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ABSTRACT

The subject of this thesis is to predict the induced spatial
current density distribution in biological systems due to a time varying
magnetic field. Maxwell’'s equations are solved wusing an iterative
technique Xnown as the Relaxation Method. Results indicate that the
induced spatial currents are a strong function of the particular boun-
daries of the system being studied. Variations of more than an order of
magnitude in a small area are found for some idealized bome fractures.
Also the direction of flow tends to be parallel to the bome rather than
across the gap as is commonly assumed.




CHAPTER 1
INTRODUCTION

The effects of 1low level electromagnetic energy omn biological
systems have been documented in several carefully designed experiments
[1-4]. This effect can range from increasing the lifespan of mice
infected with melanomas (in conjunction with chemotherapy)[1], to mod-
ulating the rate of bone fracture healing [2], to adversely affecting
the growth of damaged embryos [3]. The exact coupling mechanism between
the cell and electromagnetic field is still unknown. In order to deter—
mine what this coupling mechanism is, experiments must be designed to
have .a tight controi of variables. Temperature, the process used to test
the hypothesis, the system being used, and the electromagnetic fields
(both spatially and in the time domain) stimulating the system should be
monitored.

Until recently the spatial electric currents induced in biological
systems by ﬁelmholz coils were for the most part ignored. McLeod and
Sampsel [5,6] have demonstrated that the spatial currents that are
introduced into some biological systems can vary by an order of mag-
nitude or more in a very’small space. Since the exact coupling mech-
anism isn’t known, researchers should be aware of ﬁoth the spatial
current densities and magnetic fields in the?r systems.

The work done by MclLeod and Sampsel was aimed at simple boundaries

whose solution could be determined analytically. In many cases boundar-—
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ies do not lend themselves to a straightforward analytic solution. The
main contribution of this thesis is to present a numerical method to
solve some of these complex boundary valﬁe problems. Two main systems
are looked at separately. A rectangular coﬁducting box is used to verify
that the method is accurate, and an idealized two—dimensional bone
fracture with different types of bone—flesh boundaries at the site of
the fracture is examined in more detail.

Another point that will be addressed in this thesis is how to
present the data from these models so that variety of research personnel
in such diverse fields as biology, medicine, and engineering can use it.
Four methods will be used varying from regular graphs to “three dimen—
sional™ views of the system. These methods will be applied to a simple

example (a square box) to show how they may be used in conjunction with

each other. Finally the bone models will be presented.

-




CHAPTER 2

' THE RELAXATION METHOD APPLIED
TO ELECTROMAGNETICS FIELD PROBLEKS

Derivation of the Difference Equation

The differential equation for tﬁe H field can be derived by
starting with Maxwell's fourth equation,
VHS= ?E + é(EE)/at. K (1)
Assuming the second term on the right hand side of the equation is small
compared to the first term (see discussion on pages 6 and 7 under
"assumptions") and taking the curl of both sides yields
V(V - H) -V2H =V x oF. ' (2)
The first term on the left hand side is equal to 0 by Maxwell’'s second
equation
V=0, (3)
Substituting Maxzwell'’s third equatioﬁ,
V x E = -a(pH)/0t, (4)
into the right hand side of (2) yields
Vz H = podH/dt. (5)
It is seen that this is an equation only in H. After this equation has
been solved the current density T can be calculated from (1)
oE =7 =V x H. (6)
For a two—dimensional case (X-Y plane) with only a Z component of the H

field, (5) and (6) reduce to

a2H_/ax* + 92H_/dy* = podH /dt, (7)
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J

, = o1 /3y, (8)

Jy = —aﬂz/ax. (9)

Equation (7) can be approximated with a difference equation. If we
take the continuous function Hz(x.y) and approximate it with a discrete
set of points Hxn,yn. then the spatial derivatives aznz/axz can be

approximated by the difference equation
2 2 ~ —_— '

920 _/dx? ~ (Bx_ .,y +Hx _ .y ‘2Hxn,yn)/A§2, (10)
where Ax is the distance between two consecutive points. If we assume
the grid spacing is square (Ax= Ay) with a value of Al and then substi-
tute the difference approximation into (7), we get the equation for the
relaxation method [7],

Hx ,y =(Bx .,y +Hx .,y , +Bx ...y +Hx .y .4 +4A12p0dlx ,y )/4. (11)

Equations (8) and (9) can be approximated with one of the three point

derivative formulas [8],

aﬂxn,yn/ax ~ (—3Hxn,yn +4Hx ..y -Hx +2Y,) /241, (12)
aHxn,yn/Gx ~ (—Hxn_l,yn +Hxn+1,yn)/2A1, (1?)
aﬂxn,ynlax ~ (Hxn_z,yn —4Hxn__1,yn +3Hxn,yn)/2A1. (14)

The three point formulas were chosen because their error decreases as a
function of Al2 as opposed to a two—point formula whose error decreases
only as a function of Al.
The Privi Field

The driving magnetic field for the iterative solution to the square
box was assumed to be'uniform to matgh the assumptions of the anmalytic
method. When the derivative of the magnetic field wﬁs calculated for the
bone models, the field was not comsidered uniform. Instead, the equa-

tions and program for the magnetic. field created by a set of Helmholtz
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coils were obtained from Sampsel [6]. The derivative of the\ magnetic
field was then made préportional to the field strength at the point im
question. One advantage of wusing the Hélmholtz coils as a driving
source, in addition to being more realistic, was that the boundaries
perpendicular to the pone could be set in an area of small magnetic
field, minimizing their effect of being “artificial boundaries™ on the
solution.

Implementation of the Relaxation Method in FORTRAN

A representative FORTRAN program that solves the equations for the

fields inside a square box is included in Appendix A, The program
assumes the driving magnetic field is uniform on the boundaries of the
box with its derivative equal to BPRIME. ESTIMATE does the iterating
and keeps track of the maximum chanée between the last two iterations
with the variable EPS. When éhe ﬁaximum error criteria is satisf@éd,
the program calculates the currén? densities at each point with the
functions THEL, THER, and THEM. THEL is used to calculate the deriva-
tive when the point in question is omn the left hand side of the inter—
val, THEM is used to qalculate{the derivative when the point-is in the
middle, and THER is used to calculate it when it is on the right hand
side. Thus, THEL and THER are used to calculate the current demnsity at a
boundary, and THEM is used everywhere else inside the box:

Assumptions

In most simulations there must be some assumptions to simplify the
model that is used. In this case seven simplifying assumptions were

made. These assumptions are listed and discussed below.

1. It was assumed the system was linear and contained




homogeneous regions.

2. It was aséumed that the back emf could be ignored.

3. The conductivity of the fluid pocket and intermedullary
canal were assumed to be the same as that of the flesh
surrounding the bone.

4. The leg was assumed to be a\cylin&er with a radius of 32
mm. and a length of 300 mm., the bone was assumed to be
a cylinder with a radius of 8 mm., and the inter-
medullary canal was assumed to be a cylinder with a
radius of 4 mm. (when it was included).

5. The width of the break varied from 4 mm: to 16 mm. (i.e.
one half to two bome radii).

§. The time—rate—éf—change of the magnetic field was stumed
to be 3.48 Tesla/second in all cases.

7. The bone was'Assumed to be a perfect non—conductar.

Assumption (1) was made because biological systems are mnormally
assumed to be linear when dealing Qith large dimensions. Experiments
dealing with 1low levels and dimensions that are large compared to a
single cell show that this is a good approximation. Since this case
deals with 1low frequencies and low drive levels, along with large
dimensions, it is a valid assumption. It is probably mot valid to make
this assumption on a cellular level. At the cellular level there are
processes such as active transport of iomns across the cell wall, and
pockets of protein “floating” in the cell wall which. have mnonlinear

transfer characteristics. These processes make the cell a very mnon—

linear system.
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Assumption (2) was maQe when the second term of equation (1) was
ignored. This assumes the conductivity current term of the equation is
much 1larger than the displacement current term. If we assume a sinu-
soidal time variation, then the right hand side of (1) becomes (¢ +
jwe)E. If we assume the point where we must inciudé the second term
occurs wﬁen lol < |10jw€|, with values of o for physiological saline
(approximately 1 mho/cm) and permittivity (approximately 200), then, the
frequency where we have to include the second term occurs at 56 Mhz.
Since almost all of the energy in most of the signals being used
presently is contained in the frequency region below 1 Mhz., the assump-
tion appears valid in this case. .

The mnext three assumptions were made as a matter of convenience.
The conductivities of the three regions may vary slightly, but it will
not change the current density pattern enough to justify the extra
computer time needed to account for the small variation. The physical
dimensions were chosen to be reasonably close to an average leg and bone
break, yet allow for easy computer programming. The width of the break
was varied to investigate the effect it has on peak current density.

Assumption (6) was made since this is the time-rate—of-change of
.devices presently in clinical use. If other values are desired then
direct scaling can be used. For example, if the time-rate—of-change is
doubled, the current demnsity is doubled everywhere.

The last assumption was made to cut down on the time mneeded to
arrive at a éolution. The conductivity of the bone is known to be
finite, and it ié usually assumed to be a tensor quantity. The actual

conductivity has been measured, however, and shown to be about two
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orders of magnitude smaller than the conductivity of the surrounding
flesh. In additionm, most of the conductivity is  due to
saline contained in the canals permeating fhe bone. The outside of the

bone, which is primarily mineral deposits, looks like a non—conducting

boundary. -




CHAPTER 3

RESULTS

Comparison Between the Two Methods

McLeod [5] has derived the analytic solution for the current
density in a rectangular conducting box with a uniform magnetic field
applied to it. Assuming the magnetic field is in the z direction the

resulting equation for one component of the current density is:

J_ ~ jwucHo(2a) 4 + SINH((nn/2a)y) (15)
x e ngdd—_n’- [COS( (an/28)x)]| oy (an/y v

The coordinates and variables used are shown in figure 1.

y=h

r4
\ 4
el

x==a

Figure 1. Coordinate system of rectangular conducting box.
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The data from the Relaxation Method were compared with McLeod's
analytical solution for the case of a square box. A box was chosen with
the dimensions 5.25 mm. by 5.25 m;. with a conductivity of .71 mhos/cm.,
and a time—rate—of-change of the magnetic field of 5.3 Tesla/sec. This
yielded a 43 by 43 grid with a spacing of .125 mm. in both directions.
The driving parameters of the coil were chosen to be similar to ones now
in clinical use. The compagison between the two yielded very similar
results. For the analytic solution; the peak values of Jx' Jy' and the
total magnitude were 'all .66722 microamps/cmz, and for Relaxation Method
they were 0.66618 microamps/cmz. The maximum difference between the éwo
methods was .01005 microamps/cm2 ( 1.50% of the maximum value), with an

average difference of 4.6 ¥ 10~° 5

(6.9%10 %) for J_ and T, and 2.6°107
(.0039%)for the total magnitude. Finally, the correlation thween the
two methods was .9999968 for J, and Jy, and 0.9999775 for the total
magnitude. This clearly shows that both methods are converging to the
same values. The difference can be attributed primarily to the numerical
approximations made while calculating the spatial derivative of Hz.

ntation of the Data for the Squ Box E

One of the problems encountered is how to present the data to re-
searchers in different disciplines. A printout of an array of numbers
is difficult to interpret. To further complicate matters the data are
two—dimensional (Jx,Jy) over a two—dimensional area (the dimensions of
the box). A combination of four methods were used to solve this

problem.

The first method used to present the data is a “flow map" of the


















































































































































































