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Magnetic particle imaging (MPI) technology can generate a real-time magnetic nanoparticle (MNP) distribution im-
age for biological tissues, and its use can overcome the limitations imposed in magnetic hyperthermia treatments by the
unpredictable MNP distribution after the intratumoral injection of nanofluid. However, the MNP concentration distribu-
tion is generally difficult to be extracted from MPI images. This study proposes an approach to extract the corresponding
concentration value of each pixel from an MPI image by a least squares method (LSM), which is then translated as MNP
concentration distribution by an interpolation function. The resulting MPI-based concentration distribution is used to eval-
uate the treatment effect and the results are compared with the ones of two baseline cases under the same dose: uniform
distribution and MPI-based distribution considering diffusion. Additionally, the treatment effect for all these cases is af-
fected by the blood perfusion rate, which is also investigated deeply in this study. The results demonstrate that the proposed
method can be used to effectively reconstruct the concentration distribution from MPI images, and that the weighted LSM
considering a quartic polynomial for interpolation provides the best results with respect to other cases considered. Further-
more, the results show that the uniformity of MNP distribution has a positive correlation with both therapeutic temperature
distribution and thermal damage degree for the same dose and a critical power dissipation value in the MNPs. The MNPs
uniformity inside biological tissue can be improved by the diffusion behavior after the nanofluid injection, which can ulti-
mately reflect as an improvement of treatment effect. In addition, the blood perfusion rate considering local temperature can
have a positive effect on the treatment compared to the case which considers a constant value during magnetic hyperthermia.

Keywords: magnetic hyperthermia, magnetic nanoparticles distribution, thermal damage, blood perfusion rate

PACS: 44.10.41, 44.05.+¢, 87.85.J-

1. Introduction

Magnetic hyperthermia has received widespread atten-
tion in the past few years due to its advantages in terms of
minimal invasiveness and accurate targeting of the cancerous
cells.['-31 Magnetic nanoparticles (MNPs) contained in mag-
netic fluid will convert magnetic field energy into heat after
being exposed to an applied magnetic field. The heat produced
by MNPs can locally rise the temperature in biological tissue
during thermal therapy, and if the temperature inside biolog-
ical tissue is kept within a specific range (42 °C to 46 °C),
malignant cells are damaged and healthy cells are not much
affected.!*% However, it is quite difficult to regulate the treat-
ment temperature in the biological tissue during therapy, since
the temperature field is normally affected by many factors, and
the most important one is considered to be the concentration
distribution of MNPs inside malignant biological tissue after
magnetic nanofluid injection, which does not have accurate
models. %]

Although the modeling of MNP concentration distribu-
tion has attracted much attention from the researchers in the
last years, it is still difficult to have an accurate prediction,
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given its complexity and the diversity of resulting distribu-
tions. As a consequence, the MNPs were usually assumed
to be uniformly distributed inside tumor tissues in the first pa-
pers in this area.[®! Tang et al. established a poroelastic model
considering geometric nonlinear behavior, and simulated an
irregular nanofluid distribution inside biological tissues after
the nanofluid injection.['?! Nevertheless, the distributions pre-
dicted by the mathematical model in Ref. [10] always had
some difference with respect to the real case used as baseline
for comparison due to the complexity of the injection behavior.

Magnetic nanoparticle imaging (MPI) is based on the
magnetization of the MNPs by alternating excitation mag-
netic fields, and is able to provide an image with some de-
gree of correlation with the spatial concentration distribution
of the MNPs by measuring the magnetic intensity signals due
to the variation of the magnetic flux.!!!! Thus, the MPI method
can generate a real-time image of MNP distribution for ther-
apy and overcome the difficulty of accurately predicting MNP
concentration distribution inside tumor region. U2.13]1 However,
there are still some gaps in MPI technology that must be filled
before it can be fully considered in a magnetic hyperthermia
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treatment. Sebastian et al. proposed a new design and con-
trol method for MPI equipment in order to achieve an accurate
temperature control, but the research only considered MNPs
inside a test tube, not inside biological tissue.['* In addition,
there are just few works on the MPI reconstruction algorithm
in order to improve the prediction accuracy of MNP concentra-
tion inside biological tissue, such as the direct reconstruction
technique for MPI based on two- and three-dimensional Lis-
sajous trajectory excitation proposed in Ref. [15]. Kuboyabu
et al. combined MPI images to x-ray CT images for a mice
intratumorally injected with MNPs, and confirmed the use-
fulness of MPI method in monitoring the magnetic targeting
effect.['®) However, this interesting research did not provide
an investigation on how to use the results to analyze the effects
on the treatment temperature or thermal damage for biological
tissue. Furthermore, Lu ef al. demonstrated that a local heating
with millimeter accuracy can be achieved by combining MPI
with magnetic hyperthermia, and that the real-time MPI imag-
ing can be used to assist in finding the location and estimating
the dose of a hyperthermia treatment.!!”! In a similar manner
to what happens in some other papers, the MNP concentration
distribution obtained from the MPI image has not been used
for further analysis in magnetic hyperthermia or illustrated a
relationship to the thermal damage degree for biological tis-
sue.

This paper proposes a method based on polynomial least
squares to determine the concentration value associated with
each pixel for a given MPI image and uses it to reconstruct the
MNP concentration distribution for the situation that generated
the MPI image. The MNPs used in this MPI image is a kind
of superparamagnetic iron oxide (Resovist), and its main com-
ponents consist of Fe3O4 and the shell around the MNPs core.
The results of treatment temperature distribution and thermal
damage degree in a magnetic hyperthermia treatment consid-
ering the concentration distribution obtained is compared with
two other scenarios under the same dose, that are a uniform
distribution and a distribution considering the diffusion behav-
ior after the nanofluid injection. On this basis, this paper also
compares the influence of temperature-dependent blood perfu-
sion rate on the treatment temperature distribution for different
MNP concentration distributions.

2. Methods
2.1. MNPs concentration distribution extracted from MPI
image

The nanofluid concentration distribution after injection is
usually decided by many factors, in a process that is very dif-
ficult to be predicted. The MPI technology can be used to
generate a real-time image for MNP distribution inside ma-
lignant biological tissue under the specific excitation for mag-
netic field. An MPIimage provided in Ref. [18] will be consid-

ered as the input data to obtain the MNP concentration distri-
bution in this study. The results will then be used for the treat-
ment temperature analysis after a proposed image processing
procedure is applied. It is necessary to note that this MPI im-
age can only be very close to a true MNPs distribution inside a
living tissue but does not affect the effectiveness of the method
by this study. Figure 1 shows the proposed extraction process
for MNPs concentration distribution from the specific MPI im-

-

age by the following steps.

Import the original image

A

Get MPI image and
corresponding chroma bar

A

Gray MPI image and
chroma bar

X
1
A 4 2 3
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Extract the corresponding b5 0 oy
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;

Fig. 1. Extraction procedure of MNP concentration distribution from a
given MPI image.

(1) Import the original image, and convert to grayscale
image for both MPI image and color bar.

(i1) Conduct an equal interval sampling for a column of el-
ements in the pixel matrix of the chroma bar image, and quan-
tize the concentration values for all sampling data points in the
chroma bar.

(iii) Building the functional relationship between pixel
and concentration values by data fitting method and use it to
calculate the concentration value for each pixel of the MPI im-
age.

(iv) Obtain the MNP concentration distribution by using
an interpolation function.

In step (ii) above, the functional relationship between
pixel and concentration is obtained by fitting data using the
polynomial least squares method (LSM). This study obtains
the data set of N + 1 discrete point, {(x;,y;), i=0,1,...,N},
by the uniform sampling, which can be expressed by a n-time
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polynomial fitting function: ]

n
L(x)= ap+aix+ax>+ -+ apxt = Z ajxj7 n<N. ()
j=0

The sum of squares error (SSE) is generally used to evaluate
the approximation obtained by the curve fitting. In this study,
we consider a weighted version of the LSM to give more im-
portance to some key data in order to improve the overall re-
sult. In this case, the SSE can be expressed as?"!

5= zw %) L)~y @

where w(x;) is the weight associated with x;. The minimum
value problem of weighted LSM can actually be converted
into the extremum problem for a multivariate function when
the partial derivative for Eq. (2) is zero.?!! Thus, one can ob-
tain the following expression:

a8

N o
Ey Zx{w(xi) [ao+a1x+a2x2+~~+anxn]
Ji =0

= Zx yiw xl

Then, the fitting function L(x) can be obtained after solving

O ]—Oala -, (3)

the linear equations with the coefficients. In fact, the fitting
function usually does not fit strictly all data points, since there
are much more data points than degrees of freedom for fit-
ting. In this case, the fitting degree can usually be evaluated
by SSE, RMSE (root-mean-squared error), and R-square (de-
termination coefficient or squared correlation coefficient)(??)

N
R = /7 = WZ‘ L)

R-square = 1 — Ni,
EO wix) [yl

“)

where j; is the average value of the original data.

Once the concentration value for each pixel point is ob-
tained by the polynomial LSM, the MNP concentration distri-
bution inside biological tissue can then be obtained by using
the bilinear interpolation method. In this method, the target
point value, f(x,y), can be estimated by four known points:
St = (x1, y1), S12 = (x1, ¥2), S21 = (x2, ¥1), S22 = (x2, ¥2),
which includes the linear interpolation both in the x and y di-
rections with the following equation: 2324

(2 =x) (2 =) - f (S11)
(2 —x1) (2 — 1)
(x—x1) (y2—y) - f(S21)

(x2 —x1) (2 —y1)

n (2 =x) (y=y1) - f(S12)
(X2 —x1) (2 —y1)
+(x—x1)(y—Y1)'f(522).
(2 —x1) (2 — 1)

flxy) =

+

®)

2.2. Treatment temperature distribution based on MPI
concentration

The MNP concentration distribution keeps modifying af-
ter the magnetic nanofluid injection, since the difference in
concentration creates a spatial diffusion effect away from the
injection site over time. This kind of behavior can be charac-

terized by the convection diffusion equation!>!

%—f =V(DVC)-V-(v0), ©6)
where variables C, v, D, and ¢ represent the MNP concentra-
tion, the flow rate, the diffusion coefficient, and the diffusion
time, respectively.

The MNPs can dissipate the heat that is applied to mag-
netic hyperthermia under an alternating magnetic field, so
the MNP concentration distribution directly correlates with
the treatment temperature distribution during therapy. The
temperature distribution can be predicted by Pennes bio-heat
transfer (PBHT) equation./?®?] In this study, the MNPs are
supposed to exist just within tumor region, so two different
PBHT equations are applied to describe the heat transfer pro-

cess for malignant and healthy regions:

0T
POCOT;) = wlpvey (T — To) + ko V>To + Omo,
7
oT,
plCIT; = @} pocy (Ty — T1) + k1 V2Ti + Om1 + Punps,

where subscripts 0, 1, and b represent the healthy tissue, the
tumor tissue, and the blood, respectively. Parameters p, c, &,
T, On, indicate the density, the specific heat capacity, the tem-
perature, and the metabolic heat, respectively. Pynps is the

power dissipation of MNPs under the applied magnetic field,

which can be obtained by Rosensweig theory 2821
27 fo
g = Hpg————22 8
B\/INPS nXOTfO 0“’0 1 n (27Tf()f)27 ( )

where variables o, 7, lo, fo, and Hy are the equilibrium mag-
netic susceptibility, the effective relaxation time, the perme-
ability of vacuum, and the frequency and intensity of magnetic
field.

2.3. Thermal damage of biological tissue

Temperature rise to a proper range can damage malignant
cells, while preserving healthy tissue. In addition to the tem-
perature, the thermal damage of malignant cells is also associ-
ated with the frequency factor A, the activation energy E,, and
the general gas constant R, according to the Arrhenius damage
model 3"

T E,
Q(x,y,7) :A/o exp {_T(X,)’J)Ru] dr, )
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where T'(x,y,t) denotes the temperature at position (x, y) at
time #. In addition, this thermal damage, (x,y,t), can further
be converted to the degree of tissue damage using the follow-
ing equation:

(X(x,y,z,t) = l—exp(—_Q (x,y,z,‘f)), (10)
where this degree, @, has a range between “0” and “1”, and

a high value indicates a more serious damage for malignant

cells.

3. Materials
3.1. Material parameters

All parameters used for calculation in the case study con-
sidered in this study are provided in Tables 1 and 2. Table 1
shows the thermal characteristics for biological tissue,3!-3%]
and Table 2 lists the properties for both magnetic field and

(281 In addition, the parameters in the

magnetic nanoparticles.
Arrhenius model are 1.19 x 10%3 s~! for frequency factor and
232 kJ-mol~! for the activation energy, both given for hep-

atoma cells as analysis object.[!0]

Table 1. Parameters characteristics used for PBHT equation.

Property Liver tissue Tumor Blood Resovist
Thermal conductivity (W-m~"-K~!) 0.52 0.59 0.59 4
Specific heat capacity (J-kg~!-K~1) 3540 3570 3750 670
Density (kg:-m~3) 1079 1050 1050 5180
Metabolic heat (W-m~—2) 14414 684.2 - -

Table 2. Magnetic properties for simulation.

Parameter Value

Field strength (kA-m~") 15

Attempt time (s) 107°
Dynamic viscosity (kg-m~!-s~1) 2.35x1073
Frequency (kHz) 300
Anisotropy constant (kJ-m~3) 23
Permeability of free space (N-A2) 4rx1077
Domain magnetization (kA-m~1) 446
Boltzmann constant (J-K~1) 1.38x10~23

3.2. Variable characteristics depending on the therapeutic
process

Subsection 3.1 presents constant values for the thermal
properties of biological tissues, which are normally obtained
under a specific test condition. However, most of them are
impacted by many factors, such as the magnetic nanofluid in-
jection behavior and the local temperature distribution. Firstly,

the nanofluid injection can lead to changes in the thermal prop-

— (T —45)?
3exp<(5)>, T <45°C,

erties of the tumor region. This change mainly depends on the
tumor tissue, the MNPs, and especially the volume fraction of
MNPs inside bio-tissue, 33! and can be described as

c1(9) =ocm+(1-0)c,
p1 () =0pm+(1—9)p,
1/ki (9) = ¢ /km+ (1—9) /ki,

(1D

where subscripts t and m represent tumor tissue and MNPs,
respectively, and ¢ indicates the volume fraction of MNPs.

In addition, the literature shows that some of the thermal
characteristics of bio-tissues are affected by the local tempera-
ture. One of such characteristics is the blood perfusion rate. It
was assumed to be a constant in most of earlier studies, but this
assumption leads to a simulation scenario which has much dif-
ference with respect to actual experiments.*¥ This paper uses
a model for blood perfusion rate considering local temperature
so0 as to have a more realistic result in the process of magnetic

hyperthermia: (33!

4.5x 1074 +3.55x 10~

oy (T) = 12 (12)
0.004, T > 45 °C,
8.33 x 1074, T <37°C,

! . (T =37)8
T)=4{ 8. 1074 - ———~ C<T<42° (13)

ay (T) 833x 1074 — - s, 37°C<T<42°C,

4.16 x 1074, T >42°C.

4. Results and discussion
4.1. MNPs concentration distribution from MPI image

The relationship between the pixel value in an MPI image

and the corresponding concentration value can be obtained by

a fitting analysis using polynomial LSM after preprocessing
all required data. Figure 2 illustrates the fitting curves for the
pixel and concentration obtained by four different polynomials
considered in the least squares fitting method, which are cubic

polynomial, quartic polynomial, weighted quartic polynomial,
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and quintic polynomial. As can be seen from Fig. 2, there are
slight differences for polynomials with different degrees, and
the higher the degree, the better the fitting accuracy. Although
the quintic polynomial LSM can provide the best fitting accu-
racy with respect to the others, the higher order can also in-
crease the computational burden due to its complexity. Thus,
a weighted LSM for quartic polynomials is considered for this
study after comprehensive consideration between fitting accu-
racy and calculation complexity. This proposed method uses
larger weights for the border points (0, 0) and (255, 20) and
uses smaller weights over the pixel value in the beginning of
the range, i.e., pixel values from O to 20.
20 N o# :
s Data point 9.2 V.
Cubic, LS 18 02

15 Quartic, LS _ _ ,ﬂp)

Quartic, WLS 16
Quintic, LS

153 255
Pixel value

Fig. 2. Fitting curve for pixel and concentration value.

10.63 E SSE
E RMSE
105 R-square =
3
2
1
e

Cubic Quartic  Quartic, Weighted Quintic

Fig. 3. Comparison for polynomial fitting performance.

In addition to the fitting curve provided in Fig. 2, the
differences between the fitting methods were evaluated us-
ing three different performance indexes: SSE, RMSE, and R-
square. Smaller values for SSE and RMSE provide the best
fitting, while for R-square the best fitting is obtained for val-
ues close to unity. As shown in Fig. 3, the fitting accuracy does
not change significantly when the polynomial degree is larger
than three, and in all cases it is almost ideal, with an SSE of
less than 3.0 (mg/ml)z, an RMSE of about 0.2 mg/ml, and
an R-square which is greater than 0.998. Furthermore, four-
degree and five-degree polynomial fittings have a really close
result in all three indexes, and the weighted LSM for quar-
tic polynomials can also obtain an overall better performance
and consume less computer resources with respect to the five-
degree case. Thus, the weighted LSM for quartic polynomials
will be considered in this study for translating the pixel values
from an MPI image into concentration values.

Based on the weighted LSM and the MPI image pre-
sented in Fig. 1, the following coefficients were obtained for
the fitting function: ag = 1.506 - 1078, a; = —5.658-107°,
ay =4.261-107%, a3 = 0.08798, and a4 = —1.866- 10~*. Fur-
ther, the concentration value of each pixel in the MPI image
can be calculated by the fitted function. Finally, the MNP
concentration distribution can be obtained by the bilinear in-
terpolation method based on the known overall concentration
value. Figure 4 shows the MNP distribution view in different
directions for the given MPI images after using the proposed
method.

"\ 20
i
16
¥ )zix 12
8
4
-
0
%y ¥ x

Fig. 4. MNPs concentration distribution after using bilinear interpolation.

4.2. Proposed geometric model

This study uses the liver as the research object to inves-
tigate the effect of MNP concentration distribution from the
MPI image on magnetic hyperthermia. Figure 5(a) presents
a two-dimensional geometric model for a rat liver with a tu-
mor, which was defined based on an experimental image. %!
In order to ease the visualization, figure 5(b) shows the lo-
cal enlarged view for the tumor tissue and part of the healthy
tissue. The figure also includes two monitoring points for the
analysis, that are an internal point (P1) and an edge point (P2).

J@
e 2F
L
ngl
ok
L |
9 | T [ Magnétig fluid
—4 -2 0 2
z (cm)

Fig. 5. Geometric model for bio-tissue: (a) overall view and (b) local en-
larged view.

The MPI-based distribution presented in Fig. 4 is con-
sidered as the initial MNPs concentration inside the proposed
tumor tissue, as shown in Fig. 6(a). In addition, the MNP dis-
tribution is also associated with the diffusion time after the
nanofluid injection, which is set to be 12 h in this study for
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evaluating the effect of diffusion time on concentration distri-
bution during therapy. It can be observed that the distribution
range in Fig. 6(b) is distinctly enlarged after 12 h of diffusion
compared to the original case showed in Fig. 6(a).

mg/ml

A125
H12

Fig. 6. MNPs concentration distribution: (a) before diffusion behavior and
(b) after 12 h of diffusion.

mg/ml

0.6 A 20
0.3
0
—0.3
—0.6

—0.5

4.3. Therapeutic temperature distribution inside biologi-
cal tissue

Once the MNP concentration inside tumor is determined
after the injection, the therapeutic temperature distribution can
then be predicted by solving the PBHT equations using the fi-
nite element method. For the sake of better comparison, this
study analyzes the steady-state temperature distribution for
three scenarios under the same power dissipation for MNPs
(7.95x10* W-m~3), that are a uniform concentration distribu-
tion and the two inhomogeneous cases presented in Fig. 6. As
can be observed in Fig. 7, the temperature distribution for the
case that considers the concentration obtained from the MPI
image without extra time for diffusion (Fig. 7(b)) is close to
the case considering the diffusion behavior (Fig. 7(c)). The
main difference observed in these two cases is the maximum
temperature value observed, since the extra time for diffusion
attenuates the peaks. As can be seen in Fig. 7(a), the uniform
case has a much more uniform temperature distribution than
the other two cases, but the peak temperature is considerably
smaller than the ones observed in the other two cases for the
same therapeutic condition. This situation changes when the
individual critical power dissipation of MNPs is considered
for different situations. Figure 7(d) illustrates the temperature
distribution for biological tissue after improving its power dis-
sipation to a critical value (2.37x10° W-m™3), in which the
42-°C isotherm line covers the whole tumor region while the
maximum value does not exceed the safety limit of 46 °C. It
can be concluded that the uniformity of MNP distribution has
a positive correlation with the improvement of the treatment
temperature profile when the individual critical heat of MNPs
is considered.

The analysis above shows that the uniformity of MNP
distribution can affect the treatment temperature. In fact, the
treatment temperature can also be influenced by the blood
perfusion rate due to the different situation of blood flow
as a function of temperature. Figure 8 illustrates the treat-
ment temperature distribution for biological tissue based on a
temperature-dependent blood perfusion rate, and all the con-

ditions are the same as the ones considered in Fig. 7, ex-
cept the power dissipation of MNPs. The power dissipation
is 5.03x10* W-m~3 for the cases in Fig. 8(a)-8(c) and is
1.98x10° W-m~3 for the case in Fig. 8(d), which limit the
maximum temperature to 46 °C in the model that considers
changes in the blood perfusion rate. What is noteworthy is
that the decrease in the power dissipation results in an overall
rising trend in the treatment temperature distribution and leads
to the outward expansion of the 42-°C isotherm inside biolog-
ical tissue. Therefore, one can conclude that the calculation
results considering a temperature-dependent blood perfusion
can obtain a better temperature distribution with respect to a
constant value under the similar treatment condition.

2 2

A 428 A 46
(a) (b)
1+ 42.5 1 16
’ 45
42.0 44
or a5 O 43
e 41.0 L 42
40.5 41
9 42 °C isofherm v40.4 9 42 °C isotlh(:rm v40.4
) 0 2 —2 0
2 2
A 45.1 A 46
(c) (d)
45 46
1r 1+
44 45
43 44
or 0r 43
42 492
—-1r 41 LT 41
—9 42 °C lsoLhmm '40.4 L 42 °C isozrh(%rm

v40.4
- —2 0 2
Fig. 7. Therapeutic temperature distribution for different concentration cases
under the same dose: (a) a uniform distribution, (b) the original distribution
from MPI image, (c) distribution obtained from MPI image after 12 h of dif-
fusion, (d) the uniform case considering its critical power dissipation.
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Fig. 8. Therapeutic temperature distribution for different concentration cases
considering a temperature-dependent blood perfusion rate: (a) a uniform dis-
tribution, (b) the original distribution from MPI image, (c) distribution ob-
tained from MPI image after 12 h of diffusion, (d) the uniform case consider-
ing its critical power dissipation.

4.4. Heat induced damage for biological tissue

The analysis made above, based on the treatment temper-
ature distribution, can only reflect the proportion of effective
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treatment area, but it cannot provide the heat-induced damage
of malignant tissue. Figure 9 shows the level of thermal dam-
age to biological tissue after 30 min of therapy based on the
therapeutic temperature distribution depicted in Fig. 8. The
degree of thermal damage shown in Fig. 9 has a similar trend
as the temperature distribution shown in Fig. 8, which means
the thermal damage to malignant tissue during magnetic hy-
perthermia is primarily defined by the therapeutic temperature.
Similarly, the uniform case considering its critical power dis-
sipation (Fig. 9(d)) exhibits the best performance among the
four cases, with a larger area inscribed in the 0.75 isotherm and
a larger value for the peak damage. Further, there is no signifi-
cant difference between Fig. 9(a) and Fig. 9(b) in the degree of
thermal damage with and without diffusion behavior when the
power dissipation of MNPs is the same. Interestingly, the ther-
mal damage degree can be improved significantly for the case
in Fig. 9(b) when the power dissipation is set to its individual
critical value. In this case, the maximum value of therapeutic
temperature can reach the critical value of 46 °C and the area
percentage of significant damage degree can be increased from
25.21% in Fig. 9(b) to 42.14% in Fig. 9(c). That also implies
a suitable diffusion time after the magnetic nanofluid injection
can benefit the treatment effect by if a corresponding power
dissipation for MNPs is considered.

0.4

v035 _o

—2 0 2 2 0 2

Fig. 9. Thermal damage degree distribution for different scenarios after
30 min of therapy: (a) the original MPI distribution considering its specific
critical power, 5.03.x 10* W-m~3; (b) the MPI distribution after 12 h of dif-
fusion considering the same power with (a); (c) the (b) case considering its
specific critical power, 5.80.x10* W-m~3; (d) the uniform case considering
its specific critical power, 1.98.x 10° W-m™3.

Figure 10 shows the values of thermal damage degree
over time for two specific points based on the therapeutic tem-
perature distribution presented in Fig. 8, which are actually
corresponding to the values of Fig. 9. As is illustrated in
Fig. 10, the thermal damage degree at the inner point P1 is
always greater than the that observed for the edge point P2. In
addition, the uniform case can always obtain a greater thermal

damage degree compared to the other cases under the same

condition. Additionally, the rising speed for point P1 is rela-
tively fast at the start stage, while it slows down after 20 min
of heating. However, the change for point P2 seems always to
keep at a constant rate, which can be explained by the bound-
ary heat exchange between the malignant and healthy tissue.
As a consequence, the associated time constant is larger than
the one observed in the inner part of the tumor. In total, the
thermal damage degree of malignant tissue is associated with
many factors, including the therapeutic temperature, the treat-
ment duration, the biological tissue characteristics, and the po-
sition. Thus, one can improve the thermal damage degree for
malignant tissue by regulating the therapeutic temperature and
extending the therapeutic time properly during magnetic hy-
perthermia.

1.0 |4 P1, Fig.

0.8 o1, Fig.

0.6 [ P2, Fig.
3
0.4

OOV OLOLLO

LZeacze

5 10 15 20 25 30

Fig. 10. Thermal damage degree over time at two specific points.

5. Conclusion

This study is mainly concerned on the extraction of MNP
concentration distribution from a given MPI image, and the
use of such information for planning a magnetic hyperther-
mia treatment. For that purpose, the study compares the ther-
apeutic temperature and thermal damage degree for differ-
ent scenarios including the concentration distribution obtained
from an MPI image. Simulation results demonstrate that the
weighted LSM using a quartic polynomial can obtain the best
overall fitting performance between pixel values and concen-
tration values when compared with many other fitting meth-
ods. Further, this concentration distribution from a real MPI
image receives a worse result both in the therapeutic temper-
ature and thermal damage degree when compared with a uni-
form distribution presented in most of previous reports. Nev-
ertheless, this situation can be improved to some extent when
a diffusion behavior after the nanofluid injection is consid-
ered and an individual critical power of MNPs is assumed.
The results show that the area percentage of damage degree
is increased from 25.21% in the original MPI distribution to
42.14% after 12 h of diffusion considering its individual crit-
ical power. In addition, the treatment effect considering a
temperature-dependent blood perfusion rate can obtain a bet-
ter result than the one obtained assuming a constant parameter.
As a consequence, it is important to improve the simulation
models to reflect reality and improve the pre-clinical studies in
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the area of magnetic hyperthermia. Future work will evaluate

optimum injection strategies associated with nanofluid dose

to improve MNP distribution for magnetic hyperthermia treat-

ments.
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