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Abstract

High-resolution MRI images are essential for the accurate diagnosis of diseases. Increasing the magnetic field strength achieves this
but also raises the Specific Absorption Rate (SAR) of electromagnetic waves in the body, leading to safety concerns. Currently, SAR
is managed by assuming an even distribution of electromagnetic waves; however, high-field MRI can cause localized concentrations. No
direct method for SAR visualization exists that relies on numerical analysis, resulting in conservative management and inefficiency. This
paper applies a method for converting temperature images from magnetic resonance imaging (MRI) into SAR images using Pennes’ bio-
heat equation and Fourier transformation with gentle low-pass filtering. The method was tested using an agar-gel phantom heated with
a heating RF coil, and the temperature changes were measured using the proton resonance frequency shift (PRFS) technique in a 3T
MRI system. The results are validated by electromagnetic numerical simulations using XFDTD. Experimental results showed SAR images
could be reconstructed from temperature images with a maximum error of 3.6 % compared with numerical simulations. The reconstruction
took 5.2 s on a PC. This method can aid in managing electromagnetic safety in MRI and verifying the RF coil performance during
development. Future studies will validate this method using different phantom configurations and in vivo experiments.

Key words: MRI, High Field, RF Exposure, SAR, Temperature

Fo] Aote ARANIEARTAN) ADeR SdxATAT] A dS Wol 38 A7 (No. RS-2022-00166072).,
o) &t BhAbA 28kl Department of Radiological Science, Daewon University College)

*FE0) 8ty 9 F}of 8K(School of Medicine, New York University, USA)

**glal 7] Z 2b oA Y A MRIo] 1] A 7] A3 (Center for MRI-Imaging and Translational Research, Korea Basic Science Institute)
+ Manuscript received July 27, 2024 ; Revised August 28, 2024 ; Accepted September 26, 2024. (ID No. 20240727-004S)

- Corresponding Author: Sukhoon Oh (e-mail: sukhoonoh@kbsi.re.kr)

(© Copyright The Korean Institute of Electromagnetic Engineering and Science. This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial 787
License (http://creativecommons.org/licenses/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 35, no. 10, October. 2024.

I.M &

217157 4 HMRI, magnetic resonance imaging) 7] 9]
2717 N 71 57 9749 A J+5H](SNR, signal-to-
noise ratio)g =9Itk tgk/g% SNRE ©]&3}e] MRI 34
Y59 A58 Be G4 SRS wols v &
238 & 9lth = 3
713 o gz] 9%9}‘& ko] 7hsshAl Hew, A

g, MRI "V\EéH 717 A 71(Bo)ok Bl sted 2%
& 2HEF<p(Lammor frequency. i, 2] (1)) 2§53}
TE o]&3ste] MRI /FA 5 E sk, ol $41
S 3KRF, radiofrequency) T U-S o] L3} frol] MZ
T & QAo 17ttt 2] (1)olA y= 49 2734
£(42.57 MHZT)E, Bo= #7174 A7I(DE JeRdTh

fo=rxB (1)

3TMRIS] 7%, 4] ()] <|5to] o 128 MHz¢] 31
ARSI o A9, AAE FANE ANZY 9 Az
A7) B4 F 47 AEE 2 4 fA83 F4E
TN 1, 9 el ol o 250 mmol . Y
Hoé‘q.‘li 7T MRI= ¢F 298 MHzo| ™ ¢F 107 mme] T
s 2018 2RI D).

29 1] vk uhs, 3T MRL 94¢] 4% 29 9
o] 250 mm o)) =W FAF EAE BYASAE
BT BN AL L A4S Wk BT ekl
S8l 9 U 3, 7T MRIAAE 7000 2

O-

Standingwave

J8 1. Foige] mE QA 0 B 9 o] (sl
3T MRI, 128 MHz, (A441) 7T MRI, 298 MHz
o A%

Fig. 1. One-wavelength of human body by frequency for
(blue line) 3T MRI, 128 MHz, (black line) 7T
MRI, 298 MHz.

788

FAAME o]e 2 #io] BT
L P R G Bt et B 2 O Y A
spge] ZAolel whet QA W 54 1Al %
Al Ford S mght). o2t 8> 1}7]1}(30)4 *1]7]
7b Z7hgel wEl oA A F48(SAR, specific
absorption rate)o] By Al7] Z7HE9] Aol wld st F
7Vl A= ““Ei 3-‘“‘471] =7}k SARo] 54 ¢
o JZFste] &9 EE FHA §4¢ 25
Feol HAld 9)\3 = —4“]0}“4 o= g 3ol H5 st
of ALo| gz ¢ IS vepin

ol21gt 127174 MRICA €] 2o} b4 4] w
2t B8 Zha et dzah ket 87, SARY A
gt 54 9 o So] Qs A A MG A+
B7F AgE s Ao

SAR®] e 54E& 9slAE SARS A7Zhst Eg
mj-¢- F2stth 12y SARY| /st 712> ofF s
Eo] A gkol MRI HA}9} =& #& F= RF 99]7}
QAo L2A] LEITAL 7P k= A4 G 2] SARS]
BN FABEAL 93, =5 SARY| 7ol &= A8 4]
of 718kt 71FE o]&3st] dF 9 HFAE St Yo

E 717 MRI A 2] o] 48] =15 SAR #ef+ B4
TR AeHe dAotk oldd g wWEe 3T
MRIZ} /34 02 ARG o, #9] ol A Rl R &40 R
MRI A 28lo] SEE 3 Qe A Abdoth

B Ao A=, o] ek SARY A Z8HE 98t MRIE
o] &3t] FEI L& A 7]HFC Z SAR AAFC & i
27 Hkehs WHE Avfgth A, MRIRF U2 7l

92 o
o,

E] Od

% rlo

L“‘?‘J ol

=

= 5 el
AE 88 F Uk olH % SAR W Y2 3T MRI
=G AR/ AN 1L T2 AT A3}
g nolnA e}

21 0|E

Carluccio 5= A§A| 24 2] ¥ % (thermal conduction)

&l A5k 57+ e F(LPF, low-pass filtering)& 4



3lo] &= AL WEA Axele 232 2xaRylL
ol+= 2] (2)9] YeRH PBE(Pennes’ bio-heat equation)S <+
Asiste Wy Age

dT
e = V(&Y D+ [—opwuey( T— T,,,) |+ @+ SARp

I 1

SAR= ————GLPFX F(T,)
timt x,LPF" 3)
4 Qe HPHoR 958 2& G4 1ol Fol
S A4l Felo] ek PN 2FT} JRo] %}
ZHE A% 9357] dAske] LFE 485 £ o
9% B 7] YEYsh GLPF(gentle LPF)E 443}
A0 meb SAR G4 Bds] S, 4He
2 Y5 2% Us g AARAY 4 83 2% 9
39 A= Auot Ao

22 SAR FgtHzet HE: HME M 3 71 (Heating)

Aol AMFE HE2 T7 29 o] ALY &7
(7}2 XA Zx=0|=78x68x142 mm’)o] agar (7 g/L), NaCl
(10 gL), 123 CuSOy(1 gL)= AHE-3ted Al#ketsict. 3
T MRI®] FHFa4¢l 128 MHzo A 9] 1 Agel] o) gt
A7 AEE B dd Fd8S 247 115 S/m, 78] 3l
wd, Ay UE 1,021 kgm’, G 32 4200 JkgC
At o, Yo REwstE flste] 19 2(b)9 2o
EE AZe 7td 4529 RF 298 AR 7+
A2 AF 3 mm(HE AF 1 mm)¢] FAo =z Az
P A5 90 mmE sto] AFzH A o] upet o
88 719  UEE itk 71E ZYLS 64 MHz
74, WA= skod 3T MRIS] FHFaho] Gk v
A BEE SITHCLE 3). o] 7HE IdE HEe RF

2 H tlo o Ry onE X2

(a) Agar-gel INE
(a) Agar-gel phantom

(b) WE 7}l AL one-loop
RF 529l

(b) One-loop RF coil for phantom
heating

08 2. SAR 94WE 4% A dmy 72
Fig. 2. Agar gel phantom setup and heating coil for SAR

conversion validation!"”.

UST1A7 dBatBAMHz T

300+ e .

BW: 5.7637401 Mz Loss: -17.47 B
Cent: 54.003640 M-z Left: 61,1217
Q: 11.10 Right  66.885510 MHz

J8 3. /b9 8 RE 299 F/3 (64 M)
Fig. 3. Tuning/matching at 64 MHz of heating RF coil.

AMP(Herley 3445, Lancaster PA, USA)E o]-&-3lo] F£3}
Ak

7tE FL 3} A A WEL 2 mme] 7] YU, 7}
A I 9ol AT NS SesL S48 Qloaded Q)
e L1 3lth

23 SAR HAHASH A4S 3T MRl 25 FABE A

>
ner

it e jo 1o o M

RS AW

MRIZ o|§3 S% e 47 39 F3)
o] " (PRFS, proton resonance frequency shift) 7] < A}
3% tHY. PRFS 71W& 2xste] tiste] MRI 94
AR NRE 2A WE AL ol Y
ZA MR 7|9F 2= G opel A 74 el AHE
S G5 ool JAYNE B YRR §
3t7] 918 7 Aol F(GRE, gradient echo) 7]% -2 A}&-3it}.
MRI A 22 A7kl whe} 247]73e] Al 7] 7} RizEgh <7

I

FN

789



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 35, no. 10, October. 2024.

=2, offt
ot
ol
=)
o
N

Lo
i
do

o> M

A

b

o

flo bt AN KT F rlo

N o M1 |o
go oF .y [
e 1o o g
N

[

ok

>

o,

ol
oX,
M
M ooy
N
iy
a
-
g
(@]
Ny
e
0@
tjo
o
of
o
ol

g
=2
o
N
=L
=)
R
ol
o
ox, rlo

=)

>

T 2 22 AYsady.

Aol 3T MRI A|2~8l(Phillps Achieva, Best, NL)=
o] &3tk 1 A2 MY Z3Kaxial plane, 1Y 5(a))
o7 7td A/Fel| GRE 9742 g5apnon, &gus
= TR/TE: 100/10 msec, field of view: 160x160 mm?’, matrix
size: 224x224, slice thickness: 5 mm(voxel Z7] 0.74x0.74
x5 mnr), flip angle 15°0]1t}. 7}9 #1¢] GRE Y485
ol &= SNR &2 f1ate] 83] 215 Het= A-&3te] 173
Z9] Y ATkl 22H U W), 7HE Foll= A =E
WH O 257t Hojx|7] el GRE F4& g5517] 9
sto] A5 WES A4S G NE BA WA BY
2 AABATHe). oI5k 2 F o] GRE G5 A}
ole] 63 9t 719 2YL ol g3l 3 BYL 13}
9%, RF 39 24 7)(ZVH4, FSH-Z14, Rohde & Schwarz
Munich, Germany)Z % 3+ A & (forwarded) RF 1}-$] 9}
HhALE (reflected) 71915 242 41 W, 1.5 WSITh o] 24 9
5% F 49 GRE 973 S8Rt 2YUFE o]da}
of A (s} o] LEmisgtel] tig PFS sk

A¢(1’) - A¢d”'/,f(7)

AT(r)= ayB,TE )

v,

() MRI A28 §1%% difte Z43H7] 90 (b) Agargel 9 obol /19 UL ¥4 (O MRI 9 #9498 RF 219 )3 w4

& 715 71E 9" HA

(a) Placement oil reference phantoms for sy-
stem phase drift correction

Ag(r)E 7}E X/F- GRE §7¢°] 9178 2ol & vep
A, Ay, (r)E 715 71E HEOE 543 MRI AlA
Ho A Zed Al Fote] Y M WEh o T4
steka] Aol Ad(—0.01 ppm/C), r= T2 A7131H
H] (43.57 MHZ/T), By #+7)4-] 4] 7)(T), TE: echo time
(2)E Yehdh

24 SAR A3 4 5: SAR £A[HA

53 SE JHCERE SAR 9
%o YR AREE 5] A5l
1S +a9n 19

o
=
2 447 B49 1 89 kg 29

4y

3D AR 717 £R]8] A ol & xFDTD(Remcom, PA, USA)
= Voxel Z7]= Ix1x] mm’o.2 4319
3, AP} FUSHA 64 MHzZE 7HE T4S skl
ojff 7}d ITUL o] Al FAFL L o] &3tk mizt
T E AztE O A 7t 2 7 242 2 mmE
ARG FAHA AR 7EE A, 7tE Fo
A ARE RF 349, 37] 2% WAIE RF 949 5& ©]
3ol A9 Aer AFA A

. SAR F&f=2 21t

SIMRIAHOR 959 £ 94, o] 2k Aoz
293 SAR 442 18 60 Yeh ek ok, 8A47)

(b) Heating coil underneath agar-gel phantom (c) Final setup for MR temperature mapping

in an RF coil

J8 4 2 Aol 748 MRI 2% G5 49 749 o)

Fig. 4. An example of MR temperature mapping setting”’.

790



(a) Agar-gel MY 2 7}E I, W7F A2 3T MRI Ao
A A5 sl 948 e

(a) Agar-gel phantom and heating coil (red line indicates the
location of MR image acquisition)

(b) Agar-gel stitoll A9 2477 £ o

(b) Bottom view of the magnetic field distribution of the
agar-gel phantom

32 5 AR FA84 74
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