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Abstracl 

WhilecancerflsadiseaseevolvescolltinnotIsly,treatmentsaIsoneedtoadvamcefbr[hcbcnentor111cpaticnt・Onc
suchwaylomanaEecamccrisI1yperthermia【reatment・CaI1cerceusarcdiF化rcnttononnalceilsinmanyways
includinghowtheyreacttoheat.Ｔakingintoaccount1bisdiflbrenccitispossiblelbrhyperthermiareannentto 
deslroycancercellswithoutharmhlgthehealthynomlalcellssurroundmgtheIumor､Ｍｎ宮nGIicnuidwi【hmagnetic
nano-particlesisinjecに｡in[othGaf[bctedarea・Magncticparticlesgenemtcheatbyhyslcrcsislos日andtempera(urcis
il1crcasedwhenatimevaryingextemalmagne[icficldisapplicd・Successinl【rcalmcrlLdcpendsonhowefnciently
tllcheatiscontrolled､Thus,itisvelyimportanttoc$timatGtbcmagneticfluiddensitｙｌｎｔｈｃｂｏｄｙ､EXpcrimcntal 
npparatusdesi211edfbrtesting2andresultsobtainedbycxperimentationusingasimplcyetnovelandminimally 
invasivenccdlc[ypespin-valvcgiantmagnetoresistance(SV-GMR)scnsor,toes【imatelowcol1centmtIonmagI1etic
nuidweightdellsityandcstimationofmagnctlcI1uidinare化rencemediumisreportcd・

Keywo1..s：Ilyperthermiatreatme肘Ｌｇｉｉｍ（magneto1℃sislallcesel1”1.,low-iIwasive、magneticlluid，weightdensity．

permeability4demag【letizingIncIo児helmholtzcoil

particlesinsidethebodymustbeverifiedbefbre 

【1℃atmentsotll3thealtllycellswon，tbeaffected・

Ol1ceIhemagneIicnLlidisinjccteditspreadsUlrougllou【
【helissuedecrGasing1hecontentdensily・Magne【ic
densityistheIM1eededtobeconfTrmedonceinsidethe 
tissue,ＴｈｅｎｅｅｄｌｅｔｙｐｅＳＶ－ＧＭRsensorisproposedto 
es【imtltelow＝::ここrii;ratio面magneticfluidcontent
densityinsidethebodyinaminimal,lowinvasiveway． 

１１ntroduction 

WithtllerecentadvancementsinnaT1oiechnology1smarL 
sensorshavebeellusedextensivelyineXp1icit 
biombdic【llapplicaIio血s[IlHyperthermiatreatmenthas
tｈｅｐｏ[enli2lllobcaneffbctive[oolfbrllealiilgcancer， 
ThcprinciplcbchindhyperthcnnialreatmcnlIiesin1he 
lhctthatcamcerccⅡsarGmorcscnsitivet0hea【than

nonnalheallbyceⅡｓ[Z1Wllilcithasbeenknownlbr 
sometimctllatheatdoesshrinktumorsiIisonly 
recentlythａｔｓａｆｂｗａｙｓｂａｖｅｂｅｅｎｆｂｕｎｄｔｏｍｉｓｅｂody 
temperatuI･ｅｉｎａｓａ化andeHEctiVemalmcr・T11us，
hypertIIermiatreatmenlcanbeusedefIbctive1ytＣｌ《illor
weakcncamccrcellswitllmcgligiblee艇ctsonheaItI1y
cclls､ThemanypdvanlagcsoftlliS【ypeoFlrcatmem
includellosideefTbctsorpainfbrthGpa1iGnt,minimaI1y 
i'ｗｎｓｉｖＧａｒＩｄｔｉｍｃ化rlroatmcnlislcss，comparedto
trcaumenIs5uchaschemotherapyandradiotherapyｮand 
eventhough【hｅｃancercellsdonotdiecompIetelythey
maybebecomemoresllsceptibletotreatmentssucllas 
ionizingradia[ionorchemotherzlpy鶯日ⅡowingSuc}１
Ulerapytobcgivcninsmalldoses[３１ 

MaglleIicnuidwithmagmetic11mno-l〕3rtic1eSisilUectcd
intoUlca｢随cledaI･Ca,Magne【icpa1ticlesgenBratelleat
byhysteresislossalldtcmpGratureisiIlcl･easedwhella 
(imevaryingextemalmagnelicneldisapp1ictI[4]､The 
movcmentorIhcmngmcticpaT【icIescanbecol11IoIlcd
byGxtcInnlmagnc[IC【iclds，wllicl1mea曲ｓｉＩｃａＩｌｂｅ
ｄｉｒｅｃにdKoanareaorinteresL11eldｌ１１ｅｒｅｕｎｌｉ１ＩＩ℃ntmcI1t
concludesandt1】enremoved・Ａｓａｌもsult0iPcxtemal

ma2neHcfTeldstlに鯰mperatu1℃ofthemngncticnano‐
particlesincreases・duel0cddyculTcntloss[5】・Civen
sufncientheati【ispossibletodcstroyorl)a1･tlydestroy
c2ncercelにｉｎｔｈｅ３碇ctGdHrea-Theamoulltol.、【1,0‐

２PrinciplesofHyperthermiaTreatment 

LaIelyl1yperl11ermｉａｈａｓｂｃｅｌｌｓｈｏｗＩ１ｔｏｂｅａｐｏｓｓｉｂｌｅ 
ｃa11cer【llcrapybasedoninducLIonheaIjngP1,5]．The
sensitivi1yo〔canccrcellstoheatcomparedwi1hl1ealt11y
ceⅡｓｐｎｖｅｓｔｈｅｗａｙｆｂｌ・eflbcIivecancermanagement
usinghyperthemlialreatment・

Dcxtrannlagnetit⑥(ＤＭ）isacomplexofdcx[ranand 
superfh1eironoxidcparticlesnandthiscomplexisstablc 
asacolloidwithoutaggregationordepositioninvarious 

CoI1Iml 

pOWu 

Mn8ncliMIlM(ＤＭ） 
IillUmc画lGCrDrⅡIZIIOl

Fig.１トIypor【hGmliatreatmentasElcallcerUlerupy
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soIvclM胃orscrum［６１Ａ”I1ow11i】lI9ig、１．DMis
iIjcctcdintothcaf化cIarcninth⑥ｂｏｄｗｌｌ]dbrought
closclotllocanccrouscc115.Tl1cnnno-particlcshGatul〕
lonTo1II1d42.5．CductolhccxtcmnlACmagncticfieldS 
tllatarcimc1eduponlhe【umor[７lTumortiSSuesamc
hcatcddirGctlVsincehyStcrcsiSlossisinduced． 

'誠posuretosuchllealfbrngivcnlimcwillkillorpartly
destroytumorussue､where【hohmcrcnnbcutilizcdlbI
givilｌｇｌｏｗｄｏｓｅｓｏｆｏｌｈｃｒＩｒ“Imcnlsmcl】asX-ray
ll1crapy‐ 

T11ellcalcapacit〆ｇ(Ｗ/ｍｌ)gcllulYIIcdbyI11(lgr】etiにcal】
beobtninedbyexl〕erlmeI1t錨Ｒ)110Ｗ$：

spccilicgmvityormagnclicbcad 

Ma8I1c【ｉｃ１１(1】lo-particIesal･ｅａｓｓｕｍｑｄ（(）ｌｌ１ｗｃ鋤
cyIil1(lricalshapewithequalh⑫igllIill】ddiamcteBand
llMIll11eyareunifbrmlydisIＴｉｂＩｌｌｃｄｉｌ１Ｉ１１ｃｎｕｉｄ－ 
ＦllrlllcrmoreilisassumedlhallhuMlno-pil｢【icle5bave
al1innIlitel)emleabilityandwaにｒｈｎｓｏｎｃ、Magne1ic
nLIiddcllsilycambccsｔｉｍａにｄｂＨ“donIbeprcdiclionof
lhcmIllg【】elicHeldpat11whentl1cnLIi〔IisplaccdlIndcra
unilbrmmagxleKicfluxdensity肩ＴＷｏｅＣＩ【livalelMmagentic
pn(11s．ｗi【handwi1bouIma輿Ｉ１ｌｉｃｐ”icles．ａ庇～ 

consi(Icred､Tl1eIlaneqLl瓠ionispblainc(1ｋ)rtllc１℃iativc
l〕GrmcnbilitydcrivedliFomlhcc(Iuivalentmagnctic
l〕ermcnlllccoronecubicmetcI･[8]・ｓｏ【I1cntllc１℃kItivc
I)crmcnbililyMM。､ofmagl1e1icfluid【Isi1bulkis1Jstimal⑫。
ns． 

Ｑ＝A,ﾙのｗＢｇ (1) 

whcrcノ；cxciiingEequel1cy(kllz)，
Dn8ma型｡ticnuidwciglltdG11sily(mgFe/ｍｌ)、

鯛鮒糊継鰯ilHWWIiﾘＩ剛｡筐(TI
ノイーーｌ÷４，$.＝ｌ＋４，，`ノアノ (4) 

ふ

E(｝（４）showsIjlallhesl1apeal)｡/(〕ｒＩｈｅ３ｉｉｚｃｏ｢magnetic

parliclcs11【ｗｅｎｏｅ髄ctonlheTclativcpGmleabiliW．－ 
Ａs瓢ｌｍｉｎｇl11esameeqtliva化I1tpKltht1】ccquivalent
1℃1Ｒｌｌｈ'cperIneabⅡityllasIllcsamccxprcssionGv己ｎ
ｔＩＭｌｇｌｌＩ１１ｃｐ&lrticlecoul(ｌｂｃｏｒＨ１)I1uricalshilpc・Thc
cxl)】℃ｓｓｉｏｌ１１ｌ()1.局ontllccclldilionIlln【Illecavity
inclⅡ(ＩＣ鷺KlliuにamounlofmagllcIjcp【1Tliclc・

T11cclecIr〔)l1microscol)ｙｏｒｔｌ１ｃｍａｇＩ１ｃｌｉｃｎｕｉｄｓｈｏｗｓ
ｌ１１【l1II1CmagncｔｉｃｐａｒＩｉｃｌｃｓｈａｓｉｌｃｈ)s化『制ruclureas
sll()ＷＩ】illFi9.2(a）Ilwas1hcn3ssumed111a【tllecluSにr
ormn1mcliにisdislribu【ｅｄｕＲ】ilbmllyZls罫ｌｌｏｗＩ１ｉｎＦｉｇ、－ 

２(b)．ｌｔｃａｌｌｂｃＳｅｅＩ）１１１n1l11ereiSsomcSpacCiIlthc 
clusIermoduIalldsoYveconsi(にmDd1hcspace胞ＣｉＣr0f
sphuricalmngnclIteハ蟹．ＳｏＩｈＩｍｌＩ】Ｃｅ晩ctivespecific
gI･【wiIyiSexpreSSedas9

Ｔｈｅｖａｌｕｅｏｒｔｈｅｃｏｌ１ｓｔａｎｌＡ"Ｔｗｘ１ｓＯｂｔａｍｃｄｂｖ ヴ

cXpeI･imeI1t，whereal1IgXci【il1gmagnGlicHuxal
I１℃ｑｕｅｌｌｃｙｌ５８ｋＨｚｗＫｌｓｌｌｐＩ)licdt(）ReHoVist①，ａ 
釦I)slanccwithamaglleticwcighldcllsityof28
mgFdml・Ｉ１ｃａｎｂＣｓｅｃｎｌｆ０ｍＥｑ．（１）tl1atall
paran1C(Ｃｌ･sexceptl11cm辿ncliclllli(Iwuightdensily
(ＤＩＩ)isgelle厩]lylmown・W11enDMisiMcc1edinlolllc
nl1ＵｃＩｅｄａｒｅａｉｔｓｌ)readsinsidclbccanccrtissuc 
cllbcIivelydecl電白Ing[hemagllclicnuidwei2I1tdel1sity
[7,8]､SolDconlrollhehea【inl1yWrU1emliatrcalmeI1ti【
isimporla【i1IoverifiyD8I．

3．AnalyticaIEstimationofMagneticＦｌｕｉｄ 
ＣｏｎｔｅｎｔＤｅｎｓｉｔｙ 

xﾉｰﾉMﾊ 

Wllc1℃ﾉﾘ`is0.523Ｅｑ.(4)canthcllbcwﾊﾟttcnas， 

(5) ３．１RelationshipbetweenreIativeperme-
abilityandmagneticfluidweightdensity 

T11erelaIivepermeabili【ｙ０１.lhcmagncticHuidcanbc
eSIi【1ｍにｄｂｙｍｅａｇｕｒｍＨ【hemagllcticfluxdcnsityill
IissueinjectedwithmngneticI11uklArclntionshipis 
e馴ablishcdbctwcenl11GmngnclicHI1idwcightdGnsiIv
andrelativepermeability・BnScdonlhiSTelalionshiplhc
ma2nc【icnuldvolumcdensity．、､、i5cE11culated･Thc
magnc【icHuidWei2h【dcnsilyl闇cstimatcdas，

〃ｘｑ

Ｑ`＝ｲﾉ-,hＪ＋〃ｘＤｖ, （２） 

simplincdal1dreHrTa1]ｇｃｄＩｏ()bl師I】’11ｃｍagI1elicnuid
vo1umcdeI1sityas、

｡Ｆ、

/１．＝Ｉ＋４，w/(ﾊｭｧﾉ） (6) 

SI1IlCcIilElnrh`＝0.523 へＨＦｍＯＨ

Ｉメー

酒、＿
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ノ

【､)E1cclronmicro5copy（b)ＣＩＵ$にｒｍｏｄｅｌｏｆ

ｓｌｉｄｅｏｆｍａｇｎｅ【icfluidmagnctitc
Fig-ZMicroscopicmodelofmagnelile． 

ｑ＝ 
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ｗｌ１ｃｒｃﾉｨ・islherelativepemIeabilitywhichisassumcd
nssligh(lygrcntcrthanlandノViSlllcdemIlgllclizing
lilclororU1ccavilyB 
SubBlilutiｎｇＥｑ(4)lbrEq.(7)､wcgcL 

母
〃
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鵜ユ」白一一（一国｝己』乱。シ冨一。】

ｕｌ１－Ｂｂ】
＝･I(１－，Ｙ)、ｗ/(ル`７Ｊ）（ｐ熟《ｌ〕（８）

β［ 

From吃q､(8)．itcanbcsccnthaIlmm1hcdilIbrcncc

beLwecnthcappliedf1uX，β(,，ｎｌｌｄｌＩ１ＣｌｌｌＩｘｉｎ【he
miIgnGticlluid瓠ＢＩ、thGvolllmcdcI1sityand1hLlsIhe
wciglltdcnsityoFtl】cmagncticlluidcanbccstimatcd・
TI1ccl1nngcbG【weentheal〕1〕licdmng'1olicnuxandIhc
l)uXinthccontaincrisdirccllyl)rOpor【ionaltDtl]己
mngI1cIiclIuidvolumcdcnsity． 

00`O:ｉＯ`10.15（).ＺＵ､2iＴ（).３（).３５０．４ 

Wci2htdcnsityノ)､l

lPig・ＪＲｃＩａｌｉｖｃｌ)eml“ｂｉｌｉＩｙＶｓＷどiglltdensity〔)f
nMIgncticlluidfbrspaceIilc(｡r01.0523. 

ａ３ＨｓｌｍｈｃＩｔｚｔｒｉ－ｃｏｉＩａｎｄｕｎｉｆｏｒmmagnetic 
fluxdensity 

l化ｌｍｈｏｌｌｚじｏｉｌ５ａｒごｕｓｅｄｉｎａｖａＩ･ictyolPapl〕IicatioI]s，
primKlI･ｉｌｙｄｕｅ１ｏｉ【sabililvtoproduccarclaKively
uI1iIbrmlMdconhgumtiDn、cascofcollstruc【ionand

ncxibili【ｙ[,JO]､Fig.５showstllcdesigncdIIclmhohz
1rfcoiLThcparamele函arc:a=770mm,b=260ｍｍ｡c
＝２１.ｌｍｍ,ｈ＝３１５ｍｍ,Ｎ脳Ｎ１ｎｌｌｄＮ３ｎｒｃｌ４０,４andl
1um5rcspcctivcly、lnbiomcdicnlal〕plicaIioI1slow
pDncciltmiionmaEmeticfluid(tyl)ic【IIlylcsIBIhunL296
vo1umcdcn5ity）ｉｓｕｓｃｄ・ToclcarlvdilYiBrcnliatc
belwccnmagncticfluidatlowvo1umcdcnsilicsitis 
css(mtialtbatthccrTor行Omthcmidpoinlinlhcunilbnn
rcgionisvclylow・

T11C［IelmhollzIri-coilwasdesigneｄＩｏｌ１ｗｅＨｎｅＪＴｏｒ 
Ｉｃｓｓｌｌ】ＫｌＩ１ｏｒｃｑｕａｌｌｏ0.01％０.Ｏ３ｍｉｌ１ｌｈｃａｘｌａｌａｎｄ
ｒ【ldi(IldilreclioljllnomthemidpoiI11・Ｆｉｇ．６ｓｈｏｗｓ【hc
allalylに細Iresultsobtained【b】･ｌｌｌｃ(lesigllGdITi-c()ilａｎｄ

TbwriIyEq-（６）solenoidaM1Hl)cvessclswcl･とｎｌｌｅｄ
ｗｉｌｈｍａｇｌＩｅＩｉｃｌＭｄｏｆｖｍｙｍｇｗｅｉｇｌＭｄﾋﾟ11s11【yB-ll
cu八rｅ（racerwagu5ed【(）ｍ蝋sllre【l1elPel劇Iive

pGmleabilityLFig3show＄Ihccomparisonoftheresults 
obIaiIIedbytheorytoexperimcntslbrnspncelhc1orof 
0.523．Ｉｔｃａｎｂｃｓ“nI11atIllcrelalivcpel･menbilityis 
linE&lrlypropor【ioI1alt(）ｌｈｃｎｗｌｇＩ】eliol1uidweigbt
dcn餅iＩｙ６

Z亨､

ａ２ＭａｇｎｅｔｉｃｆＩｕＸｄｅｎｓｉｔｙｉｎｓｉｄｅａｎｄoutsidea 

magneticfIuidfilledcavｉｔｙｕｎｄｅｒｕｎｉｆｏｒｍ 
ｍａｇｎｅｔｉｃｆｉｅＩｄｓ 

Fig.４showSamam1e1icnuidHI1cdc【lvityplacedul1de『
auniibrmmaLmeticnuNdcnsilyもFluxlineswilll1lel1
concentrateatthe狐agnclicnui(Milludcnvityhwhichis
aHsumedtohaveapermeaM1ilyslighllyg】℃aにrIl1an(〕】)｡、
Iramagneticflux，β０，ｉｓａｌ〕plにｄｌｈｃｎＩｌ１ｅＨｕｘｉ１１山ｃ
ｃｌｗｉｔｙｉｓａｓｓｕｍｅｄａｓＢＩ・T11cl1Mlgncticnuxdensily
iI1帥｡cl11cmagneIicnuidmlcdcavitylβ,、ｗｉⅡCl】n11ge
81ccor〔Iil】gtolhcco11IcnldcI1silyo「I11empgl1eIicfluid‘

Thcmagl】cticfluxattllcccnIrcorI11cciwilｙｈＢｌ・canbc
cxprc顕edaccordillgtotll(２lbⅡ(〕wiIlgequalion：

← 

６ 

￣ｂ－ラ
コルａＸｌＳ

条
■ 

/ｕ』，
βノー (7】
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1,$ⅡlpwIunclIQillJ1d 
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Fig.５Helmho]Izlri-poiL Fig.４Ｍ０.巴ｌｓｂｏｗｍｇｍｎｇｌ)｡ticl1uXdis【１１b(llionillsidc舌M1
umbcd[Iedcavnu 
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Fig`６CoI1tourplo[ofclTorlToml1〕cmidpoillL
ｉｓｕｓｃｄＩｏｌ〕roduceuilifbmlmIl山1ＣＩｉｃｎｕｘｏ１．１００１，－ 

lb】･ncqucncieslOOand2001鬮Iz・Ｔ１１ｃＳＶＬＧＭＲｓｃｎｓＯｒ
【1“(Ilclipisl〕Iaccdil1lbcmiddlcorI11cl{ulmholIzcoil
alldI1】ccylilldlFiCa1cavi1viSm()vcdSOllMItIhcl】cedleLip￣ 

iSiI1lI1ccelllreOrtl1ecavilM 

tllcrcisanc汀ororlcsslbunorEqunlto(l(〕１％i】Ｉａｎａｒｃａ
ｏ「±(〕､０３ｍｉｎ【hcaxialdircclionandO・O3minlhc

mdialdi｢ec【ionfTomt11emidpoiI1L

行

4．Experimentalresults 4.2ＲｅｓｕＩｔｓｃｆｅｓｔｉｍａｔｉｏｒｌ 

４．１ＳＶ－ＧＭＲＳｅｎｓｏｒａｎｄＥＸｐｅｒｉｍｅｎｔａｌＳｅｔｕｐ 
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