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Imaging of electric permittivity and conductivity using MRI
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Abstract

The purpose of this study is to propose a new method for noninvasively measuring the spatial
distribution of electric permittivity and conductivity using magnetic resonance imaging (MRI). In
this method, weak alternating electric current is applied to the sample from a pair of surface
electrodes. The permittivity and conductivity are estimated from a set of images obtained with and
without application of the current. The algorithm for calculating these quantities was evaluated using
numerical simulations and experiments. The study is conducted for a cylindrical sample having
relative permittivity of 40 and conductivity of 0.14 S/m. In the numerical simulation, the method
resulted in permittivity of 40 and conductivity of -0.25S/m. Experiments were carried out using a 4.7
T MRI system and a sample consisting of NaCl solution and ethanol. The estimated permittivity and
conductivity were approximately 40 and 2.0 S/m, respectively. The results suggested that a reduction
of error is necessary for practical applications. However, the method has an advantage in
noninvasive and high-resolution imaging of electric properties of the sample, and is easily applicable

to biological tissues.
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Fig.1.1 Biological Body Model for Simulations of Electromagnetic Fields
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Fig.1.2 Applications of impedance imaging techniques for biological tissues
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Table 1 Conductivities (S/m) of biological tissues[1-3]

frequency(Hz) 103 105 107 10°

muscle 0.3721 0.362 0.617 0.978

fat 0.022  0.024 0.029 0.054
corticalbone  0.020 0.021 0.043 0.156

gray matter 0.099 0.134 0.292 0.985
white matter 0.063 0.082 0.158 0.622




Table 2 Relative permittivities of biological tissues[1-3]

frequency(Hz) 103 105 107 10°

muscle 43%105 81%10° 1.7X102 5.5X 10!
fat 24%10°5 93%10° 1.4%X10' 54X10°
cortical bone 2 7x 105 23%x10° 3.7x10! 12x10!
gray matter 1 gx 105 32x10° 3.2x10? 52X 10!

white matter 4.3x%10° 2.1%X10° 1.8X102 3.9x% 10!
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Fig.1.3 Techniques for measuring electric permittivity and conductivity
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Fig.1.6 Motion of proton nuclei with external magnetic field
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Fig.1.7 90° Motion of magnetization after application of RF pulse
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Fig.1.8 Spin echo formation. (a) At time t=0,immediately after 90° RF pulse,M, turns to the
Y’-axis. (b) The spins gradually dephase because of an inhomogeneity in external magnetic field. At
t=TE/2,a 180° RF pulse is applied to flip the dephased vectors around the X’-axis. (c) The vectors
rephase during another TE/2 time period. (d) At t=TE, the vectors have rephrased and an echo of

opposite sign forms.
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RF pulses for encoding permittivity and conductivity Conventional RF pulses

<> 4> *
RF
Transmittion (A): Red | *x _[\ /\ [\

RF Reception :Blue X I

RF Reception (B): —

Fig.2.1 Operation diagram of the RF transmitters and the receiver. The transmitter (A) produces RF
fields with opposite directions for the same duration of 1/2. The transmitter (B) produces

an RF field with one direction for a duration of 1.
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Fig.2.2 Dynamics of the magnetization vector during the applications of RF magnetic fields

generated from the RF coil (B;) and the electric current flowing in the sample (Bx™ and By ).
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Attachment of electrodes to the sample
and positioning the sample in an MRI system

— T
Measurement of the 6 , image Measurement of the 8 . , image
with B; RF magnetic fields with B; RF magnetic fields

applied in +x and —x_ directions | | applied in +y_ and —y directions

\ /

Pixel-by—pixel calculation
of _ Vz(‘go _ielz/Z)

‘90 _igzz/z
(Real part)= @’ i, (Imaginary part) = oL,
Image of electric permittivity Image of electric conductivity

Fig.2.3 Protocol of measuring MRI signals and successive calculation of electric permittivity and

conductivity.
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. O Electric Conductivity

Air Hy &, 0,=0

& Electric permeability
0 of free space

Iu Magnetic permeability
0 of free space

gr Relative permittivity

4.0cm

Fig.3.1 Two-dimensional cylindrical sample model for

numerical analyses of the permittivity and conductivity imaging method.

3.2 MG MDEE

321RF OAMIILDERICHET HABAOHEE ST

32.1.1 AAEXDEH

HER, BERNMEZRDDTOIIE, MEWIO N DMK EE LN DLERD D, =
:?ﬁ\iﬁ\RFn4w@m%###okﬁ®M WM OB E 2R D,

Fig.32 \IZRF 2 A W KD 4 T, SRR RT L5 72 3— K —UBRF a4 L
ZRE LTz, Fig32 DAKIIR L TH D L) N mis U, W a0mnmEEIZR 5,

21



T ——
( 3 R U T A A
~_ I D T I
T AN U
N | A l Jl! P
f]// - \\{\
bl >J”’. T
N A
2 | \\f:/l | k:\//
<r"'f “"\> xx"\.\ '{./"Jx
~ L & .

-t IR

A B SN

Distribution of magnetic field
Sample (Blue)

To RF transmitter
Fig.3.2 Magnetic field generated by a RF coil
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Fig.3.4 Definition of the rotating frame
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15T (Frequcncy 64M[—Iz) 4.7T (Frequency 200MHz)

11.75T (Frequency S00MHz) 40T (Frequency 1700MHz)
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S| T l_ll.l.l,l,l_l,l_l.l
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/1 — 0 0

NCT

Fig.3.5 Dependence of RF magnetic field distribution on main field strength( 0 =0.1 S/m, ¢ =77)
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Fig.3.6 Dependence of RF magnetic field distribution on electric conductivity ( ¢ =77)
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Fig.3.7 Dependence of RF magnetic field distribution on electric permittivity.
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Fig.3.8 Magnetic field applying current for measurement sample
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Fig.3.6 Distribution of magnetic field with an electric current of 0.015A
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1T-72,

RF pulses for encoding permittivity and conductivity C°”Ve“ti°na|;': pulses
\ £/2 T/2 90°, 180°, echo
“«> >
RF - /'\ [\
Transmittion (A): Red +x i
RF Reception :Blue @ - I @ @
RF Reception (B): =
7=10ms

Fig.3.7 Operation diagram of the RF transmitters and the receiver. The transmitter (A) produces RF

fields with inverting directions for the same duration of 1/2. The transmitter (B) produces an RF field

with one direction for a duration of t.

B
M, =-M, xsin(B_y |[yr2) x —— (3-29)
|B_x|
. B,
M, =M, xsin(B_y|r72) x —— (3-30)
B |
M, =M, x cos(|B_y|r7/2) (3-31)
LRIND,
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M2 cos¢p —sing 0)/1 0 0 cos¢p sing 0\ Mu
My2|=|sing cos¢ 0|0 cosf sinf | -sing cos¢ O] Mn (3-32)
M:2 0 0 1{0 -sinf cos® 0 0 1\ Mz
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Fig.3.12 Predicted images of the phase angle of magnetic resonance signals 6, (upper left) and 6,,,
(upper right), and estimated electric permittivity (lower left) and conductivity (lower right) obtained

using 1.5T MRI equipment.
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Permittivity Conductivity

Fig.3.13 Images of the phase angle of magnetic resonance signals 6, (upper left) and 6,,, (upper
right), and estimated electric permittivity (lower left) and conductivity (lower right) obtained using

1.5T MRI equipment.
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Fig.3.14 Simulation results changing main field strength
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for Permittivity & (S/m) Conductivity
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0 15 ) 4.7T

Distance from the center (nm)
Fig.3.15 Distribution of electric permittivity(left) conductivity(right) and on a line passing through

the center of sample.
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Fig.3.16 Simulation results changing electric conductivity(relative electric permittivity(left)

conductivity(right))
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Fig.3.17 Distribution of electric permittivity(left) conductivity(right) and on a line passing through

the center of sample.
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Fig.3.18 Simulation results changing electric permittivity (relative electric permittivity (upper)

conductivity (lower))
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Fig.3.19 Distribution of electric permittivity(left) conductivity(right) and on a line passing through

the center of sample.
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Fig.3.20 Dependence of the error on the ratio between magnetic field strength of RF coil and

strength of magnetic field due to RF current applied to the sample.
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Fig.3.21 Summary of analysis results
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LC. RF 2A LD OGS &I3RNC . RIERB O R E IR O AT 7o R 5 gL
BorgitEiz i LT, BERBNEIC RS 2 B ESE D, ZO7HD RF XEHREE
T3 2 i 7 123 A3 5 (Fig4.1 @ RF transmitter(B)), FEHiE D IR S 1T AMKRRIZ R L CTeerEn
PR SN D (A EDN L RHEMEL X V) LT R D,

Conventional elements

\ i Superconducting magnet—+ Gradient coil
RF transmitter (A)

RF receiver

RF transmitter(B)

) Q 7 1
g A
z « / ! sample

New element Electrode RF coil

Fig.4.1 Experimental setup for magnetic resonance imaging (MRI) of electric permittivity and
conductivity. Weak electric current of the magnetic resonance frequency (Larmor frequency) was
applied to the sample from a pair of surface electrodes. The current is supplied from an external

radiofrequency (RF) transmitter(B).

42 FRALE-RFa4I

Fig.42 \Z RF A VOFRE RS, AW T NN— R —H o aA 0 2 fikE & Mo =
ANEHNDLZ LT LTz,
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Circular coil O
/ Helmholtz

Main field direction

Saddle-shaped coil Birdcage coil
Fig.4.2 Geometries of RF coil

KT CTHN /IO 7 oD S— R —DH a4 L% Figd3 [ZR7, A X,
WNEE 6.5cm, 7ML 12cm, B S l4em TH D, IO 7= DEEND L <. SN o B FIAD
DN, EPSRFEREZMZ AR E THEZEZ LTV E WS REERD,

Fig.4.3 Birdcage RF coil (small type)

ARG TRNTZANY T U BO RO N— Ry — Rl a A L% Figdd \TRT, A X1,
W& l4em. B X 32em TH D, /MO H D & AR TEEILEWY, L2rL, REEBHRZMNZ D
FE A D2 LR TE D20, FHERZ LIZ<WEWI REREZFD,
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Fig.4.4 Birdcage RF coil (large type)

EHIZaA NVOFEHEIC L > THIERRICENNTHONEERT L7202, #BRlaal L
H W, BANTE S TR LT,

Fig.4.5 |Z¥M RF 2 A VOGO %2 ~3, BEROEE . RF 2 A L ORESE 5 R H3/8
— R —=DIZH_T, BT, WEREE ORI AR ELZRHTELLEZ2 605,
T BENT DR ITRIE A 00 O BN WG BT 20T 5 2 E N TE,
Fig2.2 TR L7c & 9 REERICHE R 2o 2 LN T 5, LirL, SNER A=K7
— DRNZHARTHEWNE W) RENH D,

RF Magnetic field direction

Saddle-shaped coil

Fig.4.5 Magnetic field direction of saddle-shaped RF coil

Fig.4.6 \Z/ERKL72 RF A VO RKRE X EZRLTWD, MEIZT 7 VBT, (o BE—X
VABEE L DD a T ORI — T ORI AT DR E BT TH D,
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< 120 . Hole for setting

ﬂ{ in measurement sample

T 1

Part for
«— | |pasting coil

135
W Unit: mm

-+ >

70

Fig.4.6 Size of the designed RF coil

Figd. 7 \ZVERK L7o/N— R —UBI RF A V&R T, 24 ViE>Ty F 27 L7 10mm O
EEZ AWz, £, RS, —RESE2HEL7-0I2E, B2, BRoER L RITE
DN LR DNRENE SNTWENR[13,14], V77 X ARDINKREL Y A8
—H ARG R LD EINTERD T, AEEA V=X U RAEEEZRM ST, B O
BERREBITE DA 32 & LT,

Fig.4.7 Designed saddle-shaped RF coil
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Fig4.8 IZ¥H RF 2 A VORIER ZR"T, a4 VZZTF a—=0 7 « < v F U 7 EEERD
WTWND, A VEHRFE D B R (P DAY DA D RF OEZEEITADLEND D,
Tuning, Matching & HIZA[E 27 U TEEAIN TV DEIE TH L0, FEBRIZITIE =
TV ORBEEWOT O, BEa T oY ZESNCHER LT, Tuning 13X, HEREEOH
DA R ET DX BRI T 2 % E 2 £l TH Y . Matching (% —47 > b
aANVDOHIIA L E—F 2 A% 50Q(SNR & i 29 2 7= O)NIFRET D& E & £,

Coaxial cable

Transmission Reception 4 To coaxial cable

Fig.4.8 Circuit diagram of saddle-shaped coil

SRR LTe 2 A MBS ERE SDD, 90190 H LHEIIS LS DT, 200MHz T
BT 2R ZERT D 720121%, FI333pF Dar T o H a2 5 0ERH 5,
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EHE
EERIZ Kk AIREE

5.1 BlIE#

Fig.5.1 (ZHIE B OMNG 27~ 77, A ENTIERE & U CTARSEKOERE 7L, &
BEEAK, =& 7 — &R0, AEROBERE AV ZICRIERE 272 L, Ae s
W GREY 1572, £ L TEM2D RFEREZMZH7-D08H A2 L, [ —7 v
227N, IBHPICA VX RERE L DT DD T a—= 7 - vy T U 7RI AL
DT Te, Fa—=v2 - vy F U 7RI, AERBHIEEL RIS 20X o0, HlE
B BIE, 210 em BEL 72,

paste paste
Conducting = Y Conducting
wire electrolyte wire
gel or animals
Platinum electrode Platinum electrode
Tuning- | ; .
Matching __ | | Coaxial cable
Circuit , }

High frequency circuit

@ of 200 MHz

Fig.5.1 Schematic of the sample

5.2 BIESH

32 [EIINF LA U CHUAS L7z MRI B O AT — & 247 5, 128 £/ &/ X128 £~
EATFOVIZ, 5 emX5 ecm ThDH, MEFEHZHEVIRT I LTk T /A X&2&ERT 5
ZENARETHDL EBEZ TS, o, BONIAHEBER- 226 7 ETLNHETE A
WOT, NEERAMAHDOKIRZE Z LTV A5G, Eita i L7-REOE &t L TRV
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DFENEEDE, REURT 2PN S5 D AREENSH D, 2T, LE IS U TGRS
YTy EITo T,

5.3 FaE, EEXERODEH AL

BG LI EREOEPERIICED /A XBREDTD, a— AT 4 VEThDH, HUv
T T 4 NE T T, T, ERTHE O 128 X128 B B AOT — X H IR LT,
64X64 7 BMI LT, ZHUE, WERDA L E—F A« NS T T 4D lem LLF DZERH]
IEREICKI LT, SROBNTWD 1 mm UL FOESFREEZ KB TEH54THY, #UIT
bHEEZTWD, -, HonlT —#Z2R@IMMAL THET LB, L0 EREIZE
BT b7, 2O % Z ZClE, IBRIEORWS mEk L o TENE & DESRE RV,

5.4 RERIERLER

541 YA —2VBBEOMRELZLSE-HOBREER

5.4.1.1 Bt~ RF BRICHET SHIZOERICEL S ) 2 — 2 BEBK O EARE
MHRE T, A LT 7B OBERREZ BN E T2 & L bic, MERBOY ¥ — 8
Ba EO LD RRICTIIE, KO EBRET 5, 20D, ARIL, #EHA) & X EHE
B ZFRHCEIES 20720, BN L THHEMICR D, FEHRITR D MR iEE
SHT, ZORICHEOLNDEGA BRI TR LRI U THL Z L 2B T 20N HHTH
HEBEZ, 22T, #EHA) L EEHFBE TN ENHEMTEEL ST, THEEBV O
E{E3F 55008 ) DB LTz,

Fig.5.2 IZA T e/ WV A —F o 2%, JIEEEIX Figd.l TREN TV HEEE
R,
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Conventional measurementoos, 1809, echo

(RF transmitter(A))
RF Transmitter(A): Red m ﬂ ﬂ

RF Receiver: BlUE

RF Transmitter(B):

Sequence using magnetic field
due to applied current

(RF transmitter(B)) echo
RF Transmitter(A): Red ﬂ
RF Receiver: Blue 90°, 180°,

RF Transmitter(B): {.\ m

Fig.5.2 Pulse sequence for beginning inspection

Fig.5.3 IZRBINOEMSG Y I 2 b—3 3 URERD O EMICTRIL BB 2~ 7, Zh
WEWEE MG DT D ) & — BB OTPR P ARFEE L T D E Wi D,
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Only RF transmitter(A)

Only RF transmitter(B)

Vector potential calculation

Inside of sample

Jlk,».Jx )

A(xy) Jllk. e

B {k«f Z g5l
Distribution of magnetic field

]

Image (glalitatively expected
from distribution of magnetic field distribution

euT

G

Vector potential calculation
Inside of sample
Ay =ayJy(kyr) @

I
 [[iacys Garyarae

Distribution of magnetic field

e

Image Qua.litatwgy expected TuT
from distribution of magneticfie

Sample

Fig.5.3 Qualitatively predicted image from electromagnetic field simulation results in the sample.

Fig.5.4

(2 U Z =B DOTAR AR 2 (TR Z TCERE RV & 2R d, REGWROZ R %

B0 < 72 OEHIE IR S mm., B X 0.2 mm ORI U7z, JIERE O KX SIXEAK 3 cm,

REM5em OFERTH 5, HEREE LT, AHE

WKOZ VAW, £, &)

(<4 L= RF 24 Vi, Figd3 TR STV BNEOA— Rr— BT 5,
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Measurement sample (Gel component NaCl 1%, Agarose 0.5%)

Coaxial cable(50%2)  Straight wire type Two-way

branch type
. %

Figure eight type

T
]

Four-way
branch type

Fig.5.4 Comparison of geometries of return conducting wire

Fig.5.5 ICEBRERZ 7T, ZORRND . RF EEFHRHA)DHETESHI-REZX, 4 D125
I 72 & &1L SN MR o 728, R TORIRT, FE—E L7, L»L. RFEEB)
DORHEWES ML, U ¥ — U HRZ R 4 DI S 726 O —F TR LG
WIS VEARDRIE S 72 572, 2 21253l SH 726 OV HES 1 Lo < 72 577 Figure eight
type l&. FOLIMBHEL polz, TAUL, 4 DIHIESETZ b DX, aA VB E A R—ILED
L2275 TWT, U ¥ — U8R A RN D ERIZ K DB MTIRALTIZ RE 2 A LI RGE
BEERDOLRNE IR ThHLEEZEZBND, Fo. AEIORIERER il P
Thololodh, iRFRC ) 4 — 8B ARET 200/ E ThoTo B X b D,
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Pattern of Straight | Two-way Figure Four-way

return wire branch type |eighttype | branch type

conducting |type

wire

|mpedance Evaluation of Evaluation of

. impedance impedance

matChmg matching matching (Target
(Vanishingly good) value: 0° ,5002)
Terminal 1 51 70° 500
Terminal 2 65
Bad Bad

Only RF

transmitter

(A)

Only RF

transmitter

(B)

Fig.5.5 Experimental results using small birdcage RF coil

WIZ, RF a4 V%2, Fig4d \IRENTWDL RO N— Rr—UR a4+ 25 2 212
L7z,

Fig.5.6 IZEBAER 273, (HEBA KT TODEFTR D 2 DI, 7V 0MRIEZAL T
LCZERNE LT, ) WMELONR—RF—D8IRF a4 vEHAWEREEFR T L H1C, RF
EEA)DLEES A, 4 DI S 72 & & 13 SN EMEN - 7228, Eokizkn
Th, RO PHRE LTz, RFEEB)OAIMESEGE. V¥ — 8% 4
DI ST TR OEBIE TR L7z & —F Lz, UL, SlSER0vERiE, £k
DG < 72V | Figure eight type (3 TGS 720 . FREE K Loz, F/2, Figss &
Fig5.6 %% &, A =X ZBEN L T-DIL, Figure eight type 7217 THDH, 1 ¥
—H U AEENER TR E  [FEO B AR SN LOIE FTOJRKIZ A2 5720 T < | (Rl
=7 N ERERBIOBEGHTO, BROBKNNBZ > T, HBRICELEL 52 58T
LD, A =L RGO LNTEREI AR T 2 2 ERRETH D,
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Pattern of | Straight wire | Two-way | Figure eight type | Four-way
return type branch branch type
conducting type
wire
Evaluation of Evaluation of Evaluation of
Imped_ance impedance matching impedance matching |impedance matching
matching  |vanishingly good) (Vanishingly good)  |(0° ,50%)
Measurement Measurement Sample [Measurement sample
sample 90 14 4002, 0
Terminal 1 29 Terminal 1 24 Terminal 1 20° , 50
Terminal 2 23 Terminal 2 14 Terminal 2 30° ,50(
Bad Good Bad
Only RF
transmitter
(A)
Only RF
transmitter
(B)
Fig.5.6 Experimental results using large birdcage RF coil
5442 FERLEEROERIL
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EVZEZ2., EE%Z 10em IZfHIE L, VX — B8R D

95 & HIDOIR Tl

Fig.5.7 \ZHIE

IV 10%% Wi 7= L, Wi

DR a T o 2@,
X 32 cm. WNEE

TR &

HFE

l4em ODRBED/N— Rr—R e L,
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% 1.2 mm OERIZ LT,
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OS2~ 77 U RS T oIz

CHeEMAE T (i), ZOREOF
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Platinum electrode Diameter1.2mm
Conducting wire \

Straight wire type

Current
t transmission/

iameter 3cm 4

ength 10cm | Cylinder ﬁ®

elative permittivity 40

easured obje

CJ

s s ) ) Tuning— ;
onductivity 0.14 S/m Liqgyid Matching — gh fraquency oircuit
e < - \of 200MHz

paste . . paste
Imaging slice

'Measured
. sample

Tuning—Matching circuit

Fig.5.7 Schematic of the sample for experiments

U & — B OTGROEIC K 2FFESR - BERBEBGRO LKA T 572012, Straight wire
type & Four-way branch type Z Z Z CIIHWz, Wz L —4o > AL Fig2.l TRLEES
DTHD,

Fig.5.8 |2V % — V8B OIRE BL ST REOFER L HEROEBOREREZ /KT, RF
A VDB D 360° /SR B LET r b OERBEALZ SVH 3607 [BIEET S
BE D/ UL AT Z &R L, Fig2l O/ AL —7 2V ATREN TV D EEZRA)D
+x JiA & -x O RF 7SV ADRE S ZFifid 5, 22T, 7V v 7 A0 LEGREB &
DOFNIZIE, 0=yBt OBMENRHDH(t IZRF 7SV ADEX), Lo T, BbXZ hrofm]
Hff B & RF 2 A VORGSR I B 5, Fig2.l D7V A Y —4r v ZATORENTVDHEE
#HA)D+x Fa & -x O RF 7SV ADORE S ERET 5, £/, 77 2 B AT EBRD
S OEBE, 22T 90° T, 7u R rOBEMRBIERS R, 90° s < BT
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EIROMS ZFE L, Fig2.l D/ VAT —4 v 2 TiE, EXEHB)ICHYST 5,

. Birdcage
RF coil Length 32cm Bore 14cm
Distance between | e
center of the Jé 45mm 35mm
sample and return k 4
conducting wire Four-way branch type ~ Straight wire type

Magnetic field
strength of RF cail

Strength of magnetic _
field due to current Flip angle=90°
applied to sample

Flip angle=360°

Permittivi Conductivi Permittivi Conductivit
Obtained
images
0 5000 -40 40sim) 0 1000 0 10(sim
Results(near the Permittivity near 2000 Permittivity 100~200
center) Conductivity 0~ 40 (S/m) Conductivity -3~-1 (S/m)

Fig.5.8 Dependence of the estimated permittivity and conductivity on the shapes of return

conducting wire.

INODORERENS, VX — A I SETZREOE ) RENRKE S o ta, BN
SMTIRAUZ S VEIEIZ LT, U Z— 82, RF a4 /L ORI 725 & RF
A NI RIETEERRELSRDINPDIEEEZE 2 BNS, LirL, RF &EIIC L D855 AT
HD & AT SEIRHE, THILZEZ E —8H L Tnve, Zhud, U ¥ — 8o
HEVEC LD b D2 LB 2 b, FIMIRE ORISR E —F L,

542 BIEHAMICRIERZELSE-FHOBRLEER

RIOFERD D, U Z— BRI SERWHERRB W L3 yholz, T2 T, o
TA=EThD, WERBHIMTEMEZE X TAHAT, FERLEERHBEZIUG L, 2%
WZOWTEERL CAhlz, HEREHT Fig.s.7 L RO H O Z VW=,

Fig.5.8 [ZHIEFREHIM T EMR 2 2L S B T2RFORER 2T, ZO/RENS, JIEFEHC
T ERERKE L LIEREOLENREIT NS RoTe, Tiaud, HEREHII T &t e K&
SSHERDTHNR, A &= 0 ZA5AMIMKAFT 2 B &t L7k &t S 220 RE D g o
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ERPEDVIF-ZVHLONLTZDIEEEZDND, Flo, /A XX HEE R ADKE
MDD, BERERTLERD D,

' Birdcage

RF cail Length 32cm Bore 14cm
Distance between
center of the 45mm
sample and return Straight wire type
conducting wire
Magnetic field
strength of RF Flip angle= 180°
coil
Strength of
magnetic field Flip angle= 23° Flip angle= 45° Flip angle= 90°

due to current
applied to sample

PermittivityConductivity Permittivity Conductivity

Obtained @ @
images ' W :
30 30-3000 3000 330 -M"s(g/o 50 165 -10 73(9;,“)

(S/m m
Results(near Permittivity -750~0 |Permittivity —-200~200 [Permittivity 20~50
the center) Conductivity 1~15 |Conductivity 1~ 8 (S/m) |Conductivity 1~5 (S/m)
(S/m)

Permittivity Conductivity

Fig.5.9 Dependence of the estimated permittivity and conductivity on the strength of magnetic field

due to current applied to sample.

543RF M IILDOHIGREZEILSE-FHOBERLEBR
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bT2DNELET 5,

RF 2t A VORGSR EE & 5L St 7= B O 5 B4 Fig5.10 1073, RF A /L ORGEREE A/
SWVIEDIE O BT OFHER L EEREBOFRAEN/ NS pofz, ZHUX, RF 211
DOESEREZ/NS T 5 L, MERBFRLZ DRI E DT HN NS RE06EEE
D,
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Birdcage

RF coll Length 32cm Bore 14cm

Distance between
center of the 35mm
sample and retumn
conducting wire
Magnetic field
strength of RF Flip angle =720° Flip angle =360° Flip angle =180°
coil

Strength of
magnetic field due
o current applied
o0 sample

Straight wire type

Flip angle =90°

permittivity conductivity] permittivit permittivity conductivityj

conduciivityl

Obtained
images

0 3000 20 200 10000 950 165-10 33

Results(near ___|Permitiivity 7000~2000
the center) Conductivity -10~10
(Sim)

Permittivity 100~200 Permittivity 20~ 50
Conductivity -3~-1(S/mConductivity 1 ~5(S/m

Fig.5.10 Dependence of the estimated permittivity and conductivity on the magnetic field strength of
RF coil.
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Fig.5.11 12V &% — L 8H & AERUE O Bl 2 2 b S ¥ e OfE R 2 3, JIEREH 0 &
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: Birdcage
RF coil
co! Length 32cm Bore 14cm

Distance between
center of the

sample and return Straight wire type Straight wire type
conducting wire

Magnetic field

of RF coil
Strength of magnetic

field due to RF current Flip angle= 90°
applied to sample

35mm 45mm

Flip angle= 180°

permittivity conductivity ermittivi conductivity
Obtained \
images " \
-50 165-10 33/ 0 5000 -5 40
(S/m (Sim)
Results(near Permittivity 20~50  Permittivity approximately 2500
the center) Conductivity 1~5(S/m)| Conductivity 0~40(S/m)

Fig.5.11 Dependence of the estimated permittivity and conductivity on the distance between return

conducting wire and sample.
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—/L RLT. BROIRILERINTE, RF 24 LOEWI LT, FER, EWEREBRICED
FREZENTDHOMNEREIT- T2,

Fig.5.12 ({24 BIAWZHERE 274, BIEREIO K & SITERE 10mm, & & 50mm O
FARC, EREFOF AR ITEE SR 0.1S/m, HLAEER 77 OA A /KNaCl 0.9%) Th 5,
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Fig.5.12 Sample and saddle shaped RF coil.

Fig5.13 ICEBRFEREZRT, A= R —T RO RF 2 A VIZH AT, B5G0%—
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RF cail Small birdcage Saddle-shaped coil

Distance between

center of the Smm
sample and return Straight wire type
conducting wire
Magnetic field ) o
of RF coil Flip angel =360
Strength of magnetic
field due to current Flip angle =90°

applied to sample

Permittivity Conductivity | Permittivity Conductivity

A
Obtained
images
zcm

000 5000-1  2(S/IMY1000 500025 150(S/m

results(near Permittivity 3000 Permittivity 1000~ 5000
the center) Conductivity 1(S/m) Conductivity -25~150(S/m)

Fig.5.13 Dependence of the estimated permittivity and conductivity on the RF coil.
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Fig.1 The simple model for discussion about the rotating frame.
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Fig.2 Mathematical framework of the experiment. A current through the loop at point Q outside the

sample produces a field inside the sample at point P that may be elliptically polarized.

Q MTIT RIME MDA A o & T 5L PRTHAT LW S ENENEEIE o TH
2T D720, HRELEZMNTBe' ERT LN TE D, 22, TNHDOFEEH A &
STZb DR, BROMS 2R,

L7eRo>T, QAT EMEZ, [yjAdcos(wt +¢) & T D&, P RUCHAET HFHILEERT
DRGSR D x (fior &y loriE, Lo X oickash s,

B, =Cy, I Acos(wt + ¢ + ) (1
By, =Cy,IyAcos(wt + ¢ + ) 2)

Cow Cold, MLECBEAMKAFT D WRBEL o BT FFCENMERICE > TEEN

HNAHDZALTH B,

£lo, 2T, AERICIRES 28513 R 12 T, AWISHT NIRRT D BRIy
FHZENRTE D,

B, =(IB/2){sin(w t+ P+ a + x /2)+sin( = 2-w t-P-a )} 3)
B, =(IB, J/2){sin( o t+ P+  + 7 /2)+sin( 7 /2- w t- P - 3 )} (€))

(). AT, 5 1 HIZHZ 170 B Z T RRFRHRI D (ZEHR U, 5 2 THIZ+Z TR0 BT
RFRTE] D 2 BlE T 5 By 2 797, Fig 3 IS W RS R 2R3, ARFSETIE, +Z FFime
B AT, REFHEN Y ZRIER T 2 RIS AR R & IV 7 (Page 25 2D T, 2 2Tl 3). @)K
DHF 2T BT 5HFICT 5, IV | Wl LA R DN O | [BIHRERE R D x~57
Yy~ ICERT 5 D%, LD X 5 Rl b,

B, =B coswi - B, sin wt )

B,” =B, sinwt + B, cos wt 6)

66



t>0

Fig.3 The two rotating frames at point P.
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