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Purpose: A physiologicaily based objective function for identifying a combination of ferromagnetic seed temperatures
and locations that maximizes the fraction of tumor cells killed in pretreatment planning of local hyperthermia.
Methods and Materials: An objective-function is developed and coupled to finite element software that solves the
Bioheat transfer equation. The sensitivity of the objective function is studied in the optimization of a ferromagnetic
hyperthermia treatment. The objective function has several salient features including (a) a physiological basis that
considers increasing the fraction of cells killed with increasing temperatures above a minimum therapeutic temperature
(T minahera)y (D) @ term to penalize for heating of normal tissues above Tminmers and (¢) a scalar weighting factor (v)
that has treatment implications. Reasonable estimates for v are provided and their influence on the objective
function is demonstrated. The cell-kill algorithm formulated in the objective function is based empirically upon the
behavior of published hyperthermic cell-survival data. The objective function is shown to be independent of normal
tissue size and shape when subjected to a known outer-surface, thermal boundary condition. Therefore, fractions
of cells killed in tumors of different shapes and sizes can be compared to determine the relative performance of
thermoseed arrays to heat different tumors.

Results: In simulations with an idealized tissue model perfused by blood at various rates, maxima of the objective
function are unique and identify seed spacings and Curie-point temperatures that maximize the fraction of tumor
cells killed. In ferromagnetic hyperthermia treatment planning, seed spacing can be based on maximizing the
minimum tumor temperature and minimizing the maximum normal tissue temperature. It is shown that this treatment
plan is less effective than a plan based on seed spacings that maximize the objective function.

Conclusions: It is shown that under the assumptions of the model and based on a desired therapeutic goal, the
objective function identifies a combination of thermoseed temperatures and locations that maximizes the fraction

of tumor cells killed.

Ferromagnetic hyperthermia, Treatment planning, Finite element method, Thermal modeling. Objective function,

Cell survival.

INTRODUCTION terseed spacing, generator power level. and catheters af-
fected temperature distributions achieved with interstitial
ferromagnetic hyperthermia (33). A set of simulation in-
put variables has been determined to optimize a heat
treatment for multiple electromagnetic applicators (8). A
numerical method has been developed to determine power
deposition patterns for localized hyperthermia to maintain
a uniform temperature throughout a tumor (23). An op-
timization routine has been used in a two-dimensional
theoretical investigation to select the amplitudes and
phases of a noninvasive microwave hyperthermia system

The therapeutic goal of a hyperthermia treatment 15 to
raise and maintain the temperature in the tumor. while
simultaneously minimizing the temperature increase in
surrounding normal tissues. Studies have been performed
that optimize temperature distributions in tumor and
surrounding normal tissue models by selecting a best set
of treatment variables for delivering hyperthermia with
various clinical modalities. An in vivo study investigated
how seed orientation within an electromagnetic coil. in-
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for deep-seated tumors (31). Optimal amplitudes and
phases have been selected for 915 MHz peripheral sources
to focus energy so that power outside a focal region was
kept below a threshold (3). Amplitudes and phases have
been optimized by comparing the theoretically computed
results of eight concentric. fixed microwave apertures and
a four-applicator array with movable apertures (38). A
theoretical study found that optimal power absorption in
cylindrical ferromagnetic implants occurred when the ap-
plied magnetic field was axially parallel to the axis of the
cvlinder and when the induction number is 2.3 (14).

It is commonly assumed that tumor response or control
correlates best with minimum temperatures within the
tumor (7 nin..), because clonogens surviving in any region
of lower temperature may be a site for regrowth of the
tumor (15). Research in this area has shown the impor-
tance of steady-state temperatures throughout the tumor
being equal to or greater than a minimum temperature
(2,11, 12, 16, 25, 35). However, the predictability of tumor
response based on the Tp,, descriptor remains poor (10,
24). Other research suggests that the Ty and Ty temper-
ature descriptors are better predictors than the commonly
used 7T onia, descriptor for eventual histopathological out-
come (18). Here, the temperatures that 90% and 50% of
all measured tumor temperatures are equal to or greater
than are designated as the Ty and T, temperatures, re-
spectively (18).

One interpretation of an Arrhenius plot for heat in-
activation (or death) of mammalian cells in culture sup-
ports the theory that maintaining tumor temperatures
above a minimum may be the preferred treatment goal
(13). A plot with 1/D, on the ordinate and [/T s on the
abscissa has shown that a significant change in slope occurs
between 42 and 43°C (9). Ty is the absolute temperature,
while D, is the reciprocal of the slope of the exponential
region of the survival curve (i.e., the time at a given tem-
perature that is necessary to reduce the fraction of sur-
viving cells to 37% of their former value) (15). It is believed
that the differences in inactivation energy above and below
the 42-43°C temperature range may reflect different
mechanisms of cell killing (15). If the goals of a hyper-
thermia treatment are to maximize tumor cell death and
minimize normal cell destruction, use of cell-survival data
may provide a basis for an alternative method to select a
best set of treatment variables.

Often a best set of hyperthermia treatment variables is
determined by maximizing (or, conversely, minimizing)
an objective function (i.e., a mathematical equation) that
is based on some selected temperature goals for the tissue.
For example, several temperature-based objective func-
tions have been developed to determine an optimal set
of scanning parameters of an ultrasound hyperthermia
system (36). Within the limits of the model and the ob-
jective function. a set of treatment variables will be iden-
tified to deliver the best heat treatment. The goal of this
study is the same as in other optimization studies. but the
objective function is fundamenually different than other
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(temperature-based) objective functions. The objective
function in the present study uses hyperthermia cell-sur-
vival data where increased cell killing is achieved wirh
increasing temperatures above a threshold temperature,
Because hyperthermia cell-survival data are currently in-
complete, only an approximation of the tumor (and nor-
mal tissue) cell survival can be made at best. Therefore,
two models of the hyperthermia cell-survival of the tumor
are investigated. Simulations are conducted with an
idealized tissue model that is subjected to a single heat
treatment. Several constant-rate, nonhomogeneous blood
perfusion models are investigated. Under the assumptions
of the model. the objective function is used to identify
optimum seed spacings and temperatures of thermoseeds
within a square implant array. The performance of the
objective function is assessed by determining whether the
fraction of tumor cells killed is larger than that using the
Triny and maximum normal tissue temperature (7 puy,)
descriptors.

METHODS AND MATERIALS

Bioheat equation

The temperature distributions in the tissue models are
determined by solving the steady-state form of the bioheat
equation (26):

VT = Wel(T — Tp) + g, = 0 (Eq. 1)

In Eq. 1, k is the thermal conductivity (W/m/°C); W is

the blood perfusion (kg/s/m?); ¢y is the specific heat of

blood (3900 J/kg/°C); T is tissue temperature (°C); T, is
the blood temperature (°C); g, is the absorbed energy rate
per unit volume of thermoseed (W/m?); and ¥ is the
Laplacian operator. A discussion on the formulation and
limitations of the bioheat transfer equation can be found
elsewhere (28).

Often a numerical technique. rather than an analytical
approach, can be used to solve for T in Eq. 1. One nu-
merical technique is the finite element method. With this
method, a model of the tissue system is divided into several
(often hundreds or thousands) smaller regions called finite
elements. In the present study, triangular-shaped finite
elements, over which the temperature distribution is as-
sumed to be linear, are used as a basis in the finite element
equations (21, 32). The temperature distributions are de-
termined using general-purpose. finite-element software

(17).

Generalized formulation of objective function

Cell survival curves form the basis of the objective
function. The surviving fraction. S (dimensionless). of cells
to a single heat treatment is given by (15):

_ colonies counted
cells seeded(PE/100)

(Eq. 2)
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In Eq. 2. PE is the plating efficiency. colonies counted are
the number of original cells that survive the heat treat-
ment. and cells seeded are the number of cells at the be-
ginning of the heat treatment. Several experiments were
conducted so that estimates of survival are obtained for
a range of temperatures between 41°C and 47°C and
heating times from 30 min to several hours.

It is assumed that cell survival is solely a function of
temperature for a preselected exposure time. Thus, cell
survival is independent of the cell pH. available oxygen
and nutrient levels, and cell cycle. A definition of cell
survival relevant to hyperthermia is assumed. In other
words. it is assumed that no cells suffer reproductive death
until the temperature rises above a certain threshold or
minimum therapeutic temperature which we call Tmin hera-
Above Trintheras 20 increasing fraction of cells suffers re-
productive death with increasing temperature. For ex-
ample, consider the hyperthermia cell-survival data of
Chinese hamster (CHO) cells in culture. Below a tem-
perature of about 42°C, a small fraction of cells are killed
after hyperthermia exposure times of up to several hours
(9). Conversely, with increasing temperatures above ap-
proximately 42°C, a dramatically increasing fraction of
cells are killed from hyperthermia exposure (9).

The model for simulating cell survival is shown in Fig.
1. This model is not intended to represent the exact cell
survival of any particular established cell line to a single
heat treatment, but rather hyperthermia cell survival in
general. Note that the model does not include an initial
shoulder which typically characterizes hyperthermia (and

Tumor cell

x-ray) cell-survival data (13). The absence of a shoulder
in the cell-survival model is for model simplicity. Although
it is known that different cells have different sensitivities
to heat, there is no consistent difference in the heat sen-
sitivity between normal and malignant cells (15). One
model that we chose for survival of tumor cells is, there-
fore, equal to the survival of normal cells (Fig. 1, tumor
cell model B). In spite of this general observation (i.e., no
consistent difference in the heat sensitivity between nor-
mal and malignant cells), Robins et al. (27) have reported
that AKR leukemia cells are more sensitive than normal
cells to hyperthermia killing at 41.8°C and 42.5°C. Thus,
the present study also investigates the effect of a difference
in the sensitivity between normal and malignant cells 1o
heat, with malignant cells being more sensitive (Fig. 1,
tumor cell model A).

The cell-survival data are approximated by curves of
logarithmic survival, Siype, vs. linear temperature (Fig. 1).
The fractional cell-survival data are approximated by:

Siype = 1 when T < Thinthera (Eq. 3a)

and

Siype = 1087 Tmnwe)  when T > Tninamern  (EQ. 3b)
In Eq. 3, type designates either tumor (f) or normal {n)
cells and b is the logarithmic slope of the cell-survival
curve. In the simulations in the present study, b has a
value of —1 for normal tissues and a value of —1 or —2
for tumor tissues (Fig. 1). It can be shown that the curve

Normal cell model

(b=-1)

Tumor cell
model B

/

model A
(b=-2)

1 ]

1
& |
-2
) 10 |
z
>
.E l
A 4l Thres'hqld |
= 10 (or minimum
O therapeutic) |
g temperature,
2 6 Tmin,thera I
§ 10 l
<2
-8
10
40 42

” Al

Tissue Temperature, T (°0)

Fig. 1. Models of the fractional cell survival (Syp.) as a function of tissue temperature (7 for tumor and normal
cells. It is assumed that the hyperthermia treatment time for this data is 60 min. Two models (A and B) simulating
the survival of tumor cells are shown. Thnnera is shown here to be 42°C. The coefficient b is the slope of the

(logarithmic) cell-survival curves (Egs. 3-3).
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with a slope of —1 is an approximation of survival data
of normal CHO cells (9) and human myeloid leukemia

cells (K562 line) (20) for an exposure time of approxi-

mately 60 min. For other cell-survival models, however,
b can have value other than —1 or 2. From analysis of
several hyperthermia cell-survival studies. 5 generally lies
between —0.5 and ~2.5 fora single heat treatment lasting
approximately 60 min (4, 9, 19, 20, 22, 29).

If all cells within a small, local volume of tissue were
at the same temperature, then Eg. 3 could be used to
estimate the fraction of cells surviving the heat treatment.
However, because of the spatial dependence of temper-
ature in tissue, a volumetric fraction of surviving cells is
estimated by integrating with respect to the volume of
cells considered. The volumetric, fractional cell survival
is designated Sv.aype and is given by

SV‘type =] When Ts Tmin.lham (Eq 43.)

and
f 1 Ob( T~ Tmm.m:ra)dV

v
SV.iype =
[
"

When T > Tmin.lhern

(Eq. 4b)

In the present study, the finite element method is used
to determine the temperature distribution in numerical
thermal models of tissue. Thus, Eq. 4 is computed using
Sv.ype Within each finite element e comprising the entire
tissue model. Therefore, the volumetric fraction of cells
surviving a heat trearment in finite element e, S 1€ typey 1S
determined by integrating the surviving fraction with re-
spect to the volume of the element, ¥'*, and then dividing
by 9. The expression for Syrope 1S given by

Sl‘(e’,zype =1 when T® < Tmin.thera (Eg. 5a)

and

S V‘",lype

l

= TiaT, y 3
- yle .f:.m IOM mnteddy when T > Tmin.lhem

(Eq. 5b)

In Eq. 5. 7% is the spatially dependent temperature
within finite element e. Thus. within each finite element,
the surviving fraction of cells which is below Tminthera 1S
evaluated with Eq. 5a. while the fraction that is above
Tmin.thera 1S evaluated with Eq. 5b.

The volumes occupied by models of each cell type (ei-
ther tumor or normal) consist of several finite elements.

Volume 30. Number 4. 1994

Thus. the fraction of cells killed of each cell type during
a single heat treatment is given by:

Total Number ol
Finite Elements
of rype

T (1= StV
e=|
Yrype = v (Eq. 6)
I

In Eq. 6. V, is the total volume of tumor cells in the
tissue model. In words, the formulation of Eq. 6 is as
follows. The volumetric surviving fraction of cells in fnite
element e is subtracted from [ to give the fraction of cells
killed. Then the fraction of cells killed in finite element e
is weighted by V' and this product is summed for all
finite elements of type. The numerator is then divided by
Vi to determine y, the fraction of cells killed in vol-
ume V,.

By dividing by ¥, in Eq. 6, comparisons can be made
of J, between tumors with different volumes (see Appen-
dix). Further, by dividing by ¥, instead of Vivger ¥ will
have a larger magnitude with tissue models where V,>
V.. A tissue model where ¥, > V., is a thermal modeling
condition that can be encountered frequently. It is dis-
cussed later how larger y,s provide greater sensitivity in
the objective function than that using smaller y,s. ¥, is
independent of the size and shape of normal tissue con-
sidered so long as the temperatures at the vertices (or cor-
ners) of the finite elements in normal tissue at a sufficient
distance from the heat sources are below T ninthera. 11 Other
words. Sy, = 1 for these finite elements and does not
contribute to the summation in the numerator of Eq. 6.
Because thermal modelers are free to select the location
of the outer surface of normal tissue and subject only to
known boundary conditions. the formulation of ¥, in Eq.
6 has the advantage of being independent of the size and
shape of normal tissue,

The objective function consists of two terms and is given
by:

F=y¢ = (1 = )¢, (Eq. 7)

The first term on the righi-hand side of the Eq. 7 is the
fraction of tumor cells killed multiplied by a scalar
weighting factor. . It is common practice in the formu-
lation of an objective function to include a weighting fac-
tor. Depending on the value of the weighting factor, a
particular. predesired condition or outcome is favored
over other possible outcomes. In Eq. 7, values for y are
between 0 and 1. Criteria that must be considered to select
the magnitude of v are discussed later. Thus. in Eq. 7 the
product vy, is a weighted fraction of the tumor cells killed.
The second term on the right-hand side of Eq. 7 is the
fraction of normal cells killed that is multiplied by ({ -
7). This second term is the penalty portion of the objective
function. Because it is desired to maximize the fraction
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Table 1. Guide for selecting v

‘Hypenhermia pretreatment design Weighting
considerations factor, v
Therapeutic goal
1) Minimize normal tissue complications 0.2-0.5
2) Compromise between minimizing
normal tissue complications &
maximizing tumor cell death 0.6-0.8

3) Maximize tumor cell death 0.9-1
Thermal tolerance of normal cells near
tumor periphery
1) Low 0.2-0.5
2) High 0.9-1

of tumor cells killed. there is a penalty' for heating normal
tissue cells above Tminera- Therefore, the second term is
subtracted from the first. In the limit, when v = 1, the
objective function (F) has an upper limit that approaches
1. When v = 0, the objective function has a negative,
lower limit that will approach the ratio of the volume of
normal tissue, V,, to the volume of tumor tissue, V.
The value of v in Eq. 7 is specified by the clinician for
each individual patient, depending upon the clinician’s
experience and judgment of the patient’s overall needs
and clinical condition. A guide for the selection of v is
shown in Table 1. A treatment plan with ¥ = 0 or near
0 would be impractical. When y = 0, the optimization
process would seek seed spacings and Curie points that
would completely minimize heating of normal tissue cells.
In itself, completely minimizing normal tissue heating is
desired. but in so doing, this would significantly minimize
heating of the tumor. If the desired treatment goal is to
minimize normal tissue heating and there is a modest
concern for maximizing tumor tissue heating, then v
should have a value between 0.2 and 0.5. If the treatment
plan is designed to maximize the fraction of tumor cell
death and there is modest concern for normal tissue heat-
ing, then v should have a value between 0.6 and 0.8. Last,
if the desired treatment goal is to maximize the fraction
of tumor cell death without concern for normal tissue
heating. then v should have a value between 0.9 and 1.
The magnitudes for ¥ between 0.2 and | as discussed
above are assumed values. Although a treatment plan with
v = | will maximize the fraction of tumor cell death.
normal tissues will not be spared and may result in sig-
nificant heating of normal tissue cells near the tumor
boundary. Thus. a treatment plan with v = 1 should be
used with caution. If the thermal tolerance of normal tis-
sue cells on the boundary of the tumor are low (ie.. a
large —b value in Egs. 3-5 and Fig. 1), theny should have
a value between 0.2 and 0.5. If normal tissue cells on the

D]

boundary can tolerate lemperatures above Tmn.ihera (2.
a small —b value). then v should have a value betwesn
0.9 and |. In summary. choices of the weighting factor
are not arbitrary but guidelines for the selection of v and
reasonable estimates are provided in Table 1.

Once a particular value for the weighting factor is se-
lected and models of the blood perfusion in tumor and
normal tissues have been assumed. the mathematical goal
is to maximize the objective function (F) over a range of
values of hyperthermia treatment variables. In the present
study, ferromagnetic hyperthermia treatment variables
that are investigated include interseed spacing between
seeds and the Curie temperatures of each seed in the array.

Accuracy of numerically computed objective function

The accuracy of the algorithm in computing the ob-
jective function numerically can be established. Analytical
solutions for the fraction of tissue cells killed (¢ and ¥,)
and the objective function (F) are compared to numerical
solutions in simulations with a simple tissue model per-
fused with blood at various rates.

Analvtical model. The model is of a single seed centered
in an infinitely long. cylindrical tissue system. The analysis
is developed for the cross-sectional area. 4, of the tissue
for simplicity at this stage (Fig. 2). Heat flow in the tissue
model is assumed to be radially dependent. The tissue
model consists of a seed of radius g, surrounded by shell-
shaped tumor tissue with radial boundaries 2 and r,. Sur-
rounding the tumor is shell-shaped normal tissue with
radial boundaries 7, and r,. The solution for the temper-
ature § (= T — T) in the tissue model as a function of
radial distance has been derived previously (34) and is
given by:

Pa [I(mr)Ko(mr) = Ko(mr)lo(mn)]
24 mk [[,(ma)Ko(mry) + Io(mr)K,(ma)]

b(r) =
(Eq. 8)

In Eq. 8, P’ is the absorbed power of the seed (W/m);
A, is the cross-sectional area of the seed (m?); m is a
parameter (= VI, /k) (m~"); I, and K, are modified Bes-
sel functions of the first and second kind of order 0. re-
spectively (1); and /; and K| are modified Bessel functions
of the first and second kind of order 1. respectively ().
Substituting Eq. 8 into Eq. 4b gives:

1 .
S‘-L!ypc = L lohur,,*m-r,,,,,,.mm]d‘_! (Eq. 9)

A

! Subjecting the tumor to very high temperatures will most
likely kill all tumor cells but will also cause severe damage to

surrounding normal tissue cells. Thus. a penalty term in the
objective function is necessary.
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r
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Normal
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Fig. 2. Single seed centered in a cross-section of a cylindrical
tissue model. The seed, tumor, and normal tissue have outer
radii of a. r,, and r,, respectively. Radial lengths shown are not
to scale. Thermal boundary condition at rais T(ry) = T

With a change in the variable of integration, Eq. 9 be-
comes:

27 [T '
SA.lype T — f lOb((Tb""’)"Tmm.mmIrdr
A,

(Eq. 10)

4]
- _.._g___ b((Tb“‘v)“Tmsn.th]
Ty 10 rdr
t 7 TR) iy

Evaluation of Eq. 10 for tumor and normal tissue cells
and values of r; and r are as follows. For the tumor, r, =
a and r; is the radius of the tumor, r, or the radius of the
T ninahera isotherm, whichever is smaller. For normal tissue,
if r, is smaller than the radius of the T min.thera 1SOtherm,
then r, = r, and r, is the radius of the T min.thera iSOtherm.
Otherwise, r, is larger than the radius of the T min.thera 150~
therm and all of the normal tissue cells survived. Thus,
in the latter case S, , = 1. With the fraction of cell survival,
Sa.ypes determined for normal and tumor tissues, Wiype
can be computed with:

( |- S.uypc)A(ypc

) (Eq. 11)

Yiype =

Equation 11 is used for determining . for tumor
and normal tissue cells. Equation 11 can now be used to
evaluate Eq. 7 for the objective function F. Because the
temperature f inside the integral in Eq. 10 contains several
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Bessel functions (Eq. 8), the integration of Eq. 10 is eval-
uated with Mathematica (37). The input data and solution
of the integration of Eq. 10 as performed by Mathematica
is shown elsewhere (32).

Numerical model. In the analytically computed frac-
tional cell survival, Sa.ype, above, an integration (Eq. 10)
is performed over a tissue model where the temperature
distribution is continuous (Eq. 8). However, the numerical
model will require an integration over each finite element
in the mesh because the temperature distribution between
adjacent elements is piece-wise continuous. It can be
shown with some algebra (32) that Eq. 5b is:

Lo -
SA“’.!ypc — - lob((aﬁ-ﬂzﬂ'a») Tmm.mm)dr dy
A dyy Uy

ST
+ __:._) f I f b 10b((an+ﬂzx+ﬂu')-7'min.mm}dx dv (Eq. 12)
A Jyy Uy . .
where
=1 — )T
a = ZA(y) [(xjyk x/\'}j i
+ Cayi = xp) TS0 + (ayy — xp) T

1
@ = 55 T + yuT 0 = yy T
1
%=5 (T = xuTO + x;T)

In Eq. 12, T, T'®, and T{® are the temperatures at
vertices /, j, and k of finite element ¢, and Vi = ¥y, etc.
The variables x;, x;, x;, y; Vi Vi Y1s Y2, and y3 are shown
in Fig. 3. The integration of Eq. 12 is performed with
Mathematica to obtain a general form of the solution that
can be found elsewhere (32). The general solution to Eq.
12 reveals that the surviving fraction of cells (Sawype) is
a function of (a) the temperatures (T;, T,and T}) in a
spatial (finite) element containing several cells of type, (b)
the slope (b) of the survival curve, and (c) Tminthera (32).
Equation 12 is used to evaluate Egs. 6 and 7 for Yy, and
F, respectively.

The numerical model consists of a finite element mesh
of the seed, tumor, and normal tissue system (Fig. 2). The
seed is simulated with a dodecagonally shaped model in
which the seed temperature is assumed uniform over its
cross-section (32, 34). A parametric study is performed
with uniform blood perfusion rates between 0.1 and 10
kg/s/m’ in the tumor and normal tissue, The energy ab-
sorption rate (g, = P'/A.) of the numerical (and analyt-
ical) seed models are determined at each perfusion rate
50 that the seed temperature is 60°C, Here, the seed tem-
perature is constrained so that the calculation of the ob-
jective function by the analytical method can be compared
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Fig. 3. Example of finite element in which integrations in Eq. 12 are performed. The finite element has vertices i,
Jj. and k. The general (linear) equation fit for the three element lines connecting the vertices are shown. The slopes
of the finite element lines are designated by m,, my, and ;. '

with that of the numerical method.> A mesh consisting
of 603 finite elements is sufficient for accuracy of the nu-
merical tissue model (32). -

Simulations

Simulations are performed on a square tissue model®
with a tumor length of 2L, and a normal tissue length of
2L, (Fig. 4). Earlier studies (13) and clinical experience
have shown that often, the inner core of the tumor is
tough and fibrous and may have blood perfusion that dif-
fers vastly from that in the outer periphery of the tumor.
Thus, the tumor is modeled as two distinct regions con-
sisting of an inner core and an outer periphery. The tumor
model is implanted with a 4 X 4 square array of seeds
with Curie points of 53.0, 57.6, and 62.6°C. The 53.0°C-
type array consists of 16 seeds with Curie points of 53.0°C.
Similarly, the 57.6°C- and 62.6°C-type arrays consist only
of seeds with Curie points of 57.6 and 62.6°C, respectively.
The preceding three seed configurations are considered
uniformly loaded arrays. To study the effect of placing

warmer seeds near the tumor periphery and lower-tem-
perature seeds near the center of the thermoseed array,
simulations are performed with a differentially loaded seed
array. The differentially loaded seed array consists of a
combination of eight 57.6°C-type, four 62.6°C-type, and
four 53.0°C-type seeds. The 57.6°C-, 62.6°C-. and
53.0°C-type seeds are located at seed positions 1. 2, and
3, respectively, in Fig. 4. Simulations are conducted with
arrays of bare seeds that are spaced uniformly in the x
and y directions with an interseed spacing, /, between 9
and 15 mm. Ali simulations are performed with a finite
element mesh of a symmetrical portion (1/8) of the tissue
model shown in Fig. 4. The finite element mesh has adia-
batic (no heat flow) boundaries at x =0 and y = xand a
constant-temperature (7,) boundary at y = L,. A mesh
of 1530 elements is adequate for numerical accuracy
(32, 34). ’

A finite element thermal model (32, 34) of the seeds is
used in the simulations. An iterative technique is used to
determine the temperature. Ti(q,), of each seed for the

2 It has been shown with the tissue system in Fig. 2. that when
the seed model is constrained by power (P'). seed and tissue
temperatures determined with the numerical seed model are
within 0.1°C of the analytical model (34). In the present paper.
if the seed had been constrained by P, then the error in the
numerically computed objective function would be confounded
with the error in the numerical seed model.

311 has been shown that two-dimensional vs. three-dimen-

sional modeling of ferromagnetic hyperthermia in tissue models
is adequate so long as the cross-section that is modeled is further
than 10 mm from the ends of the thermoseeds (6) and that the
thermoseeds are longer than 30 mm and the cross-section is the
centrally located plane (5). The cross-sections in Fig. 4 and ther-
moseed lengths (> 50 mm) used in this study satisfy these re-
quirements.
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Fig. 4. Two-dimensional cross-section of a square tissue model consisting of a tumor core, tumor periphery, and
surrounding normal tissue. The lengths of the tumor core, tumor periphery, and normal tissue are 24 mm, 47 mm
(= 2L), and 180 mm (= 2L,), respectively. Seed locations are represented by black circles and are separated
uniformly by a distance /. Thermoseeds 1, 2, and 3 are numbered for reference.

power absorbed (g,) (32, 34). In the calculation of the
absorbed power, o = 2.57.X 10° (Q-m)", H, =398 %
10° A/m, g, = 10 X 1077 tesla-m/A, f= 90 kHz, and p
is a function of T, (32, 34). All tissues are perfused by
blood at T}, (37°C). The thermal conductivity of the mus-
cle and tumor tissues is 0.64 W/m/°C. Three constant-
rate blood perfusion models are used in the simulations
(Table 2). Blood perfusion models | and 2 assume there
is a uniform rate of perfusion in the tumor, Blood per-
fusion model 3 is a nonuniform model where the perfusion
in the tumor periphery [(p) in Table 2]is 7.5 times greater
than that in the tumor core [(c)in Table 2] and 1.5 times
greater than that in the normal tissue.

RESULTS

Accuracy of numerically computed objective finction
The predicted fraction of cells killed in the tumor (y,)
and normal tissue (y,) and the objective function (F) as

Table 2. Blood perfusion models

Blood perfusion., W (kg/s/m?)

Blood perfusion

model Tumor Normal tissue
I 1.9 4.77
2 4.77 9.54
3 1.9 (c):'14.3 (p) 5.54

a function of blood perfusion are shown in Fig. 5. Over
2 decades of blood perfusion, the error in determining
Yiype and F with the numerical model is quite small.

Effect of tumor survival model

The fraction of tumor cells killed and the objective
function vs. seed spacing for the two models simulating
the survival of tumor cells are shown in Fig. 6. Because
tumor cell survival model A has a steeper slope (b = —2)
than model B (b = ~1), more tumor cells are killed in
simulations using model A than model B at the same
temperature. In all simulations, therefore, the objective
function is larger with tumor cell survival model A. The
curves reveal that the objective function is weakly depen-
dent on differences between tumor cell survival models
A and B. Thus, results from the remaining simulations
are shown for tumor cell survival model B.

Effect of weighting factor

The objective function vs. seed spacing in simulations
with all three perfusion models is shown in Fig. 7. The
weighting factor has an influence on optimal seed spacing
in simulations with low-to-moderate blood perfusion
{model 1) but has a negligible influence with moderate-
to-high blood perfusions (models 2 and 3). A very small
fraction of normal tissue cells is killed (¢.) at optimal seed
spacings in simulations with high blood perfusion (model
3) (Fig. 7d). Conversely. measurable fractions of normal
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Fig. 6. Effect of tumor survival models A and B on the (a) fraction
of tumor cells killed and (b) objective function. Simulations are
performed with v = 0.8 and with an array of bare seeds with a
Curie point of 62.6°C. Curves are shown for blood perfusion
models | (short dashed lines), 2 (long dashed lines). and 3 (solid
line).

tissue cells are killed in low perfusion cases (model 1)
(Fig. 7d). Thus, the weighting factor has an influence on
optimal seed spacing for configurations of seeds that heat
the tumor sufficiently so that a fraction of normal tissue
cells near the tumor-normal tissue boundary is killed (i.e.,
heated above Tmin.thera)-

Therapeutic assessment of objective function

Seed designs that maximize the objective function are
in Table 3. The objective function is maximized with the
array of 62.6°C-type seeds at all ys when tumor blood
perfusion is in the moderate-to-high range (models 2 and
3). Although the differentially loaded configuration max-
imizes F in three simulations, the objective functions from
simulations with the 37.6°C-type design are very close to
those of the differentially loaded design.

In simulations with the 62.6°C-type design. seed spac-
ings (/opy) that maximize Tin, and attain @ Trax, 0f 45°C
are shown in Fig. 8a and b for blood perfusion models 2
and 3, respectively. The tumor cell fractions killed vs.
seed spacing for the same design are shown in Figs. 8c
and d for blood perfusion models 2 and 3, respectively.
Additionally, the seed spacings (/) from maximizing the
objective function, maximizing T yn, and attaining Tnaxan
= 45°C are shown (Figs. 8¢ and d). ¥, is higher with /o,
based on the objective function than with /,, based on
temperature descriptors. Indeed. with blood perfusion
model 3. ¢, is about 47% higher (0.5 vs. 0.34) with lop.r
than with /[, based on maximizing Tmin, Or attaining
Tma.\.n = 45°C.

DISCUSSION

The goal of the present study is to formulate and sub-
sequently test a physiologically based objective function.
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perfusion models | (solid line) and 3 (dashed line). Simulations are performed with an array of 62.6°C-type seeds
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The objective function uses hyperthermia cell-survival
data where increased cell killing is achieved with increasing
temperatures above a threshold temperature. Generalized
approximations of hyperthermia cell-survival data are
made for the tumor and normal tissue cells, Simulations
are conducted with an idealized tissue model that is sub-

Jected to a single heat treatment, Several constant-rate,
nonhomogeneous blood perfusion models are investi-
gated. Under the assumptions of the model, the objective
function is used to identify optimum seed spacings and
temperatures of thermoseeds in ferromagnetic hyperther-
mia. The performance of the objective function is assessed

Table 3. Seed designs that maximize objective function

Array Type (seed spacing, / (mm))

Blood perfusion

model vy =0.2 vy =05 v =038 ¥y =1
| Diff.-Loaded (12.0) Diff.-Loaded (12.4) Diff.-Loaded (13.1) 62.6 (13.8)
2 62.6 (12.7) 62.6 (12.7) 62.6 (12.7y 62.6 (12.7)
3 62.6 (10.1) 62.6 (10.1) 62.6 (10.1) 62.6 (10.1)
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Fig. 8. Effect of seed spacing on Tiins and Tma.., temperatures with blood perfusion models (a) 2 and (b) 3 in
simulations with 62.6°C-type seeds. Fraction of tumor cells killed vs. seed spacing for the 62.6°C-type seed design
with perfusion models (c) 2 and (d) 3. Seed spacings that maximize the objective function (/o). maximize Tmin,
(loprmax Tomin.e) and attain Toaen = 45°C (fopy, Tmaxn = 45°C) are labeled.

by determining whether the fraction of tumor cells killed
is larger than that using the Trmin and T, temperature
descriptors. The inclusion of a model in the objective
function that exploits the temperature dependence of hy-
perthermia cell survival is novel. Several other hyper-
thermia-applied, objective functions are temperature
based, but do not directly model the effect of increased
cell killing with higher temperatures. Thus. incorporating
cell biology in hyperthermia simulation studies may.
in fact, be significant and is under investigation by
others (7).

The results from simulations with the idealized tissue
model are significant. The curves in Fig. 8¢ and d indicate
that, under the assumptions of the tissue model. the ob-
jective function identifies seed spacings that maximize the
fraction of tumor cells killed. Moreover. the objective
function (F) out-performs the method of choosing seed
spacings based on Tin, and T, temperature descrip-

tors. In other words, a smaller (than the maximum) frac-
tion of tumor cells is killed when seed spacing is based
on maximizing Tmia, Or attaining T, = 45°C than
when the treatment plan is based on a seed spacing that
maximizes F. A possible explanation for this result is that
¥, (= F when y = 1) depends on the (piece-wise) contin-
uous temperature distribution throughout the entire tissue
model and incorporates a method to model increased celi
killing with increasing temperatures above Tin thers- CON-
versely. Trin: and Thaen are based only on temperatures
at discrete locations (i.e.. finite-element nodes) in the tissue
model.

The above explanation. coupled with the results (Fig..
8c and d) from the present theoretical study. may support
the previous clinical observation that the Ty and Tsp
temperature descriptors are better predictors of tumor re-
sponse (i.e.. patient survival) than Tipin. (18). Too and Tso
are temperature descriptors determined from a compi-
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lation of numerous temperature samples measured
throughout the tumor over the entire hyperthermia treat-
ment, including the relatively short transient period at the
beginning of the treatment. Therefore, the clinically de-
termined Ty and T'sp descriptors may be related. in part.
to the theoretically predicted y,. Thus, there is evidence
that T\, as measured either in the clinic (18) or predicted
a priori via modeling (Fig. 8), is less of a predictor of
tumor response than maintaining high Ty, and Tsps, that
are related, in part, 1o maximizing the theoretically com-
puted y,.

The objective function could be used to identify optimal
seed combinations with treatment plans that desire to
achieve a compromise between maximizing the fraction
of tumor cells killed and minimizing normal tissue heat-
ing. Satisfactorily achieving this compromise may be the
most frequently encountered treatment consideration. In
some cases it may be difficult to determine an optimal
treatment plan based on a compromise between maxi-
mizing T, and minimizing Tmax.n With only Tning and
T max.n information available through simulations a priori.
In these cases, the single-valued, maximum of the objec-
tive function with v = 0.8 (or close to 0.8) could identify
an optimum combination.

The objective function is not formulated to consider
patient pain directly. In other words, there is no term in
the formulation of F (Eq. 7) that accounts directly for
pain. Indirectly, though, the weighting factor could be
used to consider patient pain. A value for y between 0.2
and 0.5 could be used in treatment planning of patients
who have a low threshold of pain. Conversely, a value for
Y between 0.8 and | could be used for patients with a
high threshold of pain.

The seed combinations identified by the objective
function as desirable are based on discrete values in the
Curie point of the seeds, It is possible, though, thar the
objective function can be maximized with Curie points
between 53.0 and 62.6°C or higher. Thus, in addition to
the Curie points investigated herein, the objective function
could also be maximized by performing a continuous
search for the optimal Curie point of each seed. However,
the availability of seeds in the clinic with different Curie
points is limited:; typically between one and three, different
Curie temperatures are available,

Optimal seed combinations will depend on assumed
models of the blood perfusion. In the present paper where
the effect of blood perfiision on the heating of tissue is
modeled with a linear sink term (26), the most desirable

seed combination with ' = 0.2, 0.5, and 0.8, depends on -

the blood perfusion model (Table 3). Because the Pennes
equation does not adequately describe the effect of large
blood vessels on tissue temperature, the results of the
manuscript are limited under the assumption of the model
herein. Thus, it is critical that the most accurate model
of blood perfusion be used in simulations.

It is well known that there is a complementary cell
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killing effect when heat is combined with another modality
(e.g.. radiation or chemotherapy), vet only the cvtotoxic
effect of heat alone has been considered in the present
study. The present study is concerned with simply max-
imizing tumor cell kill from the hyperthermia component
of a multimodality therapy regimen. Through the weight-
ing factor (v), the approach used herein incorporates a
method to account for complications from normal tissue
heating,

To take advantage of the increased level of tumor kill
at a seed spacing that maximizes F vs, that which maxi-
mizes Tpin., precision in seed placement may have to be
near | mm (Fig. 8c). It is likely that this degree of precision
is not possible in a high percentage of implant procedures,
Thus, the results of Figs. 6 and 8 indicate that the tumor
response model is not particularly important. but the
quality of the implantation procedure is critical.

The two-dimensional aspects of the present study need
to be extended to three dimensions. Studies comparing
the temperature distributions from two- and three-di-
mensional models of ferromagnetic seeds have shown that
two-dimensional modeling is sufficient only under certain
conditions (5, 6). Additionally, because there is some in-
terest in concurrent brachytherapy and ferromagnetic hy-
perthermia which combines alternately, short (4 mm) ra-
diation and ferromagnetic seeds end-to-end in catheters
(30), complete three-dimensional modeling will be nec-
essary.

CONCLUSION

A physiologically based objective function is developed
and coupled to a finite element program that solves the
bioheat equation. The objective function has several sa-
lient features. First, the objective function has a physio-
logical basis and considers increased cell killing with in-
creasing temperatures above a minimum therapeutic level
(T onin.shera). Second. there is a penalty term in the objective
function to account for heating of normal tissue cells
above Tininerar Third, because normal tissues below
T inthera are eliminated in the determination of the frac-
tion of normal tissue cells killed, the objective function
is independent of normal tissue size and shape when sub-
ject to a known outer-surface, thermal boundary condi-
tion. The fraction of tumor cells killed in tumors of dif-
ferent shapes and sizes can be compared to determine the
relative performance of thermoseed arrays to heat different
tumors. Last, because there is a scalar weighting factor

() in the objective function that has treatment implica-

tions. the oncologist becomes an active participant in
treatment planning. Reasonable estimates for the value
of ¥ are provided. It is shown that under the assumptions
of the model and based on the desired therapeutic goal.
the objective function identifies a combination of seed
temperatures and locations that maximizes the fraction
of tumor cells killed.
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APPENDIX

By dividing by ¥, in Eq. 6, ¥, can be used to compare
the fraction of cells killed in tumors with different vol-
umes. As an example, consider two, one-dimensional tis-
sue models. Tissue model 1 has a tumor length of L, and
a normal tissue length of L,,. Similarly, tissue model 2
has a tumor length of L, (> L,) and a normal tissue

(a)

(c)

length of L., (< L,,). Both tissue models have atotal length
of L. Zero blood perfusion is assumed in the tissues for
model simplicity. The thermal conductivities of the tumor
and normal tissues are k, and ko (> k), respectively. The
maximum tumor temperatures in tissue models | and 2
are T}, max and T, max, respectively. Let 7 and 7, denote

Tmin,
thera,

(d)

Fig. 9. Temperature profiles in one-dimensional tissue models. Tumor lengths in tissue models | and 2 are L, and
L, (> L,). The total length of both tissue models is L. There is no blood perfusion in these tissuye models. In these

figures, T, max (2) = Tpmae (b) < Tipmas (€ and d).
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the fraction of tumor cells killed in tumors | and 2. re-
spectively. Three separate cases are considered:

Case 1. Consider the temperature profiles in the two
tissue models shown in Fig. 9a and b. If T\ma =
T\, max, thEn > m2 since L, > L. The fractions of tumor
cells killed in L, and L,, are

- Ly, -
\bl\ L“ m
— 772([‘!1 - AL{:) - — ALI;
‘plz le 772( l le

Because ¥, > ¥, the temperature distribution in tumor
| is more desirable.

Case 2. Consider the temperature profiles in the two
tissue models shown in Fig. 9a and c. If T max < Tipmax
so that Tj,(x = Ly) = Tplx = L) = Tminaherss then m <
7. Under these conditions, the fractions of tumor cells
killed in L, and L,, are

_miy
L,

2

= nlez

1lblz le =M

Because ¥, < ¥,. the temperature distribution in tumor
2 is more desirable.

Case 3. Consider the temperature profiles in the two
tissue models shown in Fig. 9a and d. If Typmax < Trpmax
so that T, (x = L) = Tminahera < Tr(X = Ly,). then ny <
72. Under these conditions, the fractions of tumor cells
killed in L, and L,, are:

v, = I'_‘_[_‘.’.'. =7

n L“ 1
— TI:LIQ_

‘lblz le 2

Because ¥, < ¥i,, the temperature distribution in tumor
2 is more desirable. However, because a fraction of normal
tissue cells is heated above Tmin.heras the temperature dis-
tribution in the entire tissue system of model 2 may be
less desirable than that in tissue model 1.

The arguments presented here for the one-dimensional
tissue model can be extended to two- and three-dimen-
sional models without losing the context of the conclu-
sions in each of three cases considered.






