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Figure 1 Physical model

1.2 HFER

A R ARG A5 B AR AL BUIN 1 R A AR
LR AT Y R N L TR N B s LN TT B ]
T SR AR W A% O R R AR BR EE 5 A A1 O

214 1] £ B it o 28 A8 H A I, 7E 2R 4 R 1R 45 ()
W STE LG . AR R 2 v i 5 O R 4 A BR T
07 ¥ SR i s O A A SRS 70 0 A

soaz—f+a%+ Vo xu, ' (V xA)=J" (1)

Jat at

AP A NGRS, Wh/m; e, N EH S A HH L
£,=8.85x107" F/m;pu, NEZ TR E ,u, =
4nx107 T-m/A;o0 HHEF R 0=1.46%10" S/m;
JO AN L A/ m’

TRRE A VE FE T 1 40 K G088 IR R+, 1

LU AR FE A R INFAPLEE K w37 R B AE R

AR B R A Rosensweig gAY LI RS A

R BE 5 iRy 0T A0 A A 22 SO0, B AR R 1 2

Ko f R HE S B MR Hay AR T A8 R0t 14 1)

], s X, HREMARRIREAL A r ST FEAR  mm;
H RS REE A/ m,

SR HI 2 PR TR ) Pennes 25 9 1% #4572 5k i

I L BN IR R, — o 2 i 3 B R DX IR, o — Tl

IR AE A 2T X 3
Q. +tP+W, C(T, -T) +

T,

V- (kVT) =p]CIE,

Q. +wW,C(T, -T,) +

R e 2; (3)

aT,
v '<k2VT2):pzczg, R ¢ (2, (4)

K NAR 1.2 F b 43500 F TR ik g e 2 41
UL ; Q, AR DR, W/m®; P Ay #3714 2R A7
=R R W/ m’ W, NI TR, 1/s; T
RUREE, Kk ARFR W/ (m-K);p N,
kg/m’;C A LA, 1/ (kg K) ;0 Fon bR 41 40
X,

B AL o 38 25 BT AN R 2 2D R R

AR AT .
W, (T) =
8.33 x 107*,T < 37 °C;
. (r=37)""
©5.438 x 10° (5)
37°C < T<42C;,
16 x 10747 > 42 C,
4.5x 107" -3.55x 107" -
W, (T) ={e "2 T <45 C; (6)
0.004,7 > 45 C,

T M 20 K SR SR ] Fe, O, BE 94 KA1 RE, I H:
JROSF R AR e 5 7 1 2k 45 40 BHA 27 M B, T A
NIRRT AR 2 LB T R
B 20 20 IV Jed R0 P K R Y ) 38 S B M
T e A 3 50 380 b g X3k R B R DX B, A B
M IR T T A0 3 i 8 A ) 1 A K UKL ( mag-
netic nanoparticles, MNP ) i /R B350, [N It &2 4 X
BN BB A TR RN



42 M K % (T % )

2021 4F

Pi. = (1L =m)p, + Mpyyes
Coe = (L =m)ey + meyyps (7)
ki = (L =)k, + nkyyo
Wt 25 A K3l 55 . O AR W) VN TR R
VIR ME 37 C ;@R 5 I # 41 20 4k 34 2 %
S QIEH AL 400 PR B E R 37 C
T1 EMELRHRYMESH

Table 1 Thermophysical parameters of biological tissue

o %#L%;fﬁz/l g, R Ry
(Wem™K™) (Jokg ' K™) (kgom™) (Wem™)
ERHAL 0.512 3 600 1 060 700
1713 0.512 4180 1 000
g digl  0.520 3 600 1060 5790
M;};g* 40. 000 670 5180
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Table 2 Magnetic field intensity of center point under

different grids

o0 A% K MR/ (Am ™)
17 516 4 607. 57
31108 4 245.08
52258 4 245.09
80 532 4 244.97
122 483 4 244.96
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Figure 2 Temperature curve of the tumor center
heated for 1 200 s
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Figure 3 y-z plane magnetic field distribution cloud
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Figure 4 Variation curve of magnetic field intensity

with y-axis section at different height
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Figure 5 Temperature map and temperature difference map of tumor tissue in y-z plane
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Figure 6 Arrangement of five-point injection and

seven-point injection
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temperature higher than 42 °C
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Figure 8 Temperature curve at different locations

A 25 59 i 22 o 1 G o A A el AR ) RN i A
T I R A A XA T AR g, LS
NG ES R S ES R Z Ak,
R WY b i) VR 5 i o S SRR B0k i 21
VN IR B H AR IR 1) 41 2UR LS Il 41 20 AR
M LefE . Wil 9,10 Fron, BoR T# 42~46 CF 5
TR T G AS TR B L AR B AR 4
e, N9 10 AT 1A FR 4 B 1 KR BRI,
TEEST L R 4. 0~4.5 B ik B Fe KMEH . 45 R %D,
AW 25 7900 s 1 B n T O 22 b 2 24k T A BRI T R
FEX TP,

51

50 —

AR %

49+

48

9 AEEHETHEARHNERIE(5SR)
Figure 9 Volume fraction of tumor tissue under
different injection ratios (5 points)

55

w
=
T

|

EIRBU%

52 F

L

1.0 15 20 25 30 35 40 45 50
k

10 AEFESHETHBEAR/NERIE(7 R)
Figure 10 Volume fraction of tumor tissue under

different injection ratios (7 points)

it — 2 o3 Mt 22 i A OGS A A 5 B
ST RCR BRI 76 TE SHABUR S 15 DL T, % H
5 R TESTA 7 TSR AR B AR A Bl ST
Pk O 1 ~2 W7 R S A T IR XA R A
BB m E T, BRRE,7 s 42~
46 CHIARR Bty m T 5 m kS, B 7 SN
3t B2 37 73 A B 37 20 1k B DAL Ok e B4 B A



LB A TR Y AR 2 2 23 A o IOV BT IR R 7 Y R 45

53 a5 23 8] 23 A1 AT A R AT BROR |

AR SCR A BRI 43 A7 7 s X G AR I
et B HEAT T RUE AL, A5 I F .

(1) 57 2% 8 S PR i 3 4 Ao B T F SRR L 4y
BT T WESS AN 38 50 P X T B S ) s i o L 5 35 )
WEHHEATRT I, R S #5054 W 2l
HA R 2 SN ARG A A S R
Yt m A ik 22 B W 5 K fE RS 10 mm B 7 G
DX sk PN Y 3R 22 0] LUK #) 1 °C, R I AR 52 bR A 2
(L It/ A AN 7 BTN N R e DA
SSRGS 53 A WS

(2) 7% J& -3 Bt AR 4 ) A VR 5 IR 5
BIo v sgm R ST kR 1~ 2 IR S)
BOZ ALK B k3K, 42 ~46 °C B R 43
B KRG W/, FEES o 4~4.5 K3 i
KAH.

(3) FESHABURE —& , X 5 S ES 7 A5
TR, K BT AR R S 8] 4 A AT

SR

[1] ABU-GHARBIEH E,KHALIDI D A,BAIG M R, et al.
Refining knowledge, attitude and practice of evidence-
based medicine ( EBM) among pharmacy students for
professional challenges[ J].Saudi pharmaceutical jour-
nal,2015,23(2) :162-166.

[2] ZUVIN M, KOCAK M, UNAL O, et al. Nanoparticle
based induction heating at low magnitudes of magnetic
field strengths for breast cancer therapy|[ J].Journal of
magnetism and magnetic materials, 2019, 483 169
-177.

[3] LACHOWICZ D,SZPAK A,MALEK-ZIETEK K E, et
al. Biocompatible and fluorescent superparamagnetic
iron oxide nanoparticles with superior magnetic proper-
ties coated with charged polysaccharide derivatives[ J].
Colloids and surfaces: biointerfaces, 2017, 150, 402
-407.

[4] XIONG F,HU K,YU H L, et al.A functional iron oxide
nanoparticles modified with PLA-PEG-DG as tumor-
targeted MRI agent [ J ].
research,2017,34(8) :1683-1692.

[5] DUTZ S,HERGT R.Magnetic nanoparticle heating and

contrast Pharmaceutical

heat transfer on a microscale;basic principles, realities
and physical limitations of hyperthermia for tumour

therapy [ J ]. International journal of hyperthermia,

[8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

2013,29(8) :790-800.

WU L,CHENG J J,LIU W Z, et al.Numerical analysis
of electromagnetically induced heating and bioheat
transfer for magnetic fluid hyperthermia [ J ]. IEEE
transactions on magnetics,2015,51(2) :1-4.

PAVEL M ,STANCU A.Study of the optimum injection
sites for a multiple metastases region in cancer therapy
by using MFH [ J ].IEEE transactions on magnetics,
2009,45(10) :4825-4828.

EARPR,EVE, E BT 2H SRR R BT R b Y
S Ry H (1] KR 58 5, 2019, 47 (7)
44-49,67.

ASTEFANOAEI I, DUMITRU I, CHIRIAC H, et al.
Controlling temperature in magnetic hyperthermia with
low Curie temperature particles[ J].Journal of applied
physics, 2014 ,115(17) :531-533.

MITAL M, TAFRESHI H V.A methodology for deter-
mining optimal thermal damage in  magnetic
nanoparticle hyperthermia cancer treatment[ J]. Inter-
national journal for numerical methods in biomedical
engineering,2012,28(2) :205-213.

KANDALA S K,LIAPI E, WHITCOMB L L, et al.Tem-
perature-controlled power modulation compensates for
heterogeneous nanoparticle distributions ; a
computational optimization analysis for magnetic hyper-
thermia [ J ]. International journal of hyperthermia,
2019,36(1) :115-129.

LI J, YAO H, LEI Y, et al. Numerical simulation of
magnetic fluid hyperthermia based on multiphysics
coupling and recommendation on preferable treatment
conditions[ J].Current applied physics,2019,19(9)
1031-1039.

SALLOUM M,MA R H, WEEKS D, et al. Controlling
nanoparticle delivery in magnetic nanoparticle hyper-
thermia for cancer treatment; experimental study in
agarose gel [ ] ].International journal of hyperthermia,
2008,24(4) :337-345.

ROSENSWEIG R E.Heating magnetic fluid with alter-
nating magnetic field [ J ]. Journal of magnetism and
magnetic materials,2002,252.370-374.

SALLOUM M, MA R, ZHU L. Enhancement in
treatment planning for magnetic nanoparticle hyperther-
mia: optimization of the heat absorption pattern [ J].
International journal of hyperthermia, 2009, 25 (4) .
309-321.

SN STV | i O R L e 1 N e
Fe, 0, 4K BURLL 1] B M K 225 i ( T2K0) 2008,



46 BN K F W (T % R) 2021 4

29(4).17-21,27. of magnetic nanoparticles for efficient hyperthermia
[17] MAENOSONO S, SAITA S.Theoretical assessment of [ J].Nanomaterials,2015,5(1) :63-89.

FePt nanoparticles as heating elements for magnetic [19] KUMAR C S S R,MOHAMMAD F.Magnetic nanoma-

hyperthermia [ J ]. IEEE transactions on magnetics, terials for hyperthermia-based therapy and controlled

2006,42(6) :1638-1642. drug delivery [ J]. Advanced drug delivery reviews,
[18] OBAIDAT I M,ISSA B, HAIK Y.Magnetic properties 2011,63(9) :789-808.

Effect of Non-uniform Distribution of the Magnetic Induction of the Magnetic Fluid

Hyperthermia Temperature Field

WANG Ke'?, ZHANG Hongbo'*, AN Bo'"?, ZHANG Lu"?, WANG Yongqing’

(1.School of Mechanics and Safety Engineering, Zhengzhou University ,Zhengzhou 450001, China; 2.Key Laboratory of Process
Heat Tranfer and Energy Saving of Henan Province, Zhengzhou University, Zhengzhou 450001, China; 3.School of Mechanical
and Power Engineering, Zhengzhou University, Zhengzhou 450001, China)

Abstract; Since the uniformity of the temperature field distribution determines the therapeutic effect of mag-
netic fluid hyperthermia, the distribution characteristics of the temperature field are closely related to the mag-
netic field distribution and the magnetic fluid distribution. In this article, the non-uniform distribution of the
magnetic field produced by the actual Helmholiz coil was considered, and the influence of the non-uniform dis-
tribution of the magnetic fluid on the temperature field were further explored based on the multi-point injection
strategy, and a theoretical basis for the clinical application of magnetic fluid hyperthermia was provided. This
paper took the temperature field distribution in biological tissues during magnetic fluid hyperthermia as the
research object, and aimed to maximize the volume fraction in tumor tissues up to 42~46 °C to explore the in-
fluence of different center-border injection ratios on the temperature field, thereby increasing the uniformity of
the temperature field distribution. The biological tissue was simplified into a concentric sphere model, and a
physical model combining the magnetic field, the heat generation power of the magnetic fluid and the biological
heat transfer was established, and the finite element method was used to numerically solve the model. In order
to consider the actual situation of magnetic fluid hyperthermia, the physical model analyzed the difference in
the distribution of blood perfusion rate and the concentration of magnetic fluid after the temperature of the bio-
logical tissue changes. The results indicated that with the increasing of the offset distance between the center of
the biological tissue and magnetic field, the temperature difference increased; when the offset was 10 mm, it
would cause a temperature difference of 1 C ; therefore, when there was a big difference between the center of
the biological tissue and the center of the magnetic field, the actual magnetic field distribution should be con-
sidered ; non-equal dose multi-point injection could make more tumor tissues be in a reasonable treatment tem-
perature range. When the injection ratio k£ was 1 ~2, the volume fraction would be more affected ; reduced the
maximum temperature in the tissue, so that more tumor tissues were in a reasonable treatment temperature
range ; when the injection volume remained the same, compared with the 5-point injection, the 7-point injec-
tion had a larger volume fraction at a reasonable temperature, and its temperature spatial distribution was more
uniform.

Key words: magnetic fluid; hyperthermia; temperature field; magnetic field



