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TheperfOrmanceofalymphnodedetectionsystemusedwithahighTcsuper-

conductingquantuminterfCrencedevice(SQUID)wasinvestigatedThesignal 
fromtheparticleswasdependentonthefrequencyofthemagneticfieldThis 
resultsuggestedthatthepolarizatioｎｉｓｄｕｅｔｏｎｏｔｏｎｌｙｔｈｅａｌｉｇｎｍｅｎｔｏｆｔｈｅ 
ｄｉｐｏｌｅｍｏｍｅｎｔｓｂｕｔａｌｓｏｔｈｅｐｈｙｓicalrotationoftheparticles． 

ｌＮＴＲＯＤＵＣＴＩＯＮ 

Ｗｅｈａｖｅｒｅｃｅｎｔｌｙｐｒｏｐosedtheapplicationofahigh-Tcsuperconductingquantum 

interferencedevice(SQUID）tothenewlydevelopedsurgicaltechniqueofsentmel 
lymphnodebiopsy・Axillarylymph-nodedissectionisanimportantprocedureinthe

surgicaltreatmentofbreastcancer・Ｈowever,intheearlydiagnosisstage,thenumber
ofdissectionsinwhichaxillarynOdesarefreeofdiseaseisapttobeincreasedThese 

treatmentｓｌｅａｄｔｏｓｏｍｅｐｒｏｂｌｅｍｓｓｕｃｈａｓａｌｙｍｐhedemaandasensoryneuropa房

thyinthepatient・Ｔｈｅｓｅｎｔｉｎｅｌｎｏｄｅｂｉｏｐｓｙｉｓａｋｉｎｄｏｆtesttoinvestigatewhether
thesentinelnode，whichinitiallyreceivesmalignantcellsfromabreastcarcinomais 

disease-freeornot・Ｉｆｔｈｅｓｅｎｔｉｎｅｌｎｏｄｅｉｓｆｒｅｅｏｆdisease，ｙｏｕｃａｎｌｅａｖｅｔｈｅｒｅｓｔｏｆ

ｔｈｅｌｙｍｐｈ－nodesbecauseofnoconcernfbrprogressionThisbiopsyisbasedonthe 
hypothesisthatifthefirstlymphnode(sentinelnode)isfreeofdisease,thesecond 
andtherestofthenodesmustbenegativeTwomethodswhichdetectthesentinel 

nodehavebeendevelopedandreportedtodate1-3・Ｏｎｅｉｓａｋｉｎｄｏｆｒａｄｉｏｇｕｉｄｅ，
ｗｈｉｃｈｕｓｅｓａｇａｍｍａｄｅｔｅｃｔｏｒａｎｄａｒａｄioisotopesuchastechnetiumlabeledsulfilr 

colloidAfterinjectingtheisotopeintoabreastlesion,thesentinellymphnodewillbe 
identifiedbythegammadetector・ThenthesentinelnodeisexcisedandexaminedIn
thismethodthesentinellymph-nodeissuccessfilllyidentifiedwith94.4％accuracy1・
Thoughthepredictabilityofthismethodisextremelyhigh，radiationexposureisin-
evitablefbrmedicalstafT・Theothermethodusesabluedye;asurgeonidentifiesthe

sentinellymph-nodewithhisnakedeyeWiththismethodthepredictabilityisstill 
70％accurate2， 

Therefbreweproposealocalizationsystemcombinedwithahigllsensitivity 

superconductingqUantuminterferencedevice(SQUID)magnetometerandultrasmall 
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ironoxideparticles・ＴｈｅｓｙｓｔｅｍｗｅａｒｅｐｒｏｐｏｓｉｎｇｉｓｓｈｏｗｎｉｎＦｉｇ・LTheparticles
wouldbeinjectedintothebreast;andthehigh-TcSQUIDisusedasasensingdetector 
fbrtheparticles・Thismethodhassomeadvantages：noradiationexposureandan
accurateidentificationbecauseofthevisiblecoloroftheparticlesthemselves・For

thisapplication,theSQUIDmagneticsensorshouldidentifj/thelocationofthesmall 

quantityofparticlesunderthesensor・A1thoughaSQUIDbiosusceptometrysystem
hasbeenreported4，ｉｔｉｓｖｅｒｙｄｉＨｉｃｕｌｔｔｏｄｅｔｅｃｔｔｈｅｌｏｃationbecauseofthesmall 
quantity・DetectionmethodsofsmallmagneticparticleswithaSQUIDimmunoassay，
ｗｈｉｃｈｃａｎｂｅａｌｓｏａｐｐｌｉｅｄｔｏｏｕｒｄｅｔｅctionsystem，havebeenproposedinseveral 

groups5-7.Eveniftheparticlesaremadeofironoxide,iftheirsizebecomestoosmall， 
theyshowsuperparamagneticproperties・Therefbre，somemagneticfieldshouldbe

appliedtotheparticlesfbrdetectionbecausetheyhavealmostnopermanentmagnetic 
dipoleatroomtemperature・Koetitzet・aLappliedapulsefieldtotheparticlesandthen

measuredthefielddecayfromtheparticlesintherangeofｍｓ・Enpukuetal・measured
thefieldfromtheparticlesunderaDCmagneticfieldFbrtheworkdescribedhere， 

wemeasuredthefieldfromtheparticlesunderanACmagneticfield． 
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Fig.１．Thesystemdiagramofthesentinel-nodebiopsyusinghighTcSQUID,whichwearepropos-

ingTheparticleswouldbeinjectedintothebreast；ａｎｄｔｈｅｈｉｇｈ－ＴｃＳＱＵＩＤｉｓｕｓｅｄａｓａｓｅｎsing 
detectorfbrtheparticles､Ｔｈｉｓｍｅｔｈｏｄｈａｓａｎａｄｖａｎｔａｇｅｏｆｎｏｒａdiationexposure． 

Wehavealreadyreportedtheresultsofpreliminarystudyusingparticlesdis-

persedliquidinatube8・Inthispaper，wediscussaboutamagneticfieldfrequency
dependenceoftheSQUIDsignal． 

ＥＸＰＥＲＩＭＥＮＴＡＬＳＥＴＵＰ 

ＴｈｅｓｃｈｅｍａｔｉｃｄiagramofthesystemisshowninFig2、ＴｈｅＳＱＵＩＤｉｓｍａｄｅｏｆ

Ｙ１Ｂａ２Ｃｕ３０７－gthinfilm・ThejunctionsutilizedintheSQUIDareofthestep-edge
type・ThewashersizeoftheSQUIDisabout２．５x25mm2andtheefTectiveareais
０．１１ｍｍ2.TheSQUIDwasoperatedinaHux-lockedloopThemagneticfluxnoisein 
thewhitenoiseregionwasabout30〃o/Hz1/2．

!’ 
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ThecryostatwasspeciallydesignedfbraSQUIDmicroscope・TheSQUIDwas
locatedinsideavacuuｍａｎｄｓｅｐａｒａｔｅｄｂｙａ５０〃mthickquartzwindow・Ａｍｏｒｅｄｅ‐
taileddescriptioncanbefbundelsewhere9Twocoils(Helmholtztype)weremounted 
justabovetheSQUIDmicroscope1o''1.AfinepOlytetrafluoroethylenetubewithan 
innerdimensionoｆ0.85-0.95ｍｍｄｉａ.，whichconveyssmallparticles，wasthreaded 
intothecoils・Amotordrivensyringepumpwasemployedtoconveytheparticlesby
pushingairinsidethetubeAsinusoidalACcurrentwithafrequencyof5Hｚ－１００Ｈｚ 
ｗａｓｄｉｒｅｃｔｅｄｔｏｔｈｅｃｏｉｌｓ；themagneticfieldgeneratedfromthecoilwasmodulated 
bythefrequency・Ｔｈｅmodulatedsignalassociatedwiththeparticlemotionwasthen
demodulatedbythelock-in-amplifier・Thelock-in-amplifierconsistsofaphasesensi-
tivedetector，aphaseshifterandalow-passfilter12Theuseofthelock-in-amp1ifier 
isacrucialpointtoobtainagoodresolutioninthesystem・TheSQUIDposition
wascarefilllyadjustedbefbremeasurement,sothattheSQUIDoutputsignalwithout 
particlesbecamezero． 
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Fig.２．Schematicdiagramofthesystemfbrthefeasibilitytest・Apairofcoilsweremountedjust
abovetheSQUIDcryostat・ExternalacmagneticfieldwasappliedbythecoilsAmotordriven
syrinｇｅｐｕｍｐｗａｓｅｍｐｌｏｙｅｄｔｏｐｕｓｈｔｈｅｍａｇneticparticlesampleinsideathinｔｕｂｅ・Themodulated
signalassociatedwiththeparticlemotionwasdemodulatedbythelock-inamplifier． 

AfteraJjustingtheSQUID,thesystemwasreadytomeasuremagneticfield 
fromtheparticles・Weusedultra-smallparticlesfromMeitoSangyoCo.,LtdSimilar
particlesareusedasamagneticresonanceimaging(MRI)contrastagentThecore 
oftheparticleisironoxidem304(magnetite)whichiscoatedwithanalkali-treated 
dextran・Theaveragecorediameterwasllnm，whichwasmeasuredfromtheX-ray
difIractionpatternusingScherrer，sequation13・Theaverageddiameterofthecoated
particleswaslOOnmTheparticleshadsuperparamagneticproperties、Theparticles
weresuppliedinthefOｒｍｏfanaqueousmagneticHuidTheoriginalfluidcontained 
5.9ｍｇ/mlofironlfwesuppose52g/cm3asthespecificgravityofthecore,ｗｅ 
ｃａｎｅｓｔｉｍａｔｅｔｈｅｗｅｉｇｈｔｏｆｔｈｅｍｏｎo-particleas3,6ｘｌＯ－１８ｇａｎｄｔｈｅｔｏｔａｌｎｕｍｂｅｒｏｆ 
ｐａｒticlesintheoriginalsolutionas1.5xlO16/mLTheoriginalfluidwasdilutedwith 
distilledwatertohavethedesiredconcentrations・Thenthefluidwassweptinthefine
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tubewiththescanspeedofO､33-1.1ｍｍ/secunderanACmagneticfieldof9xlO-5 
to7xlO-4T(peaktopeakvalue)． 

ＲＥＳＵｍｒＡＮＤＤＩＳＣｕＳＳＩＯＮｓ 

Weperfbrmedallofthemeasurementsinamagneticallyshieldedroomwithashielding 
factorof-50dBat０．１Ｈｚ・Weinvestigatedthedetectableweightsoftheiron・The
SQUIDsignalwasproportionaltotheweightoftheironinthefluid・Atadistanceof
40mm,ｔｈｅｍinimumdetectableweightwasL6似9.Ｗｈｅｎｔhedistancewasdecreased
tolmm,thisdecreasedto360pg8． 
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Ｆｉｇ．３．FYequencydependenceoftheoutputsignaLThemodulationfrequencyoftheHelmholtzcoil 
waschangedfroｍ５ＨｚｔｏｌＯＯＨｚ・Closedcirclesshowtheresultsfromliquidsample、Opencircles
showtheresultsfromliquidwithapieceofcotton． 

ThenwemeasuredthefrequencydependenceoftheoutputsignaLThesample 
consistedofironparticlesof2.4/Lganddistilledwaterof4､4似入Themodulationfre‐
quencyoftheHelmholtzcoilwaschaｎｇｅｄｆｒｏｍ５ＨｚｔｏｌＯＯＨｚ・Theresultsareshown
inFig､３(solidcircles)Thesignalfromthelock-inamplifierdecreasedwiththein-
creaseoffrequencyintheregionofmorethanl0Ｈｚ・Theresultssuggestedthatthe
aligｎｍｅｎｔｏｆｔｈｅｄｉｐｏｌｅｍｏｍｅｎｔｓｏｒｔｈｅｒｏtationoftheparticlesisnotsynchronized 
withthefreqUency・Therefbreweimmersedapieceofcottonwiththeliquidsalnple・
Thecontentoftheironandtｈｅｖｏｌｕｍｅｏｆｔｈｅｌｉｑｕｉｄｗｅｒｅａｓｓａｍｅａsthefbrmerexper-
imentlnthissample，therotationoftheparticlesshouldberestrictedbyexistence 
ofthecottonthoughitwasnotperfectly・Thefrequencydependencewasmeasured
usingthissampleTheresultswereshowninFi9.3（opencircles)Thesignalwas 
oneordersmallerthaｎｔｈａｔｏｆｔｈｅｌｉｑｕｉｄｓａｍｐｌｅｉｎａｌｌｔｈｅfrequency；thisisbecause 
oftherestrictionoftheparticle，srotation，AlthoughfUrtherexperimentsareneeded 
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toclarifj/thisphenomenon7,notonlythealignmentofthedipolemomentsbutalso 
thephysicalrotationoftheparticlesiscontributedtothepolarization・Therefbrethe
lowerfrequencyshouldbechoseninthesystem． 

ＣＯＮＣＬＵＳＩＯＮ 

Ｗｅｈａｖｅｄｅｍｏｎｓｔｒａｔｅｄｔｈepossibilityofrealizationofananoparticledetectionsystem 
usedwithahigh-TcSQUID,whichisusefillfbrsentinellymphnodebiopsiesThe 
ultra-smallironoxideparticlesof360pginweightofironcouldbedetectedwith 
aspaｃｉｎｇｏｆｌｍｍ、Thesignalfromtheparticleswasdependentonthefrequencyof
themagneticfieldThisresultsuggestedthatthepolarizationisｄｕｅｔｏｎｏｔｏｎｌｙｔｈｅ 
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