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Numerical Models for Analyses of Electromagnetic Fields in Living Bodies
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This paper reviews recent advances in numerical models for analyses of electromagnetic fields in living bodies.
The process for constructing a model consists of acquisition of cross-sectional images, segmentation of the images
into tissues, and measurements of dielectric properties of the tissues. Non-invasive imaging techniques for electric
properties potentially enable construction of numerical models for each subject. The numerical models have numerous
applications such as evaluations of biological effects of electromagnetic fields, calculations of current distributions in
electric stimulation and magnetic stimulation, and current source estimations in electroencephalography and

magnetoencephalography.
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Fig. 1 Three-dimensional view of a human head
model. The model was developed by the Brooks Air

Force Base [5].
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Fig. 2 (a) Equivalent circuit of biological tissues. (b)
Simplified equivalent circuit. (c) Typical frequency
characteristics of dielectric properties of biological

tissues.
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Table 1 Conductivities (S/m) of biological tissues
[16-18].

frequency (Hz) 10’ 10° 107 10°
muscle 0321 0362 0617 0978
fat 0.022 0.024  0.029 0.054
cortical bone 0.020 0.021 0.043 0.156
gray matter 0.099 0.134 0.292 0985
white matter 0.063 0.082 0.158 0.622

Table 2 Relative permittivities of biological tissues

[16-18].

frequency (Hz) 10° 10° 107 10°
muscle 43x10° 8.1x10° 1.7x10* 5.5x10'
fat 2.4x10* 9.3x10" 1.4x10" 5.4x10°
corticalbone  2.7x10° 2.3x10* 3.7x10' 1.2x10'
gray matter 1.6x10° 3.2x10° 3.2x10* 5.2x10'
white matter ~ 7.0x10* 2.1x10° 1.8x10* 3.9x10'
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Fig. 3
the human brain. (b) Color map of conductivity. The

(a) Tl-weighted magnetic resonance image of

intensities of red, green, and blue are proportional to the
conductivities in the anterior-posterior, right-left, and

superior-inferior directions, respectively.
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Fig. 4 (a) Magnetic field distribution and (b) eddy

current distribution in transcranial magnetic stimulation.

o, Kk, FOBEMD, ZHUZHRIMESR, 26K,
EFHFMOEELROMIIXET 5, BEFO, HES
HERRS 72 & OBEBIL, ISV EERR LR LT,

INHOFEREMMLEINIUE, AEET NV EHEE
157t ANRTREAICBMILIND 72D, EEH
PFrofE%x OFEFNZONWT, ZOEE, BHIZE-TCE
FNEEETDHZELFREL RS, £, FREITHNE
TAHELIFEOE R BEBITIRO ANTHTT S
b TELRY, EERICAOBANOLERPKE
W,

212

3 ERUEBiTOH

3.1 RESHEBAIRL AR VT B BRI E IR /A0 OREAT
TR B 3 MR KR (transcranial magnetic stimulation:
TMS)iE, 7SIV AR E AV TN = 2 —a R FIE T
HFRETHDH24], BHOREITE Tz 2 A WIZBRFARY
WCKERERTZ & T, BT oG 2 RAESE,
P IREREZFHFET D, MBROBSN=a—r
ORIEEMEIZET S L, —o—n L ANEENEM & 5AE
T5, TMS i1, fen~y ' 72 0oE LT,
Kot - AR B OBWTOIRRIZIA S ISHS TV A,
EH OIL, TMS TRV BN EFR R OMIT 21T -T2
[25,26], L3k Brooks Air Force Base {2 & % & MEEH D
3WTET N EEH L, Gabriel |2 X AHROBESAR
DT —FZR—2 % L7, FHRICEEREZEID Y
Tiz, BEEOLBRERIY, £T10 &Lk, TOT—
ZIIR 7 BEAHA X 1 mm TERSND, HHEHES
BT 570, RBP4 X3 mm IZE#ER LT,
EFTIVOR A L OEREL, 2N EH 189975 B X
V177649 TH D, FE =2 L LT, EHEE 100 mm O
8 FaAANEETNULIC, IANHBIETDHIBEDS
fi%, Biot-Savart DIFERINGEE L, BT, @E
WORT MVRT oy ¥y VEEHELT, BRERESY
FAINT, X7 MVRT Yy VBT B A
7. FHEICIE, HREHT7 4+ DY 7 MY =7 Photo
Series Z i L7z, BROKRMEIZIT Diess D 45347 % Fig.
A, FARWTEIZ 31T DIREFRD4530 % Fig. 40w
T, 8F A NORELE FOEME T, 2 202 )V
BRHFE CHANIREREFHET D720, WERIIR
EMETICER L2, LIzR-T, aA)VETFORME
T, KRERBREBELZ TR UL, 24 VBRET DR
BiE, aANNLOERE & HITEET D, Lo
T, WERI A MIENETVRETREL, KA
MEDIEE & &b Lz, IBEBRO, MEim Lo
JER DR, IREDOEEIL, A NVOIIRRPKE EITEK
G35, FOX5RHENS, EBRORISRAEN
FHONITEI ENTED,
3.2 BXREX OERIRHEE
MAERAEORT =2 — e VOBRIFEHTDH
D, BPICA U B BIROBHL - ZRIZREERIE
T35 LT, BSRE ORI BV TR TEETH 5,
=a—u U OIEEERICHE- T, MRS RET
20T, HE EIEEOBRERIE Y EZBEL T

NI | -El ectronic Library Service



The Japan Society Applied El ectronmagnetics and Mechanics

HERAEM #4555 Vol 18, No. 8 (2005)

F ORGP RIETIUE, BNOERE L H 2 BEHE REIIEEINZED bz,
T5HZENTE D, Fig Sa)lZ, HEABIZHERENS 4 £ 8

W A ORIERER &, HEE SN E R AZ R, ¥
oS ERE, SRS 9] ms BORSTRELZFEL,
FEEROMIIREIL 50 T Th 5, EIIRHET 2BV T,
—RRIPBEEBFROR T ATV LT, A BFERO BRI
DENTNH OV T TEIND LEDOITEDYL & T,
T4 T 4T E{ToTz, RPIZREITRT L DIZ,

BHHHT OT D ODERET NV EEET D Z LI,
SR DRSS, ARNOBEBRHIBZZ A 50T
THRDITRRIR TH D, ARETNVOBEOEARY
IR, WO, Mo E, BXKAEHED
HENGIKD 2, —FHT, BRWIEEOA A=)
LRI TONTWS, EFRETLVOINHAYBFITS
R HEATE Y, Ex OfNTO BRIZIE U A AT
TNERET D200, HBEN O FEN KD
LTV,

¥

MR D F A2 L TL 72 & o T KFEBRED
Klevest Gjini RIZHEZRT 5, swCH TR LI
RO—ENE, AARFHIRBESEI LI BB & HAhr
ZE(S)(No. 17100006)72 & N JE AR S BRI 9E B b B
S IRHEREREAT - HHBD - R IRBE T FE HEE (H15-
7 4 0030z 577,

SE TR

[1] M. Sekino, K. Yamaguchi, N. Iriguchi and S. Ueno,
Conductivity —tensor imaging of the brain using

diffusion-weighted magnetic resonance imaging, Journal of
Applied Physics, Vol.93, No. 10, pp.6730-6732, 2003.

[2] M. Sekino, Y. Inoue and S. Ueno, Magnetic resonance imaging
of mean values and anisotropy of electrical conductivity in the
human brain, Neurology and Clinical Neurophysiology, Vol.55,
pp.1-5, 2004.

[3] P. Matherall, D.C. Barger, R.H. Smallwood and B.H. Brown,
Three-dimensional electrical impedance tomography, Nature,
Vol.380, No.6574, pp.509-512, 1996.

[4] www.nIm.nih.gov/research/visible/visible human.html

[5] www.brooks.af.mil/AFRL/HED/hedr/dosimetry.html

Fig. 5 Current source estimations in magneto- [6] T. Nagaoka, S. Watanabe, K. Sakurai, E. Kunieda, S. Watanabe,

M. Taki and Y. Yamanaka, Development of realistic

high-resolution whole-body voxel models of Japanese adult

males and females of average height and weight, and
application of models to radio-frequency electromagnetic-field

KEERERFO LI BHIRASR £ - 7=, Fig S(b)i2, Mo s e o B olds, Nl

FETROIAEBERO DA &2 74, #BRHE D MRI [7] www2.nict.go.jp/mt/b186/index.html

H 5 segmentation |7 L VU BOTZIR Z ke, INOEmE {8] LG Zubal, C.R. Harrell, E.O. Smith, Z. Rattner, G Gindi and

encephalography using (a) dipole fitting and (b) the L1

minimum norm method.

e e } N T ) PB Hoffer, Computerized three-dimensional segmented
CHAFEOMAEDETREA L, & AIFOTNIZE

Fa ) HAGDETRIAL ) % %}f ‘T o = human anatomy, Medical Physics, Vol.21, No.2, pp.299-302,
TRRF-2B0E LT, FROOERMER- KT S 1994

S A DAERE BRI B~ e A X 91z, AR [9] noodle.med.yale.edw/zubal/index.htm

TORESRPMERIE L, o, A [10] B. Dogdas, D.W. 'Shattuck and RM. Leahyi SegmentatiorT of
FOKESORTiEET, ~bohOETL, K skull and scalp in 3-D human MRI using mathematical
RS < VY K9 o — DD S D, NIKAS

(13) 213

NI | -El ectronic Library Service



The Japan Society Applied El ectronmagnetics and Mechanics

HAAEM #4356

Vol.

183, No. 8 (2005)

morphology, Human Brain Mapping (in press).

[11] B. Fischl, D.H. Salat, A.J. van der Kouwe, N. Makris, F.
Segonne, B.T. Quinn and A.M. Dale, Sequence-independent
segmentation of magnetic resonance images, Neuroimage,
Vol.23, Suppl.1, pp.S69-84, 2004,

[12] M. Prastawa, J.H. Gilmore, W. Lin and G Gerig, Automatic
segmentation of MR images of the developing newbomn brain,
Medical Image Analysis (in press).

[13] J.C. Mosher, RM. Leahy and P.S. Lewis, EEG and MEG:
Forward solutions for inverse methods, IEEE Transactions on
Biomedical Engineering, Vol.46, No.3, pp.245-259, 1999.

[14] P.H. Schimpf, C. Ramon and J. Haueisen, Dipole models for
the EEG and MEG, IEEE Transactions on Biomedical
Engineering, Vol.49, No. 5, pp.409-418, 2002.

[15] K.S. Cole and R.H. Cole, Dispersion and absorption in
dielectrics: Alternating current characteristics, Journal of
Chemical Physics, Vol.9, pp.341, 1941.

[16] C. Gabriel, S. Gabriel and E. Courthout, The dielectric
properties of biological tissues: I. Literature survey, Physics in
Medicine and Biology, Vol.41, No.11, pp.2231-2249, 1996.

[17] S. Gabriel, R.W. Lau and C. Gabriel, The dielectric properties
of biological tissues: II. Measurement in the frequency range
10 Hz to 20 GHz, Physics in Medicine and Biology, Vol.41,
No.11, pp.2251-2269, 1996.

[18] niremf.ifac.cnr.it/tissprop/

[19] P.W. Nicholson, Specific impedance of cerebral white matter,
Experimental Neurology, Vol.13, No.4, pp.386-401, 1965.

[20] S. Ueno and N. Iriguchi, Impedance magnetic resonance

214

(14)

imaging: A method for imaging of impedance distributions
based on magnetic resonance imaging, Journal of Applied
Physics, Vol.83, No.11, pp.6450-6452, 1998.

[21] Y. Yukawa, N. Iriguchi and S. Ueno, Impedance magnetic
resonance imaging with external AC field added to main static
field, IEEE Transactions on Magnetics, Vol.35, No.5,
pp.4121-4123, 1999.

[22] M. Joy, G Scott and M. Henkelman, In vivo detection of
applied electric currents by magnetic resonance imaging,
Magnetic Resonance Imaging, Vol.7, No.1, pp.89-94, 1989.

[23] O. Kwon, E.J. Woo, JR. Yoon and JK. Seo, Magnetic

electrical impedance tomography (MREIT):

study of J-substitution algorithm, I[EEE
Transactions on Biomedical Engineering, Vol.49, No.2,
pp.160-167, 2002.

[24] S. Ueno, T. Tashiro and K. Harada, Localized stimulation of
neural tissues in the brain by means of a paired configuration
of time-varying magnetic-fields, Journal of Applied Physics,
Vol.64, No.10, pp.5862-5864, 1988.

[25] M. Sckino and S. Ueno, FEM-based determination of
optimum current distribution in transcranial magnetic
stimulation as an alternative to electroconvulsive therapy,
IEEE Transactions on Magnetics, Vol.40, No.4, pp.2167-2169,
2004.

[26] M. Sekino and S. Ueno, Numerical calculation of eddy
currents in transcranial magnetic stimulation for psychiatric
treatment, Neurology and Clinical Neurophysiology, Vol.88,
pp-1-5, 2004.

resonance
Simulation

NI | -El ectronic Library Service



