability (4 of magnetic fluid can be estimated by measuring the
magnetic flux density in tissue injected with magnetic fluid. It is assumed that the
MBs are cylindrical in shape with equal height (7;) and diameter (7,,), and that they are
uniformly distributed in the fluid as shown in Fig. 2. It is also assumed that z" of MBs
is infinite and water is one. The permeance of the magnetic fluid based on an equiva-
lent magnetic path is thus estimated from the assumptions [33]. Permeance generally
refers to the degree to which a material admits a flow of matter or energy. D,, can be
estimated based on the prediction of the magnetic flux path when magnetic fluid is
placed under a uniform magnetic flux density. Due to the existence of MBs with infi-
nite permeability the magnetic circuit for the external magnetic flux changes as shown
in Fig. 3. When considering the permeance through MB magnetic flux lines will con-
verge as shown in Fig. 3 (a). Hence, we take into account the surface area of the mag-
netic flux path. It is assumed that the diameter of the magnetic flux path surface area
is twice the cylindrical bead diameter. Two equivalent magnetic paths, with and
without magnetic nabeads are considered. The volume of the cylindrical MB, given
that r, = ry, is

3
r
Vv, =—L. 4
4
D, = volume of MB : total volume
3 3
nr r
p, =2 g3-"r s)
- 4d°
z T External magnetic fields
& ® | External magnetic fields
_‘..%. ; .»
P47 P,/4 b
;zz d Py
P4 P4
d
X
(a) Side view of magnetic (b) Top view.

circuit path.

Fig. 3. Equivalent magnetic circuit path of magnetic liquid under a z direction external magnet-
ic flux density
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Equation (5) can be rearranged to obtain

1/3
d:[é J . ©)

The permeances of two magnetic paths are expressed as follows:
The permeance of the magnetic path through MB is given by

2 2
P_,U()/ZTP #Omp(l_i_r_pJ

= = A 7
"Td-r, d d @
The permeance of the magnetic path through liquid is given by
d?> —m?
P, = #old” -m3) _ ®)
d
Based on equations (7) and (8), the permeance per unit volume can be derived as
2 2
US _ Hotl 1/d” | _B+P
P=—=—"7"——= =\p,+P,] — |= . 9
/ 1 Holls ( b g 1/d d 9
Equation (9) can be expanded as follows:
2 ( 2 2)
popt” = 1| A0 (T | MO )
Tl d d d ’
. [a?
Mok = Ho ?"‘1 : (10)
Relative permeability of magnetic fluid can then be expressed as
3
* r
u=1+22 (11)
d
Substituting equation (6) into (11), for D, << 1, we obtain
U4 =1+4D,. (12)

Then, substituting equation (3) into (12) the following equation, for D, << 1, is
obtained.

[ =1+4D,, ;. (13)

Equation (13) shows that x#~ of magnetic fluid is directly proportional to D, and D,,.
Furthermore, the shape and/or size of the MBs have no effect on #* of magnetic fluid.
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Assuming the same equivalent path the equivalent 4~ has the same expression even
though the bead could be of spherical shape. This expression holds on the condition
that the cavity includes a small amount of MBs.

The electron microscopy of the magnetic fluid shows that the MBs have a cluster
structure as shown in Fig. 4 (a). It was then assumed that the cluster of magnetite is
distributed uniformly as shown in Fig. 4 (b). It can be seen that there is some space
between the magnetite beads in the cluster model, so we considered the space factor
of spherical magnetite 4. So then the effective specific gravity can be expressed as

Vi =hyy;. (14)
where A, is 0.523.

Space factor (£=0.523)

100 nm
200KV
ey —
(a) Electron microscopy image of (b) Spherical type model of
magnetic fluid. magnetite.

Fig. 4. Cluster structure of magnetic nanoparticles

Equation (13) can then be written as
f =1+4D,, I hyyy. (15)
which, in general terms can be written as
1 =1+CyD,, [ hyyy. (D,<<1) (16)

where C, is a coefficient which is theoretically 4 [34-36].

Equation (16) relates ,u* of magnetic fluid to D,,. To confirm equation (16) experi-
mental analysis was carried out with the aid of a vibrating sample magnetometer
(VSM). Hysteresis curves were obtained for magnetic fluid samples with different
weight densities. Figure 5 shows the comparison of the experimental and theoretical
results. It can be seen that 4" is proportional to D,,. The theoretical and experimental
results are also in good agreement.



250 C.P. Gooneratne et al.

1.12
Hyw=5 %1000 5y
4n
1.10
) Calculated results (h; = 0.523)
5 ®
> 1.08 [ J Experimental results
=
B
§ 1.06
o
o
2
= 1.04
Q
a2
1.02
1'000 0.01 0.02 0.03 0.04 0.05 0.06

Weight density D,, (mgFe/ml)

Fig. 5. Relationship between relative permeability and magnetic fluid

2.2.2 Estimation of Magnetic Fluid Weight Density by Measuring Magnetic

Flux Density Inside and Outside a Magnetic Fluid-filled Cavity
Consider the situation shown in Fig. 6. An ellipsoidal cavity filled with magnetic fluid
is placed under a uniform magnetic flux density. Given that the outside environment
is air with 2~ = 1, and magnetic fluid has 4~ slightly greater than 1, magnetic flux
lines will converge and concentrate at the magnetic fluid filled ellipsoidal cavity. If a
magnetic flux density By, is applied then the magnetic flux density in the cavity can
be assumed as B;. The magnetic flux density inside the magnetic fluid filled cavity By,
will change according to D,,. The magnetic flux density at the center of the cavity By,
can be expressed according to the following equation [37].

By

e o ) 17
ﬂom(l_ﬂo] (17)
u u

* *
i i
B —-B)= —\Bo—Bo =By 1) (18)
1+N‘; —1i 1+ N -1

Bt fivfi] wen o
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Magnetic flux density outside, w=1
By

vity
Magnetic flux dgnsity inside,
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A

Fig. 6. Magnetic fluid filled ellipsoidal cavity under the influence of a uniform magnetic flux
density

Substituting equation (16) into (19) we obtain the change in magnetic flux density (J)
as shown below.
_Bi-B

5 ’
By

c,(1-N)D,,

A V7% I 20)

It can be seen from equation (20) that D,, can be effectively calculated from the dif-
ference between B, and B,. The change in magnetic flux density is directly propor-
tional to D,,. However, the demagnetizing factor N, which depends on the shape and
size of cavity, influences the estimation of D,,.

2.3  GMR Needle Probe

2.3.1 Design of the GMR Needle Probe

The fabricated GMR needle probe as shown in Fig. 7 (a) is unique in the sense that it
can be applied inside the body in a low-invasive way. The needle detection part is
shown in Fig. 7 (b). The needle length is 20 mm, where 15 mm is available for inser-
tion inside the body, and approximately 310 um in diameter. Generally, such a fine
needle can be expected to break easily due to its lack of rigidity. However, since the
substrate itself is cut into a needle shape, a hard material such as aluminum titanium
carbide (AITiC), a sintered material of aluminum oxide (Al,O3) and titanium carbide
(TiC), can be used as the base material to make the needle strong. The needle-shaped
detecting part consists of a substrate to which a cutting process is applied to have a
needle shape, four GMR elements formed of thin films on the surface of the substrate,
four connection/bonding pads, lead conductors for electrically connecting the GMR
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elements to the connection/bonding pads and a protection film for covering the GMR
elements and lead conductors, except parts of the connection/bonding pads. The GMR
sensors, connection/bonding pads and lead conductors are formed on a wafer by a
wafer process utilizing thin film photolithography techniques. After, a machining
process is used to cut the wafer to a needle shape. The substrate is made of AITiC.
The GMR elements used in the needle have a spin-valve structure. The spin-valve
structure consists of an antiferromagnetic layer that is used to fix or pin the magneti-
zation of the pinned ferromagnetic layer, a non-magnetic space layer and a free layer
of ferromagnetic material where the magnetization is free to move in response to an
applied magnetic flux density. The magnetization direction of the pinned layer is per-
pendicular to the free layer and same in all of the four spin valve GMR elements. The
connection/bonding pads and the lead conductors are made of copper (Cu). These
connection/bonding pads are formed by a bump layer of Cu, and a bonding pad layer
of gold (Au) that is laid on the bump layer.

The novel idea of the GMR needle probe is the GMR sensing area (75 x45 um)
present at the tip of the needle. MBs are used in vivo as self-heating agents for hyper-
thermia treatment; accurate measurement of MB density is very important for suc-
cessful treatment. When a uniform external magnetic flux density is applied to an area
filled with MBs the flux lines will converge to this area (because the MBs make the
relative permeability (u") of this area slightly more than one) resulting in a change in
magnetic flux between the applied flux and the flux at the target area. In such a case
the GMR needle probe can be inserted into the target area in a minimally invasive

SMB connectors Connection/bonding pads
at the top of the needle

GMR 1 ), GMR 3
540 Q

Sensing axis
155 mm

GMR 2 GMR 4
540 Q 540 Q

L., H

‘Wheatstone bridge circuit

GMR sensing area at

J Needle length:

v M 20 mm Needle tip the tip of the needle
Neesl;:/tip
(a) Fabricated GMR (b) Needle design. (c) Wheatstone
needle probe. bridge design of

Sensors.

Fig. 7. GMR needle probe
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pattern to measure the magnetic flux density inside as well as outside the area. One of
the main features of the GMR needle probe is the way the Wheatstone bridge circuit
is designed as shown in Fig. 7 (c). There is a sensing area at the tip which is part of a
Wheatstone bridge circuit with four other GMR sensing areas 20 mm further up, near
the connecting/bonding pads. This means that rather than measuring the magnetic flux
density inside and outside separately the GMR needle probe has the ability to measure
both these quantities simultaneously.

2.3.2 Characterization of GMR Needle Probe

The DC characteristics of the GMR needle probe are shown in Fig. 8 for a magnetic
flux density range of -12 to 12 mT. The DC characteristics of the GMR probe show
that the maximum magnetic ratio is approximately 13.30 %. The linear region sensi-
tivity of the GMR needle probe is around 2.5 %/mT. There is a very low hysteretic
loop. It can be seen from the figure that the GMR needle probe has high sensitivity for
applied magnetic flux density in the range of -1 to 1 mT.

Two types of experiments were performed to obtain the AC small signal characte-
ristics of the GMR needle probe. Since the research performed involves AC mag-
netic flux the investigation of small signal AC characteristics of the GMR needle
probe is very important.

Experiment 1: Measurement with Lee-Whiting coil

A Lee-Whiting coil was used to produce a magnetic flux density of 0.1 mT at 100 Hz
as shown in Fig. 9 (a). The current to the coils are provided by the function generator
through the high speed power amplifier. The output through V,, in the GMR needle
probe Wheatstone bridge was sent to the oscilloscope which in turn was sent to a
computer by GPIB for analysis. During experiments a current of 5 mA was fed to the

20
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Fig. 8. DC characteristics of the GMR needle probe
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GMR needle probe. The GMR needle probe was also tested for three different direc-
tions, x, y and z. Fig. 9 (b) shows the sensitivity results for all three directions. It can
be seen that the response in the x and y direction is very low compared to the z direc-
tion. This can be explained by the fact that the sensing axis of the GMR sensing
element at the needle tip is parallel to the magnetic flux density, which is in the
z direction. The sensitivity in the z direction is approximately 13 mV/mT.

Experiment 2: Measurement with gradient distribution of magnetic flux density

The experimental setup is shown in Fig. 9 (c). Two coils are used with current flow-
ing in parallel with respect to each other. This results in a magnetic flux density of
zero at the center of the coils. The methodology for these experiments is based on the
distance between the GMR sensing area at the tip of the needle and the other three
GMR sensing areas near the connection/bonding pads. The distance between the
GMR sensing area at the tip and the other three sensing areas is 20 mm. The magnetic
flux density that is produced by parallel coils follows a gradient pattern. So the gra-
dient at 20 mm can be obtained and used to calculate the AC sensitivity of the sensor.
The gradient can be adjusted by the current to the coil which is proportional to the
magnetic flux density. Since the magnetic flux density is zero at the center the GMR
sensing areas near the connection/bonding pads can be placed there. The GMR sens-
ing area at the tip can be placed where there would be a magnetic flux density and the
Wheatstone bridge output (V,, - Vier) can be obtained. The change of the signal will
be solely due to the GMR sensing area at the tip. A current of 5 mA was fed to the
GMR needle probe and a gradient of approximately 0.003.6 mT/20 mm was given by
the two parallel coils. The frequency of the exciting current fed to the two parallel
coils by the function generator through the high speed power amplifier was 100 Hz.
The V. and the V. signals were connected to a digital lock-in amplifier (NF elec-
tronics LI5640). The lock-in amplifier was used to analyze the results. The results
showed that for AC small signal characterization at 100 Hz the sensitivity of the sen-
sor is 15.3 mV/mT. Hence, for small signal characterization at 100 Hz the sensitivity
of the sensor is between 13-15 mV/mT.

2.4  Estimation of Magnetic Fluid Weight Density Using the GMR
Needle Probe

2.4.1 Experimental Methodology

In explaining the experimental method of estimating D,, (theoretically outlined in
section 2.2.2), Fig. 10 is taken into account. Consider the event where the tip of the
needle is inserted into the center of a tumor cavity under a uniform magnetic flux
density (B;). The four GMR sensors are exposed to By, assuming that the cavity is
empty (" = 1 can be assumed inside and outside the cavity). So there is no change in
magnetic flux density inside and outside the cavity since B, is equal to By. However,
when the tumor cavity is filled with magnetic fluid, x" inside is greater than outside
the cavity. Hence, the GMR sensing area at the tip of the needle is exposed to a
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Fig. 9. Small signal AC characterization at 100 Hz

magnetic flux density By, which is higher than the applied magnetic flux density B.
However, since the other three sensors are located further up near the bonding pads,
and hence outside the magnetic fluid filled cavity, they will still be exposed to the
applied magnetic flux density. This way, B; and B, can be measured simultaneously.
As explained in section 2.2.2, D,, is proportional to the differential magnetic flux
density inside and outside a magnetic fluid filled cavity; thus, D,, can be estimated
from the change in By and B,
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Fig. 10. Magnetic fluid filled tumor under a uniform magnetic flux density

One of the main requirements for the accurate estimation of D,, using the GMR
needle probe is a uniform magnetic flux density. Helmholtz coils are used in a variety
of applications, primarily due to its ability to produce a uniform magnetic flux confi-
guration, ease of construction and flexibility. The accuracy of the relative magnetic
flux density produced depends on how precise the Helmholtz coils are constructed
and how accurate the current through them is maintained [38]. A lot of research has
been done to find optimum parameters for designing super uniform Helmholtz coil
systems [39-42]. A Helmbholtz coil system consists of two coils, either circular or
square, of equal radius and equal number of turns along an axis through the center of
the coils, separated by a distance equal to the radius of the coils. The total magnetic
flux produced is the sum of the two coils. A large volume of magnetic flux uniformity
based around the mid-point between the two coils can be explained by the good deal
of cancellation for the off-axis flux components generated by the coil. Magnetic flux
density is generated by currents. A static flux will be produced if the currents are
unchanging (DC). However for a changing current the flux will vary and will not only
have magnetic, but also electric and electromagnetic components. Influence of fields
other than magnetic increases when the operating frequency rises. However high fre-
quency effects can be ignored if the operating frequency is kept low enough. In this
region generally known as the “quasi-static” region, the differences between the flux
generated by DC and AC can be assumed negligible. The Helmholtz coil has many
applications in a variety of areas such as, calibration of magnetic instruments and
probes, biomedical/bioelectromagnetic studies, diagnostic studies on electron beams,
and in the study of the magnetic properties of materials [43-46].

In this research it is essential that the specifications required for the area of unifor-
mity for experiments is explicitly met. A common error when designing a Helmholtz
coil system is the assumption that the magnetic flux density will be uniform. This is
true only for a certain volume around the center. Improvements and modifications are
needed to improve the region of uniformity. A Helmholtz coil system was designed to
obtain a uniform magnetic flux density with an error < 0.01 % for 0.03m in the radial
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(r) and axial (z) axes, for the experiments performed in sections 2.4.2 and 2.4.3. If a
standard one coil pair is used the common radius of the system would be quite large
for the required specifications. A large number of coil designs such as Maxwell tri-
coil, Lee-Whiting, Alldred-Scollar and Rubens coil, have been reported [40]. Howev-
er, for our specifications and experimental setup a planar coil system consisting of
three coil pairs was chosen as the ideal system [47]. The coil design is shown in Fig.
11 (a). The three coil pair system is used to produce a magnetic flux density of Bj.
The flux density will concentrate at the magnetic fluid filled cavity. The GMR
needle probe is placed at the center of the cavity, hence the center of the common axis
between the three coil pairs. The magnetic flux in the cavity can be assumed as B;. B;
changes with D,,. As explained before the change in B; and B, is proportional to D,,. It
is critical that the magnetic flux distribution in this region should have an error of less
than or equal to 0.01 % with respect to the center of the coils, because the percentage
change in magnetic flux density for the magnetic fluid weight densities used for expe-
riments is in the order of 1/10. So it is essential that the experimental area is more
uniform to eliminate ambiguity in experimental results. The analytical results for the
Helmbholtz tri-coil are shown in Fig. 11 (b); it can be seen that the fluctuation of mag-
netic flux density is less than or equal to 0.01 %, 0.03 m in the axial and radial direc-
tion from the midpoint. The darker the region in the contour plot, the more uniform it
is. The fabricated Helmholtz tri-coil is shown in Fig. 11 (c).

Ny B N;

a =770 mm (diameter of coil 1) N, = 140 (number of turns in coil 1)
b =260 mm (diameter of coil 2) N, =4 (number of turns in coil 2)
¢ =214 mm (diameter of coil 3) N3 = 1 (number of turns in coil 3)

o 0.02 0.04 0.06 0.08 0.1 0.12
r(m)

h =315 mm height between upper and lower sets of coils

(a) Helmholtz tri-coil design. (b) Contour error plot (£ 0.01 %
variation of magnetic flux density
from the center of the coil).

(c) Fabricated Helmholtz tri-coil.
Fig. 11. Helmholtz tri-coil
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Fig. 12. Experimental setup

Figure 12 shows the experimental setup for estimating low-concentration magnetic
fluid inside plastic cylindrical containers. Low-concentration magnetic fluid can be
defined by the content densities used in clinical applications. Magnetic fluid weight
densities used for clinical applications are typically less than 2.8 % and potentially
decreases even more when injected in vivo, due to spreading inside tissue. Hence,
magnetic fluid of original D,, 40 % was thinned by mixing with distilled water. Plastic
trays with embedded cavities (s = 0.625) were filled with thinned fluid of various
densities. The fabricated Helmholtz tri-coil was used to produce a uniform magnetic
flux density of 0.1 mT at 100 Hz (0.01 % fluctuation 0.03 m in the axial and radial
direction from center of the coil). Current of 267 mA was provided to the coils of the
Helmholtz tri-coil by a function generator (Sony Tektronix AFG310) through a high
speed power amplifier (NF Electronics 4055). A current clamp (Hioki 3274) was
clamped to the coils carrying current to the Helmbholtz tri-coil and connected to an
oscilloscope (Yokogawa DL4100) to analyze the current waveform. Additionally, a
Gauss meter (MTI mm-340) was also used to confirm the magnetic flux density at the
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center of the Helmholtz tri-coil. A constant current of 5 mA was given to the GMR
needle probe by a DC power supply (Matsusada Precision Instruments).

The GMR needle probe was inserted as shown in Fig. 12 (b). The GMR needle
probe tip was placed in the middle of the Helmholtz coil and the cylindrical cavity
was moved so that the needle tip was at the center of the cavity. The GMR needle
probe was then used to estimate the D,, of the thinned magnetic fluid, by measuring
the applied magnetic flux density (By = 0.1 mT) and the magnetic flux density inside
(B;) thinned magnetic fluid filled cavities. The bridge output voltages across the GMR
needle probe were measured by a lock-in amplifier (NF Electronics LI5640). By ap-
plying the results to equation (20), the change in magnetic flux density was obtained
for all the cavities with different thinned magnetic fluid weight densities. The experi-
mental results are shown in Fig. 13. The figure denotes the relationship between D,,
and the change ratio of magnetic flux densities. When the cavity is thin and long
(N = 0), the relationship shows the upper limit. The demagnetizing factor N for an
elliptic body depends on the shape ratio of the cavity s, as shown in the figure. For
spherical shaped cavities s = 1 and N = 1/3, and for flat shaped cavites s = 0.5 and
N = 0.527. It can be seen from the experimental results that D,, is proportional to
change in magnetic flux density and the results fall between theoretical lines for long
and flat ellipsoidal cavities.
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Magnetic fluid weight density, D,, (%)

Fig. 13. Estimation of magnetic fluid weight density in a tray with embedded cavities

2.4.2 Detection and Estimation of Low Concentration Magnetic Fluid Inside
Tumor-Simulating Cylindrical Agar Cavities

The evaluation of cancer staging is generally done with respect to the size of the tu-

mor. The tumor, node, metastasis (TNM) staging system is commonly accepted for

the evaluation of pathological stage [48]. Assuming that tumors are spherical in
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shape, the cutoff diameters for the different stages depend on the type of tumor. Gen-
erally tumors are classified into 5 stages (TO — T5). In the TO stage there is no evi-
dence of a primary tumor but is defined as carcinoma in situ (CIS). This means that
malignant cells that arise from epithelial cells have not invaded surrounding tissue.
Recent studies have shown that the general cut off point between T1/T2 and T3 tu-
mors is 50 mm [49, 50]. In T1 tumors diameters are not more than 20 mm and loca-
lized to one part of the body. In T2 tumors cancers are locally advanced and diameters
vary between 20 and 50 mm. In later stage (T3 and T4) tumors the diameters are more
than 50 mm, and also the cancer has started to spread into surrounding tissue, lymph
nodes and body organs. Ideally hyperthermia therapy is performed on non-invasive, in
situ tumors which are normally detected when they are small and confined [51]. In
these cases (tumor diameter less than 20 mm) the cancer has not spread to other or-
gans. Low-concentration magnetic fluid (less than 2.8 % D,,) is generally used in
hyperthermia therapy, to keep the dose in vivo as low as possible. However, once
injected the magnetic fluid tends to spreads inside tissue, further decreasing the
low-concentration D,,. The specific heat capacity required to destroy a tumor is pro-
portional to AC magnetic flux density amplitude, frequency and D,,. Specific heat
capacity is also clearly correlated with therapeutic outcome since it can only be in-
creased up to a certain critical value to avoid heating of healthy tissue. Hence, it is
vital that D,, be known in vivo before as well as after treatment (to check for remnant
density). This section provides details about a novel GMR needle probe that can be
inserted in vivo in a low-invasive way to detect and estimate low-concentration D,, in
T1 tumors for successful implementation of hyperthermia therapy.

To simulate the situation of detecting magnetic fluid inside the body, cylindrical
agar pieces (simulating tumors) were injected with thinned magnetic fluid of various
densities and immersed in potato starch, which acted as a reference medium. Agar is
widely used in microbiology as a culture medium. Agar powder with jelly strength
400 — 600 g/cm” by Wako Company was used for experiments. The diameters of the
agar pieces were chosen to be 4 — 14 mm (s = 1, N = 0.33) to simulate T1 tumors,
which are less than 20 mm. A uniform magnetic flux density of 0.1 mT was applied
by the Helmholtz tri-coil and the needle tip of the sensor was inserted at 10 mm
intervals hence, to the middle of agar pieces along the length (225 mm) of the mag-
netic fluid filled cavity tray as shown in Fig. 14. The change in signal corresponds to
the difference between the signal obtained inside the magnetic fluid filled agar and the
reference medium (potato starch). It can be seen from Fig. 15 that the GMR needle
probe can detect magnetic fluid injected into agar pieces with a diameter as low as 4
mm. Fig. 15 shows that for a given D,, of thinned magnetic fluid the change in signal
does not vary so much between the four samples (since s and N is the same) and that
the signal is proportional to the weight density of thinned magnetic fluid. This means
that even though the size of the cavity may change (s and N constant), the signal will
only change with D, thus verifying equation (20). Furthermore, detection of magnet-
ic fluid in samples with diameters as low as 4 mm shows that the GMR needle probe
has a potential to be used effectively as a tool for detecting drug coupled MBs, in
targeted therapy for tumors.
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Fig. 16. Estimation of magnetic fluid weight density inside agar cavities

Since the GMR needle probe was used to successfully detect magnetic fluid in-
side cylindrical agar pieces of different sizes, experiments were performed to accu-
rately estimate D,, inside cylindrical agar pieces simulating T1 tumors. One of the
major obstacles for implementation of hyperthermia therapy as an effective cancer
treatment is the retention of injected magnetic fluid without spreading to neighbor-
ing tissues and organs. Coupling magnetic fluid to tumor specific ligands such as
antibodies, slow infiltration and repeated multi-site injections are some of the me-
thods used to increase the retention of magnetic fluid in tumors. Experiments are
performed with the GMR needle sensor to estimate D,, in 18 mm diameter agar cavi-
ties (s = 1, N = 0.33) since, to provide adequate heat to kill the tumor without affect-
ing surrounding healthy cells, D,, needs to be confirmed before and after treatment (to
check remaining density). The GMR needle was inserted at the center of the 18 mm
agar cavities and B; and B, was measured simultaneously due to the bridge circuit
design of the GMR needle probe. It can be seen from Fig. 16 that D,, is proportional
to the change in magnetic flux density and agrees well with theoretical results ob-
tained based on ellipsoidal cavities. Concentrations as low as 0.145 % weight density
can be successfully estimated [52, 53].

2.4.3 Estimation of Magnetic Fluid Weight Density Inside Large Cylindrical
Agar Cavities

In section 2.4.2 experiments were performed with agar cavities simulating T1 cancer

tumors. Different size agar cavities were injected with magnetic fluid to simulate fluid
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filled tumors. The GMR needle probe was then used to measure the change in mag-
netic flux density inside and outside the agar cavities simultaneously. The size of the
tumor should be considered since out of the 20 mm needle of the GMR probe 15 mm
is available to be inserted inside the tumor. Since the needle tip should be inserted at
the center of the tumor where the magnetic flux density is greatest (given that the
tumor is exposed to a uniform magnetic flux density), the diameter of a given tumor
should be less than or equal to 30 mm. Since diameters of the cylindrical agar cavities
simulating tumors in the T1 stage of cancer were less than 20 mm the needle of the
GMR sensor, which is 20 mm in length, was easily inserted into the center of the agar
cavities to measure magnetic flux density inside. However, in T3 and 4 stages of can-
cer, commonly called the “later/advanced stages” of cancer, the diameters of tumors
are more than 50 mm. So, the needle cannot be inserted at the center. Hence, a new
experimental method was developed to estimate D,, inside large tumors. Taking ad-
vantage of the fact that the distance between the GMR sensing area at the tip and the
three other sensors near the bonding pads is 20 mm, magnetic flux density is obtained
at 20 mm steps as shown in Fig. 17. The total change in magnetic flux density is cal-
culated by summing the change in magnetic flux densities at each step as shown in the
equation below.

n

BTotalChange = Z (Bi+1 - B ) 2D
i=0

T Needle-type GMR sensor moved in

20 mm steps in z-direction
Helmbholtz tri-coil

b3, 20 mm
B, L 20 mm
B;
I
|
I
I
I
I
I
I

Centre of line of Helmholtz tri-coil
and cavity
Magnetic fluid filled agar piece

Helmbholtz tri-coil

r

Fig. 17. Method of estimating magnetic fluid weight density inside large cavities
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Figure 18 shows the comparison between the numerical and experimental results. It
can be seen that if magnetic flux density can be measured at the center of the cavity,
the change in magnetic flux density is approximately equal to the theoretical results.
However, since the needle of the GMR probe is only 20 mm in length, the change in
magnetic flux density is obtained by equation (21) for large cavities, where the needle
cannot be inserted into the center of the cavity. The number of steps used in this case
was 7. This meant that the needle was fully inserted in the magnetic fluid filled cavity
after 7 steps, however the tip was not at the center of the cavity. It can be seen from
Fig. 18 that the summing method proposed for large cavities gives a good approxima-
tion when the sensor needle cannot be inserted at the center of the cavity.

6
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OQ" > A Numerical results O
%’ (needle inserted at the center)
§ o4r &
E O Numerical results
é’ 3t (summing method, n =7)
Q
E B
£ B
& 1r
§ a
@ o

0 | | | |

0 1 2 3 4 5

Magnetic fluid weight density, D,, (%)

Fig. 18. Comparison of theoretical and numerical results for large cavities

The summing method was utilized to measure the change in magnetic flux density
in magnetic fluid filled cylindrical agar cavities of 63 mm diameter (s = 1). 30 results
were obtained in 30 seconds from the lock-in amplifier by MATLAB GUI and saved
in the PC for further analysis. This method was more competent to handle the rapidly
changing values of the lock-in amplifier, especially at points further away from the
cavity. The average of 30 values was then taken. The experimental results are shown
in Fig. 19. It can be seen that the total change in magnetic flux density increases with
D,,. Moreover, the experimental results for large cavities compare favorably with
theoretical results based on ellipsoidal cavities, numerical results obtained by numeri-
cal modeling and experimental results obtained for small cavities [54]. Figure 20
shows the results obtained for different size cylindrical agar cavities (s = 1) for a
weight density of 2.29 %. Experiments done on smaller cavities (section 2.4.2) veri-
fied equation (21) for a range of sizes. It was shown that the change in magnetic flux
density did not vary so much between different size cavities as long as s and hence N
remained the same. The change in magnetic flux density only increased with D,,.
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However, it must be noted that these experiments were performed with cavities small-
er than 30 mm in diameter, hence allowing the insertion of the needle tip to the center
of the cavity. In the experiments performed in this section the larger the cavity the
further away it would be from the center of the cavity (where the magnetic flux densi-
ty is the greatest) as shown in table 1. Thus, as diameter and/or height of a cavity
increases (for a constant N) the total change in magnetic flux density decreases.
Figure 20 compares the experimental results to numerical results. Even though the
experimental results increase with the size of cavity they do not fluctuate so much
compared to the numerical results.
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Fig. 19. Estimation of magnetic fluid weight density inside large cavities
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Table 1. Comparison of different sized cavities when needle is completely inserted inside
cavity

Cavity Diameter Height Distance from center of cavity to
(mm) (mm) needle tip (mm)
1 50 50 10.0
2 63 63 16.5
3 72 72 21.0

2.4.4 Estimation of Very Low Concentration Magnetic Fluid Weight Density
Inside Cylindrical Cavities

In section 2.4.2 experiments were performed to estimate low-concentration D,, inside
cylindrical agar cavities; the limit of estimation was 0.145 %. However, estimation of
very low-concentration magnetic fluid (less than 0.1 % D,,) is significant in hyper-
thermia therapy since the dosage is kept to a minimum in vivo, magnetic fluid spreads
to neighboring tissue after injection which further reduces the dosage and some fluid
may remain after treatment. Since successful treatment is directly proportional to D,,
it is essential to estimate in vivo. Furthermore, current implementation of magnetic
fluid based hyperthermia is in conjunction with other established forms of treatment
such as radiotherapy, surgery and chemotherapy. It has been shown that cancer treat-
ment with combination treatment is more effective compared to a given treatment on
its own. However, if magnetic fluid hyperthermia therapy is to be more effective in
combination treatment and also to be a feasible, stand alone, treatment there are sev-
eral questions that need to be addressed. One of the main issues that need to be
addressed involves the fate of magnetic fluid once used as self-heating agents in
hyperthermia therapy. While it is safe to assume that only a small amount of magnetic
fluid remains after treatment there is no conclusive evidence due to the novelty of
magnetic fluid hyperthermia treatment. Even though, magnetic fluid is biocompatible
it may be influenced by other bodily fluids or functions if it were to remain in the
body for a prolonged period of time. The possible fact that magnetic fluid remains in
the body for a long duration can be exploited for further treatment or for utilizing it
for other applications. Remnant magnetic fluid can be moved to another part of the
body by external magnetic flux gradients and reused for further/new treatment. The
common factor that stands to benefit all these issues is accurate estimation of very
low- concentration D,,. This section discusses the experimental apparatus fabricated
and the experimental results estimating very low-concentration D,, inside agar cavi-
ties, using the GMR needle probe.

The aim of the experiments is to measure very low D,, of magnetic fluid in a cylin-
drical agar cavity, by measuring B;. For this purpose a super uniform magnetic flux
density generator is required for eliminating ambiguity of measurements. Since, for
very low densities the percentage change in magnetic flux density is in the order of
1/10,000, it is important that the applied magnetic flux density is at least 1/10™ more
uniform. For this purpose a Lee-Whiting type coil [40, 41] was designed and fabri-
cated, producing a 0.001 % variation from the center of the coil in approximately
35 % of the outer coil spacing along the axial direction and 25 % of the diameter of
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Fig. 21. Lee-Whiting coil

the coils in the radial direction. The Lee-Whiting coil design is shown in Fig. 21 (a)
and the analytical results are shown in Fig. 21 (b).

Figure 22 shows the experimental setup where the fabricated Lee-Whiting coil was
used to produce a uniform magnetic flux density of 0.09 mT at 50 and 100 Hz.
Cylindrical agar pieces of d = 18 mm (s = 1) were injected with very low-
concentration magnetic fluid (D,, = 0.03 — 0.2 %). The GMR needle probe was in-
serted to the center of magnetic fluid filled agar cavities. The differential magnetic
flux density is in the order of nanotesla in the experimental situation. The bridge
structure of the GMR needle probe measured the differential magnetic flux density
simultaneously. The bridge output was amplified 100 times and sent to the lock-in
amplifier. Then the data from the lock-in amplifier was transferred through GPIB to a
computer for further analysis. For each low-concentration weight density, 5 values
were taken and averaged. Experimental results shown in Fig. 23 indicate that the
change in magnetic flux density is proportional to D,, [55]. However, the current limit
of estimation has a good possibility to be influenced by the construction and coiling
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errors of the Lee-Whiting coil. Shown in table 2.2 are the error percentages at 0.02 m
in the axial direction if the coils or diameters are altered by +1/2 mm as shown in Fig.
24. Also, the error percentage increases if current distribution is considered as a
square as shown in Fig. 24 instead of a point (as assumed in analytical analysis).
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Fig. 23. Estimation of very low-concentration magnetic fluid weight density inside agar
cavities
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Table 2. Analysis of error percentages due to coiling and construction

Coil number +1 mm -1 mm +2 mm -2 mm
(%) (%) (%) (%)
1_Distance 0.007 0.007 0.015 0.015
2_Distance 0.008 0.008 0.015 0.015
1_Radius 0.0037 0.0037 0.0075 0.0075
2_Radius 0.006 0.006 0.012 0.012

3 Conclusions

A novel GMR needle probe that is utilized to detect and estimate magnetic fluid
weight density was reported in this section. The unique design of the fabricated GMR
needle probe is especially made for application in vivo in a low-invasive way. A theo-
retical basis was obtained for detecting and estimating D,, in vivo based on relation-
ships between relative permeability, weight density of magnetic fluid and magnetic
flux density inside and outside a magnetic fluid filled cavity. An experimental setup
(including a novel GMR needle probe, Helmholtz tri-coil and Lee-Whiting coil) and
procedure with agar injected with magnetic fluid to simulate actual clinical process
was developed.

Experiments were performed to detect and estimate D,, inside a variety of mediums
simulating tumors, using the GMR needle probe, with the long term objective of esti-
mating in vivo, especially in the area of hyperthermia therapy, a form of cancer treat-
ment. Experiments were performed initially by inserting the GMR needle probe in a
tray with magnetic fluid filled embedded cavities for confirmation of theoretical
analysis. Cylindrical agar cavities simulating 1** and 2™ stage tumors were injected
with magnetic fluid and the GMR needle probe was used to measure the magnetic
flux density inside and outside the agar cavity. By measuring the differential magnetic
flux density, D,, was estimated. The lowest D,, that could be estimated inside 18 mm
diameter cylindrical agar cavities was 0.03 %. To estimate D,, in large tumors com-
monly found in later stages of cancer, a summing method was developed, taking into
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account the distance between the sensing element at the tip of the needle and the sens-
ing elements near the bonding pads. The lowest D,, that could be estimated inside 63
mm cylindrical agar cavities was 1.414 %. The research performed in this section
shows that in the future the GMR needle probe could be used not only in hyperther-
mia therapy but also in other advanced medical applications.
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