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Abstract:

Recent research has indicated that it is possible to kill tumor cells in cancer
patients by delivering magnetic nanoparticles to the cells and heating them with a high
frequency magnetic field. Simulation software, such as Matlab, was used to create
different systems that would provide this high frequency field to these particles. Designs
using systems of loops of wire with current running through them producing a field were
optimized to maximize efficiency at producing a strong field in the desired region and

minimize spillage of the field into surrounding areas.

Introduction and Theory:

Localized hyperthermia utilizing magnetic nanoparticles in an alternating
magnetic field has the potential to either directly kill tumors or make them more
susceptible to radiation therapy or chemotherapy [1]. These nanoparticles can be directly
delivered to the tumor via injection at the tumor site. Iron oxide nanoparticles have been
the most commonly used nanoparticles because they have excellent biocompatibility with
almost zero toxicity [2]. They will then intersperse through the tumor and be taken up by
its cells. However, some of the nanoparticles can escape the tumor site and travel to
different parts of the body. When the patient is exposed to the magnetic field, these
nanoparticles outside the tumor will heat up as well and kill healthy human tissue. Also,

the magnitude of the magnetic field to which a human can be exposed is limited; and



high-frequency magnetic fields will cause excessive direct tissue heating. Because of this,
only the tumor itself should be exposed to the high magnetic field, in order to minimize
potentially harmful effects to the surrounding tissue. To enhance the selectivity of
magnetic hyperthermia treatments, the applied magnetic fields need to be as much as
possible localized to the vicinity of the tumor.

In this experiment, the magnetic fields were simulated as being produced by loops
of wire with current running through them. These fields can be separated into two
components, the radial component (r) and the vertical component(x), and then summed
up to find the scalar magnitude of the field at any point. The equations that define these
two components of the field are as follows:
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B is the magnetic field, in teslas, at any point in space that isn't on the current loop. It is
equal to the sum of two field components: BX the magnetic field component that is
aligned with the coil axis and Br the magnetic field component that is in a radial
direction. i is the current in the wire, in amperes, a is the radius of the current loop.
X is the distance, on axis, from the center of the current loop to the field measurement
point, I is the radial distance from the axis of the current loop to the field measurement

point. K(k) is the complete elliptic integral function, of the first kind. E(k) is the



complete elliptic integral function, of the second kind. Bo is the magnetic field at the

center of the coil (ipo/2a) and pO is the permeability constant (1.26x10-® H/m or 4nx107)

Figure 1: Sketch of the magnetic field generated at a point (x,r) away from the center
axis of a current loop [3].

Method:

The codes written in Matlab were designed to minimize the exposure of large
magnetic fields outside of the area of the tumor generated by a system of loops located
outside of the body with current running through them. In each different simulation, the
loops were all in the same plane, spaced on a log scale, sharing the same center axis
point. The number of loops and the spacing between the loops were varied. The x-value,
or depth of the tumor, was held constant at .1 meters to simulate the approximate depth it
would be in a patient. The vectors containing the values of the current in each loop and

the values of the radius of each loop were named Ipoints and rpoints, respectively.




Figure 2: Setup of the simulation of the magnetic field generated by a system of current
loops at a tumor located at (r=0, x).

With this setup written into Matlab, different codes were written to be run through
the built in fminsearch function that would minimize the overall exposure to the field.
The fminsearch function in Matlab finds the minimum of a scalar function of several
variables, starting at an initial estimate. This is generally referred to as unconstrained
nonlinear optimization.

Results and Analysis:

The objectives of the first code were to find the smallest width possible of peak
field in the radial direction of the current loops by minimizing the value of the radius of
the magnetic field at a value one third of the peak value of the field, and find the values
of the radii and current contained in the vectors rpoints and Ipoints that give this result.
This code created a function w that found a value called w3, which is the r-value of the
field at a value that is one third of the value of the peak field. Then this function was run
through the fminsearch function, with the vector rpoints and the scalar x having set
values, in order to find the values of the currents in the vector Ipoints that gave the
minimum value of w3.

Several trials using this code were completed and it was found that while the main
peak of the magnetic field was made to be very narrow, it allowed for subsequent peaks
of values just under one-third of the value of the main peak to manifest. Since the
magnitude of the field at the main peak is very high, even peaks of 20-30% of its total

magnitude would be far too great an exposure.
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Figure 3: Graph of the ratio as found by the first code of the magnetic field, B(r,x),
divided by the peak value of the field versus the radius from the center axis point. The x-

value is held constant at 0.1 meters. Note the second peak on the graph at 0.2<r<0.4
meters is about 20% of the value of the main peak.

In order to prevent these large peaks from forming after the main peak a new
function to be minimized needed to be created that would give the most weight to having
a small w3 value but would also smooth out any subsequent peaks. The function
wo=(1/w3)+(1/w6)+(1/w12), where w3 is equal to the r value at one third of the main
peak, wo6 is the r value at one sixth of the main peak, and w12 is the r value at one twelfth

of the main peak, was made. Then the function w was redefined to be 1/w,, and this was
put into the fminsearch function. The x value and the radii of the loops were set constant,

and the fminsearch function found the currents, contained in the vector Ipoints, that gave

the smallest value of w.

This redefined w function was minimized for several different rpoints vectors and
numbers of current loops. The best result yielded gave a w3 value of 0.0511 meters for

eight current loops. The innermost loop had a radius of 10~ meters the next seven radii



increased in equal increments on a log scale up to 10° or 1 meter. The vector Ipoints was
[1.027, 0.00032, 7.059¢-05, 4.70e-05, -0.00047, 1.44¢-05, 2.074e-06, 5.35¢-06] (in

amps), and x was set at .1 meters.

Bw.r

1. .
‘\
‘L

0.8 |
0 |
i )1 |

t 0.6 | |
a ( \
ry ‘
" 04l

BY “7|| l
1

0.2! “\ |

r (meters)

Figure 5: Profile of the ratio of the magnetic field over the peak value versus r, at x=.1
meters.

It was noted that magnetic field at x = 0.1 meters had no significant peaks after
the main one, so the new function for w did smooth out any subsequent peaks.
Unfortunately, this setup that yielded these results is not viable to create into a real-life
prototype. Most of the current was placed into the innermost loop. While this is fine
when only 1 amp of current is being run through it, in order to generate the kind of
magnetic field needed to sufficiently heat up the nanoparticles inside a tumor,
approximately 60 gauss, around 500,000 amps would be needed to be run through the
first loop, which is impossible to put into a loop with a 1mm radius. Because of this,
several more minimizations of the function w were conducted, increasing the value of the

innermost loop’s radius each time.



The most viable setup yielded a w3 of 0.0909 meters. It consisted of one loop of

radius 107" meters (= 6 cm) with 4000 amps running through it. This gave 61 gauss at x

= .1 meters, r = 0 meters.
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Figure6: a.) Profile of the ratio of the magnetic field over the peak value versus r, at
x=0.1. b.) Contour plot of the magnetic field in Teslas as a function of x and r.

This setup could be built, by winding together 7 wires of AWG gauge 0000 and
running around 570 amps through each. However, this design has several problems. The
main problem is the hotspot starting at x=0 and r=.06. This exposes a person to much
more than the safe amount of magnetic field. Also, the field in the x direction decreases
rapidly so only a tumor that was about 3 or 4 cm deep could be successfully treated by
the magnetic field without the patient being exposed to the hot spot. To remedy this, a

new code was written that would eliminate these hotspots inside the patient’s tissue,



minimize the area exposed to potentially harmful field, and maintain the ability to be
constructed for a prototype.

The new code was developed so that at no point in a 0.5 meter by 0.5 meter area
of r vs. x would the magnitude of the magnetic field be greater than 60 gauss, or 6mT,
effectively eliminating any hotspots that might occur in that area. Along with this new
code the setup of the simulation was slightly modified. X1 is the distance from center
system of the current loops to the patient’s skin, and x2 is the tumor depth and set to be a
constant 0.1 meters. The code would now find Ipoints, rpoints, and x1 that yields the
largest value of B(0,x1+x2) for B(r,x). This was done by creating a function, Bi,y, to be
run through the fminsearch function. Bi,, =1/B, where B is equal to the ratio
Bmag(0,x)* {6mT/max(Bmag)}, where Bmag(0,x) is the magnitude of the magnetic field
due to the system of current loops at an arbitrary point along the center axis inside the 0.5
meter square area, and max(Bmag) is the magnitude of the maximum field inside that
square area. Since Bmag(0,x) is contained in that square area, the ratio B will never be
more than 6mT. Also, by taking the inverse of B and minimizing it, we get the largest

possible field strength without going over 6mT for any value of rpoints, Ipoints, and x1.
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Figure7: Setup of the system for the new code. Note that x=x1+x2. X2 was set at 0.1
meters.

Running this code yielded the smallest B to be 0.0052 for x1=0.4968 meters and
Ipoints=[1.36 0.011 -0.014 -0.010 0.000455 0.000165 1.57e-05 0.000435] (in amps).

Also, the vector rpoints was defined to be the logspace(-3,0,8), in meters.
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Figure 8: Contour plot of the magnetic field in Teslas as a function of x and r.

This setup yielded the expected results of making sure there were no more
hotspots in the tissue surrounding the tumor. The contour lines are spaced fairly evenly,
showing a nice smooth, slowly declining surface. However, this also means that the code
prevents a rapid decline in the magnetic field in any direction, causing the patient to be
exposed to a significant amount of field throughout their body. Since the whole object of
to this research is to find a setup of current loops that provides a highly localized field at
one point, this setup would not be a viable option to build as a prototype.

Further Research:
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An idea for a new code combines the previous two codes. It would cause rapid
decay of magnetic field in tissue surrounding tumor, while still preventing hot spots. The
code would create a square area around the tumor site simulating physical dimensions of
the tumor. The magnetic field at different points (x,r) in a 0.5 by 0.5 meter area would be
summed up and then multiplied by a power of its distance from the area around the
tumor. This is multiplied by a scalar and added to the maximum value of the field in the
total area outside the tumor. The sum of these two values would be created into a
function and put into the fminsearch function, yielding the values of rpoints, Ipoints, and
x1 giving the minimum value of the sum. This sum causes two things to be minimized.
The first term, the sum of the magnetic field at different points multiplied by the distance
from the tumor, would hopefully cause a rapid decay in the field outside of the area of the
tumor. The second term, the maximum field value in the total area outside the tumor,

would hopefully eliminate any hotspots.
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Figure 9: Setup of the system of current loops for the new code. Under the drawing is
the equation being minimized by the fminsearch function.

Conclusions:

All the simulations run during this experiment failed to yield a system that
generated the highly localized magnetic field necessary for the hyperthermia of tumor
cells injected with magnetic nanoparticles. However, these results did show which
minimization codes did not work, and why, giving a good idea of how to progress
onward in research. A new code can be developed that somehow combines the previous
two codes by causing a rapid decay of magnetic field in tissue surrounding tumor, while
still preventing hot spots.
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