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Magnetic hyperthermia (MH) is a promising cancer therapy in which the heating temperature is expected to be a
key determinant for its success. A therapeutic system with high-accuracy temperature control is of vital importance to
avoid overheating in normal tissues surrounding a tumor. We previously developed a PID-based temperature control
system and verified its validity in vitro. In this study, we validate our control system in vivo. First, we investigated
both the improvement in heat generation by high-density Resovist® (Ferucarbotran) and the optimal PID tuning
method for the high-density Resovist® in vitro. Next, we injected the high-density Resovist® into mice and then
performed PID-based temperature control in vivo. We demonstrate that by using our PID-based control system, it is

possible to accurately control the therapeutic temperature (e.g., 50°C) in vivo with a standard deviation of 0.05°C in

the steady-state. Our system has the potential to be used for MH either alone or together with other cancer treatment

modalities for basic and clinical studies.
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Fig. 1 PID-based automatic heating-temperature
control system.
(a) Block diagram and (b) photo of system.
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Fig. 2 Temperature rise in stock and high-density
Resovist® under applied AC magnetic field of
7 kA/m, 260 kHz.
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Table 1 PID parameter tuning rules
based on K, 7, and L.

Table 2 Step response parameters for
stock and high-density Resovist®.
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Fig. 3 Comparison of different PID parameter tuning rules using the current range of 0 ~ 300 A (i.e. 0~10.5 kA/m)
with a fixed frequency of 260 kHz. (a) Stock Resovist® and (b) High-density Resovist®.

Fa—=U ZUEO PID /8T A—F 5457 2L C, Skt
D BREKIREVEREDIRRRE CTh 5 45 CET31HY O PID
/3T A =4 CEES 260 kHz O4ZiaEii /1% 0 ~ 300 A CHYE
L, MENGHE L7z, Z ORFOBMERIADEE 405 24 /LD
TESRIENL 0 ~ 10.5 kKA/m TH 5.

Fig. 3(@) I2¥—2/F=alAD AT v FIEEL2O0
CHR £ X 0 ¥iE L7z PID /$5 A — 4% T Resovist®% /I A
LA R 2 rm T, WENE DA — "=V 2 — NMIERT
L&, AT v FISEEN 1.3 CLiEb/hEL, CHR D
SRELENHI TIE 1.6 °C, BAEEBERICV - TiX 2.9 °C
Thole. 2%EERHZ g5 5 & 22 182, 213,
328 sec Tdh-7=. CHR iED BEBHR O ER A E W
DIL, HBI7 A BN END & TISBEENRE D, BESN
S otz ThD. EHFFEZINEB LA 360 ~ 600 sec
FTCORREFETHET 5 &, £ 0.07,0.10,0.12 C
THolz.

Fig. 3 (WIZIIMER L7230k CoMBAGISE O R & 7% L7z,

Z DA TIE Resovist®lZ L~ FEEE DN w2, iR
DEERIZHT DIRENRREL, == a— b KRE
Ko TWVD, == a— |, 2%EERRH, EFRFO
REDFEERADNTNICEB N TS AT v FISEIENEN
Tk, Tt 2.7 C, 193sec, 0.05 CTH 5.
LibEX Y, R & ER RO ST TAT v 7Kk
&V K72 PID /R A—Z Ol MEN Q= E2 5. — &

AU CHR IR I A— "= 2— RAVINEW & 0 ) R & o 73,
BoNTRERIIR R O TH 72 ZOFKE LT, PID
F 2= FEEOREIETR IR DO FBSET AN — BN EE Tl
o<, WOSMICITWEI ThHoT-Z ENEZLND. D
7o, BEKUREVEIEOIREHIEIZ I\ T, BRI D
BRHEOET ) VI NAREIR Y — T T = a LV ADAT v
IGEENRE L TND EERD.

Fio, AEIOFERLY, (FRLIZESBBAORECIEA—
N o= MIREL R->TLEI N, THEIEZR%ED
FERNE DN, Tbh, B B REVME Z FE OB
Kzt LThH, RUAT AEGHIGT 5D 2 & CEIRINEGE
NA[RETH DH Z & R L7,

4. EHERTOERNNEHHE

4.1 <& MXH10/Mo-/pr/lpr

FIER I, 2EO L BIORRINVELK 3 WA TE hod
VyoRffitAfEEORES (10 mm) F THERT S
MXH10/Mo-lpr/lpr~ 7 A 2 L (i 12 ~ 13) A L7z A
BrC~ U ADONE T U >3 (SILN : Subiliac Lymph Node) (Z
YRRk L7 3B A 2.

4.2 E£FAIICE T 5 ERINEFIEH
~ U ALY FICISE SILN OFRBAGBI L. WIS, T —

102 Transaction of the Magnetics Society of Japan (Special Issues) Vol.6, No.1, 2022



Fig. 4 Photo of injecting high-density Resovist® into SiLLN.
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Fig. 5 PID-based temperature control in SiLN_using
the current range of 0 ~ 400 A (i.e. 0~14 kA/m)
with a fixed frequency of 260 kHz.
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