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Tiivistelmäteksti:

Elektroenkefalogra�a (EEG) ja toiminnallinenmagneettikuvaus(fMRI) ovat potilaaseen
kajoamattomia aivotoiminnan kuvantamismenetelmiä,jotka täydentävät toisiaan.
Yhdistämällä nämä menetelmätsaadaansekä ajallisesti että paikallisesti tarkempaa
tietoaaivojentoiminnastakuin muilla vastaavilla menetelmillä.SamanaikainenEEG:nja
fMRI:n mittaaminenonkuitenkinhaastavaa,sillä mittauksissaonhuomioitavamagneetti-
kuvien ja EEG-signaalinlaatu sekäkoehenkilönturvallisuus.Tässätyössäkäsitellään
kahtaensimmäistäkohtaa.

Työssätutkittiin, mitkäkaupallisenEEG-järjestelmänosatsynnyttäväthäiriöitämagneetti-
kuviin. EEG-elektrodienjohtimienliittimet aiheuttivatkuviin useidensenttimetriensyvyy-
delleulottuviavääristymiä,joidenhavaittiin pienenevän,mikäli liitin vietiin kauemmak-
si kuvattavastakohteesta.Mittaustenperusteellaliittimet tulisi joko viedä kauemmaksi
koehenkilönihostatai vaihtaaei-magneettisiinvaihtoehtoihinhäiriöidenpienentämiseksi.
Muidenjärjestelmänosienaiheuttamatmagneettikuvavääristymätolivat vähäisempiä.

Lisäksi työssätarkasteltiinmuuttumattomanmagneettikentänvaikutustaEEG-signaalin
laatuun. Koehenkilöltä mitattiin 3 teslan magneettikentässärytmistä alfatoimintaa,
jota voidaan havaita 8–13 Hz taajuuksilla aivojen takaosissa.Mittauksella pyrittiin
selvittämäänsydämensykkeeseenliittyviä EEG-signaalinhäiriöitä, jotka tyypillisesti
vahvistuvat magneettikentässä.Voimakkaistahäiriöistähuolimattaalfatoimintaakyettiin
havaitsemaan.Lisäksi EEG-signaalistalöydettiin odottamatonhäiriö, jonka taajuus-
jakaumassanähtiinuseitapienivarianssisiahuippuja24 Hz:n ympärillä.Häiriön todettiin
johtuvantodennäköisimminmagneettikuvauslaitteenjäähdytyspumpusta.

Työn perusteellavoitiin todetaEEG-vahvistimentoimivanhyvin 3 teslankentänvoimak-
kuudessa.Alustavissateknisissämittauksissahavaittiin vahvistimentoimivanmyösmag-
neettikuvauslaitteentoimintaanliittyvien nopeastimuuttuvienmagneettikenttienaikana.
Ennen kuin mittauksetvoidaan aloittaa koehenkilöillä, tulee turvallisuusnäkökohdista
kuitenkinhuolehtia.
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Abstract:

Electroencephalography (EEG) and functional magneticresonanceimaging (fMRI) are
two noninvasive functionalbrain imagingmethodswith complementarycharacteristics.
Combined,they offer thehighesttemporalandspatialresolutionattainableto date.How-
ever, theacquisitionof datausingsimultaneousEEGandfMRI is challenging.Threeas-
pectsneedto beconsidered:imagequality, EEGquality, andsafety. This thesisaddresses
the�rst two.

The thesisexaminesthe in�uence of the componentsof a commercialEEG systemon
imagequality. The largestartefacts,which extendedseveralcentimetresinto a phantom,
werefound to originatefrom electrodeleadconnectors.Further, thesizeof theartefacts
decreasedwith increaseddistancefrom thephantom.Thus,theconnectorscouldbeeither
detachedfrom theskin or replacedby alternative non-magneticconnectorsto reducethe
artefact to anacceptablelevel. OtherEEGsystemcomponentsperturbedthe imagesto a
lesserextent.

The effect of the static magnetic�eld on EEG quality was evaluated. Alpha activity,
which is representedby 8–13Hz oscillatoryactivity in theposteriorpartsof thebrain,was
recordedfrom onesubjectat 3 T in order to identify the extent of cardiac-cycle related
artefactsenhancedby the static �eld. Despitethe intenseartefacts,alphaactivity could
beobserved. In addition,unexpectedinterferencewasfound in theEEGsignalrecorded
within the MRI scannerbore. The frequency distribution was characterizedby several
largepeaksof minimalvariancecentredaround24Hz. It wasdeducedthattheinterference
couldarisefrom thecryogenicpumpof theMRI scanner.

TheEEGampli�er wasfound to work adequatelyat 3 T. In tentative phantommeasure-
ments,the ampli�er could alsoadaptto the artefactsassociatedwith magneticgradient
switching.However, beforesimultaneousEEGandfMRI experimentscanbecommenced
with humansubjects,safetyaspectsneedto beconsidered.
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Chapter 1

Intr oduction

The humanbrain hasintriguedscientistsfor centuries.Merely onehundredyearsago,

theonly wayto studybrainactivity wasto analyzebrainlesionsandassociatedproblems.

Brain damagecouldcausevariousproblemsin speakingor socialbehaviour, depending

on the locationof the lesion. However, only crudeinformationcould be obtainedfrom

thelesionstudies.

Beforethe turn of the 20th century, RichardCatondetectedsmall currentsmoving be-

tweenelectrodesplacedon the cortex (Niedermeyer, 1999). Later, in the 1920s,Hans

Berger publishedthe �rst recordingof humanelectroencephalogram (EEG).Electroen-

cephalography becamecommonin the1950sin hospitalsandclinical diagnostics.

Theevolutionof brainimagingmethodshasbeenfast.In the1960sandthe1970sseveral

new methodshave beenintroduced:computedtomography(CT), magnetoencephalogra-

phy(MEG), positron emissiontomography(PET),andsingle-photonemissioncomputed

tomography(SPECT).

Magneticresonanceimaging (MRI) becamecommonin the1980salthoughtheprinciple

underlyingnuclearmagneticresonance(NMR), thebasisfor MRI, wasdiscoveredthree

decadesearlier. In the1990s,the observationof the bloodoxygenationlevel dependent

(BOLD) signalembarkedfunctionalmagneticresonanceimaging (fMRI) studies.
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Eachof thesemethodshasits virtuesanddrawbacks. First of all, the invasivenessof a

methodcanbe a limiting factor. For example,SPECTandPET requirean injection of

a radioactive tracer. Secondly, eachmethodexcelstypically in eithertemporalor spatial

domain,but not in both. To date,no functional brain imaging methodalonecan ful-

�l thedemandsfor simultaneouslyandnoninvasively acquired,temporallyandspatially

accuratedata.

1.1 Objectivesof the Thesis

Thisthesisdescribesthemeansneededtocombinetwononinvasivefunctionalbrainimag-

ing methodsof complementarycharacteristics,namelyEEG andfMRI. The acquisition

of datausingsimultaneousEEGandfMRI is challenging:in additionto safetyconsider-

ations,thesignalqualitycanbecompromisedin variousways.

ThecurrentsimultaneousEEGandfMRI literaturehasconcentratedlargely on ballisto-

cardiogramandimagingartefactsin EEG.However, interferencesfrom othersourcescan

alsocoupleto the EEG signalandgo unnoticeddueto the high-amplitudeartefactsof

known origin. In addition,few authorshavesystematicallyisolatedtheEEGcomponents

contaminatingtheMR images.

In this thesis,the signalquality is assessedin two cases.First, the effect of the EEG

equipmentonMR imagequality is estimated.Second,thein�uenceof thestaticmagnetic

�eld andotherinterferenceson EEGsignalquality is evaluated.Ampli�er performance

is estimatedin phantommeasurements.In addition,thestate-of-the-artequipmentsand

EEGartefactremoval methodsarereviewed.

Chapter2 givesanintroductionto humanbrainandnoninvasive functionalbrainresearch

methods.Thebasicprinciplesof EEGandMRI areexplained,andthecurrentliterature

of simultaneousEEGandfMRI recordingsis reviewed.

Chapter3 containsadescriptionof theexperimentalsetupusedto studytheeffectof EEG

on fMRI andviceversa.Thematerialsusedaredescribedin detail.
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Chapter4 presentstheresults.Artefactsfoundin MR imagesandEEGsignalaredepicted

in turn.

Chapter5 discussestheresultsobtainedin theexperimentalsetup.In addition,thesafety

proceduresneededto beful�lled beforeEEGcanbeacquiredin anactualfMRI recording

sessionarelisted.

Chapter6 summarizesthetheresults.
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Chapter 2

Background

2.1 Neuroanatomyand NoninvasiveResearch Methods

In this section,a brief introductioninto humanbrainanatomywill begiven,followedby

ashortdiscussionaboutvariousmodernfunctionalbrainimagingmethods.

2.1.1 Human Brain

This sectionis basedon materialfrom Langet al. (1994), SpeckmannandElger (1999),

andIlmoniemi (2001). For a detailedpresentationof thehumanbrainandits functions,

seeKandeletal. (1991).

Our environmentis full of eventswhich we cansenseandinteractwith. Thebrainpro-

cessesall this information: sensationsare transformedinto perceptions,emotions,and

memories,andintentionsinto actions. Beyond this, our entireconsciousnesslies inter-

twinedin thebrain.

The humanbrain consistsof threeparts: the cerebrum, the cerebellum, andthe truncus

cerebri, or brainstem(Figure 2.1). Although most of the information processingand
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motor control is carriedout in the cerebralcortex, the cerebellum,for example,takes

partin thecoordinationof movementandbalanceon a subconsciouslevel. Similarly, the

brainstemis responsiblefor e.g.somebasicvital functionssuchasbreathing.

Truncus cerebri

Cerebellum

Cerebrum

Figure2.1: Thehumanbrainviewedfrom theleft side.Adaptedfrom Bearetal. (2001).

Thecerebrumcanbedividedinto four regions: frontal, parietal, temporal, andoccipital

lobes(Figure2.2). The lobescanbe further divided into cytoarchitectonicallydistinct

areas,or Brodmannareas, which have specializedfunctions. For example,Brodmann

area17, which is locatedin the occipital lobe, is the primary visual areawherevisual

input is predominantlyprocessed.

Temporal lobe

Frontal lobe

Parietal lobe

Occipital lobe

Figure2.2: Frontal,parietal,temporal,andoccipital lobesof thehumanbrain. Adapted
from Bearetal. (2001).

Structuralimagesare typically depictedas cross-sectionsof the brain. The resulting

planesarecalledaxial,sagittal,andcoronalplanes(Figure2.3).
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Axial

Sagittal

Coronal

Figure2.3: Axial, sagittal,andcoronalplanesusedin brain imaging. Adaptedfrom Il-
moniemi(2001).

Neuronsand Glia

Millions of neuronsandglial cellsmake up thecerebrum.Theneuronsareorganizedin

columns,whichareorientedperpendicularto thesurfaceof thegyri andhavespecialized

functions.For example,thehumansomatosensorysystemis mappedon thesomatosen-

sorycortex, which is locatedin theparietallobe. Thesomatosensorymapis alsoknown

asthehomunculus.Accordingly, whena partof thebody, e.g. a �ngertip, is stimulated,

theneuronsin thecorrespondingpartof thehomunculusareactivated.

A neuron(shown in Figure2.4) consistsof a soma,or the cell body, dendrites,andan

axon.Theaxonis coveredby myelin,which functionsasaninsulatorandenablesfaster

signaltransmission.

Nucleus
Myelin sheath

Dendrites

Soma
Axon

Synapse

Figure2.4: A neuronconnectedto anotherneuronthroughasynapse.
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Thecerebralcortex is grey dueto alargenumberof cell bodies,whichis why it is referred

to asthegrey matter. On theotherhand,themyelinatedaxonsform connectionsbetween

brainareas.Themyelingivesthesubcorticaltissueawhiteappearance,andis thuscalled

thewhitematter. Grey andwhitemattercanbedifferentiatedin MR imagesbecausethey

havedifferentphysicalproperties(seeFigure2.5).

Figure2.5: An axialsliceof humanbraindepictingwhiteandgrey matter. Grey matteris
shown whiteandviceversa.Theimagewastakenat3 T at theAMI Centre,TKK.

Generationof Action Potentials

The signallingof neuronalactivity is basedmainly on actionpotentialsandneurotrans-

mitters. Thedendritesareresponsiblefor bringing informationfrom otherneurons.Ex-

citatory informationexceedinga thresholdlevel enablestheneuronto sendanelectrical

impulse,anactionpotential, throughtheaxonto otherneurons.Theactionpotentialis

transmittedfrom neuronto neuronacrossasynapseby neurotransmitters,for exampleby

glutamate(excitatory)or gamma-aminobutyric acid(GABA, inhibitory).

The restpotentialof a cell is approximately� 65 mV. Whenan actionpotentialpasses

throughtheaxon,thecell depolarizeslocally in consequenceof penetrationof NaC ions.

Thedepolarizationwave proceedsalongtheaxoncreatingthepropagatingactionpoten-

tial. Thedepolarizationis compensatedby anout�ow of KC ions,which causethecell
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to hyperpolarize,i.e. thevoltagedecreasesbelow therestpotential,andthusterminates

theactionpotential.Anotheractionpotentialcanbecreatedonly aftera refractoryperiod

whoselengthdependson thethestrengthanddurationof thehyperpolarization.

Theglial cells�ll thespacesbetweenneuronsandthusactassupportingtissue.Although

theglia do not show actionpotentialsasneuronsdo, theglial membranepotentialis not

constant.Repetitive �ring of surroundingneuronscanleadto depolarizationof theglial

cell, which in turn mayattributeto anamplifyingeffect in thegenerationof extracellular

�eld potentials.

2.1.2 Research Methods

The currentnoninvasive brain imaging methodscan be roughly divided into two cat-

egories: structuraland functional imaging methods. Structuralmethodsgive detailed

anatomicalimagesof thebrain,whereasthefunctionalmethodsconcentrateon thefunc-

tional signalsof thebrainmeasuredby variousmeans.

Structural Brain Imaging Methods

CT is a structuralimagingmethod,which is widely usedin clinical examinationsdue

to the large numberof available equipmentin hospitals. Basically, CT imagesare 2-

dimensionalX-ray slicesof the brain acquiredby rotatingthe X-ray sourcearoundthe

head(Bearetal., 2001).

MRI is the most accuratestructuralimaging methodto date. It is basedon the phe-

nomenonof NMR, which allows the differentiationof structureswith differing water

content. MRI is discussedin detail in Section2.3. Comparedwith CT, MRI is better

suitedfor imagingsoft tissuessuchasthebrain.

8



Functional Brain Imaging Methods

Functionalsignalscanbeobtainedfrom thebrainby variousmeans.Themethodstypi-

cally rely onenhancedblood�o w or changesin metabolismin thevicinity of theactivated

areas.For example,fMRI detectsthechangesin therelativeoxyhaemoglobinanddeoxy-

haemoglobincontentof bloodusingthesametechnologyasMRI, which resultsin good

spatialresolution.fMRI is discussedin Section2.3.3.

Althoughfunctionalbrain imagingmethodsoftenrefer to thosemethodswhich produce

sometypeof image of theactivity, therearetwo othermethodsthatcanbe�tted into the

categoryaswell. EEGandMEG re�ect theelectricactivity of neuronswith thetemporal

acuityof milliseconds.EEGis coveredin Section2.2.

Theneuronal,namelypostsynaptic,currentscreatingEEGandMEG signalsarebasically

the samealthoughthe obtainedsignalsdiffer. The skull andotherextracerebraltissues

attenuateanddistort theEEGsignalsmeasuredon thescalpbut have virtually no effect

on the magnetic�eld. On the otherhand,MEG canonly locatecurrentsourceswhich

havea tangentialcomponentwith respectto thesurfaceof thebrain(Hari, 1999).
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2.2 Electroencephalography, EEG

EEGmeasurestheelectricalactivity of thebrain.Theactivity ismeasuredbyplacingelec-

trodesonthesubject'sscalpandrecordingthepotentialdifferencebetweentwo electrodes

usingadifferentialampli�er. Figure2.6showsmodernmultichannelEEGelectrodecaps.

Figure2.6: Electrodecapsat theLaboratoryof ComputationalEngineering(LCE), TKK.
Individualelectrodesareshown in thefront.

The �rst humanEEG wasreportedby HansBerger in 1929. Berger wasableto record

one-channelEEG-tracingsfrom fronto-occipitalleadsusingabipolarrecordingtechnique

(Niedermeyer, 1999). Therecordingslastedonly a few minutesandweremadeon pho-

tographicpaperwith adoublecoil galvanometer.

Today, EEGhasbecomeastandardprocedurein locatingthefoci of epilepticdischarges,

andin otherclinical applications(for a review, seeHirsch, 2004). EEGhasapplications

alsoin cognitive brainresearch,which hasbene�tedsubstantiallyfrom thedevelopment

of EEG ampli�er technologyandsoftware. The possibility to averagesignalsgave rise

to evokedpotential(EP)andevent-relatedpotential(ERP)studiesin the1970sandearly

1980s(Cooperetal., 1980).

To date,only MEG cancomparewith themillisecond-rangetemporalresolutionof EEG.

However, EEGdoesnot requirea magneticallyshieldedroomessentialfor MEG, which
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canlimit theapplicationof MEG atsmallerresearchfacilities.Ontheotherhand,simulta-

neousMEG andfMRI recordingsarenotpossibledueto thenatureof theinstrumentation.

2.2.1 Electrical Activity of Brain

This sectionconcentrateson explaininghow theEEGsignalis createdandwhatkind of

signalscanbeobtainedusingEEG.

Generationof EEG

Action potentialsaretoo fastandunableto summateenoughto bedirectly seenin EEG

(Langet al., 1994). However, actionspotentialscausepostsynapticpotentialsin theaf-

ferent cells. Comparedto action potentials,which last only 1–2 ms, the postsynaptic

potentialsaremuchlonger, approximately10–250ms (Lopesda Silva andVan Rotter-

dam, 1999). In addition,they areableto summatebothspatiallyandtemporallysothatit

is possibleto recordthemusingEEG.

Several limitations affect the detectionof EEG signals. First, the potentialshave to be

synchronous.Second,the neuronshave to be alignedfor the potentialsto summate,or

otherwisethepotentialscanceleachotherout (Figure2.7).

Figure2.7: Parallelintracellularcurrentssummatecreatingameasurablepotentialdiffer-
enceon thescalp.FromKauramäki(2005).
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Addedto this, the skull andothersurroundingtissuesact aslow-pass�lters, leadingto

attenuationat higher frequencies.The signalsalsoget muddledwhenpassingthrough

tissueswhich makesit dif�cult to pinpoint theorigin of thepotential�eld. EEGrecords

mostlytheactivity of largepyramidalcellswhichful�l theconstraints(Langetal., 1994).

EEG Signals

EEG studiesusuallyfocuseitheron spontaneousbrain rhythmsor EPs(or ERPs).The

frequency bandof EEGsignalis approximately0–70Hz. WhereasEPsandERPshave

amplitudesneartensof microvolts, spontaneousrhythmscanreachhundredsof micro-

volts (Langetal., 1994).

Spontaneousrhythmsincludeepilepticdischargesandotheraperiodicallyoccurringevents,

as well as well-de�ned periodicalrhythms (Cooperet al., 1980). For example,alpha

wavesoscillatingat 8–13Hz aregeneratedin mosthealthy adultswhenthey have their

eyesclosed.Thewavesareseenin theposteriorpartsof thebrainwhich correspondto

visual areas(Nunezet al., 2001). Abnormalwaveform canbe a sign of a neurological

disorder.

EPsandERPsoccurwhenthe brain respondsto a stimulus,which may be exogenous

(EP), or endogenous(ERP) of origin. However, the responseof an individual event

in EEG signal is too small to be reliably detecteddue to noiseand spontaneousEEG

rhythms. As a result, the stimulus is repeatedseveral, typically 100–200,times and

the EEG signalsare averagedwith respectto the onsetof the stimulusto recover the

elicitedEP. EPscanberecordedfrom differentmodalities.For example,auditorystim-

uli elicits auditoryevoked potentials(AEPs)andvisual stimuli visualevokedpotentials

(VEPs)(Cooperetal., 1980).

EEGsignalscanbeanalyzedin variousways.Thefrequency content,amplitude,andla-

tency of thesignalcanbeexamined.In addition,theoriginsof activationcanbemodelled

usingsourcelocalizationtechniques.
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2.2.2 Electrodesand Ampli�ers

Thissectionis basedon Langetal. (1994) andReilly (1999).

Whenintegratedcircuits becameattainable,ampli�ers with morechannelsbecamethe

trend.Today, it is possibleto measureEEGin up to 256positionson thescalp.However,

aswill bediscussedlaterin Section2.2.3, addingmoreelectrodeswill improvethespatial

accuracy only to acertainextent.

10-20ElectrodePositioning System

The EEG electrodesare typically spreadon the scalpaccordingto the widely usedin-

ternational10-20system(Figure2.8a). Thenumbersrefer to therelative inter-electrode

distances,namely10% and20%. Otherarrangementsareusedaswell, but the evenly

spaced10-20systemallows for �e xible but consistentextensionof the scalpcoverage

(Figure2.8b). Thepositionsarenamedsothat theletterdenotestheanatomicallocation

andthenumberingthesagittallocation,oddnumberson theleft andz in themiddle.For

example,electrodeP3is locatedaboveparietallobeon theleft hemisphere.

a) b)

Figure2.8: a) International10-20systemb) Extendedversion. From Falk Minow Ser-
vices(2005).
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Materials and Electrode-SkinImpedance

The electrodesaretypically madeof noblemetalssuchasgold, platinum,or silver, or

compoundslikeAg-AgCl, which is verywidely used.Theelectrodeitself is mostoftena

cupor a ring, which is then�lled with conductiveelectrodepastein orderto decreasethe

impedancebetweentheelectrodeandtheskin.

The electrode-skinimpedanceaffectsthe signal-to-noiseratio of the EEG signals. The

impedancesshouldbebelow 10k• , preferablyevenbelow 5k• . Lower impedancesare

obtainedby carefulapplicationof theelectrodes.A standardpracticeis to remove extra

greasefrom theskinwith alcoholor abrasivegelbeforeapplyingtheconductiveelectrode

pasteandpressingtheelectrodeto theskin.

Ampli�cation and Referencing

Theelectrodesareconnectedto anampli�er via electrodeleads.Thesignalis ampli�ed

usinga differentialampli�er which multipliesthedifferencebetweenits two inputs,and

thus reducesthe unwantedcommonmodesignal. In addition to the ampli�cation, �l-

teringandanalog-to-digital(A/D) conversioncanbeperformedaswell. Themaximum

samplingfrequency of modernEEGequipmentrangesupto 5 kHz,or even10kHz,which

is morethanadequateto monitortheEEGsignallargelybelow 70Hz.

TheEEGsignalis basicallyapotentialdifferencebetweentwo electrodes.Therearesev-

eralwaysto choosetheseelectrodes,althoughthemostcommonmethodsarereferential

andbipolarrecordingtechniquesandtheir variants.

In referentialrecording,one of the electrodesis chosento be the referenceand other

electrodesare comparedto it. The referenceelectrodecan be chosenin a numberof

ways,but usuallya comparatively inactive electrodeis chosen,for exampleanelectrode

connectedto oneof theearlobes.In bipolartechniques,in contrast,thevoltagedifferences

betweenelectrodesaremeasuredpairwise,anda commonreferenceis not needed.In

addition,thesubjectneedsto begroundedwith respectto theEEGdevice.
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However, dueto theadvancesin EEGsoftwaretechnology, changesin �lter settingsand

channelreferencescanbedonein of�ine analysis.

2.2.3 Spatial Resolution

Electrodesplaceddirectly on the cortex have shown that a potentialdifferencecan be

recordedat1–2mmspacing(Cooperetal., 1980). Dueto thesignalspreadingandatten-

uationin theextracorticaltissues,thesizeof theareaof activatedneuronsin thecortex

hasto be approximately5 cm2 in order to be recordedon the scalp. Furthermore,the

orientationof theneuronalcurrentswith respectto thesurfaceof thebrainis signi�cant,

i.e. radiallyalignedcurrentsgive themaximalsignal(Langetal., 1994).

In�uence of Number of Electrodes

The in�uence of the numberof electrodeson neuronalsourcelocalizationis not linear.

Michel et al. (2004) showed that the precisionincreasedfrom 25 to approximately100

electrodes,afterwhichnosigni�cant improvementcouldbeobserved.Furthermore,their

simulationssuggestthatat least60 electrodesareneededto correctlysampletheelectric

�eld distribution on the scalp. However, usingmultiple electrodeswith densespacing

increasestherisk of electrolytespreadingwhichdistortsthe�eld distribution.

2.2.4 SignalQuality and Artefacts

Thesignalquality acquiredin a typical EEGrecordingis affectedby noisecomingfrom

both the subjectand outsidesources. In this section,the most commonartefactsare

listed,andif possible,themeansto prevent themaredescribed.If not otherwisestated,

thefollowing paragraphsarebasedon Langetal. (1994) andReilly (1999).
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TechnicalArtefacts

Themostprevalenttechnicalartefact is mains-bornedisturbance, which is 50 or 60 Hz

dependingonthecountry. Thiscanbereducedsigni�cantly bypropergrounding,byelim-

inatingcurrentloops,andattaininglow skin-electrodeimpedances.Accordingto Ferree

et al. (2001), theamountof 60-Hznoisedueto capacitive couplingto theleadsincreases

linearlywith electrodeimpedancemismatch.

Subject-RelatedArtefacts

Subjectmovementcanaffect the signalquality in a numberof ways. Bodymovement

causestheelectrodesandleadsto move andtheir impedancesarelikely to vary, creating

artefactsthat aredif�cult to trace. Similarly, eye movementsandblinks causea voltage

difference,whichis visibleespeciallyin thefrontalelectrodes.Electro-oculogram(EOG)

is typically monitoredwith EEGsothattheocularartefactscanbetrackeddown.

Cardiacartefactscanbedividedinto threecategories.Electrocardiogram(ECG)artefact

canbe seenasa QRScomplex, generatedby the cardiaccycle, in the EEG. It canbe

recordedalongwith EEGin orderto identify it in thepostprocessingstage.Theothertwo

cardiac-relatedartefactsarelesspersistent.Pulseartefactis createdwhenbloodis pulsing

throughaveincloseto theelectrode.It canberemovedby slightly moving theelectrode.

Ballistocardiographic artefact is the leastcommonof the threecardiacartefacts. It is

producedby smallrockingmovementsof thebodywhichoccursynchronouslybut with a

�x eddelaywith respectto thecardiaccycle. Themovementscannotbetotally eliminated,

but they canbeattenuatedby adjustingthesubject's headwith apillow.
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2.2.5 EEG Safety

EEG recordingis electricallysafeprovided that the subjectis groundedproperlyto the

EEGdevice (Langet al., 1994). Groundingpreventstheformationof dangerousvoltage

differencesbetweenthesubjectandtheEEGequipment.

A potential infection risk ariseswhen the electrodesare applied(Ferreeet al., 2001).

In orderto achieve low impedancelevels, the scalpis often slightly abradedso that the

higher-impedancesurfaceepidermallayer is removed. To reducethe infection risk, the

equipmentusedmustbedisinfectedif they comeinto contactwith bloodproducts.How-

ever, with modernhigh input-impedanceampli�ers, the needfor abrasionhasbecome

lessirreplaceable,which in turneasessubjectcomfortsubstantially.
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2.3 Magnetic ResonanceImaging, MRI

MRI is anadvancedimagingtechniqueusedfor obtaininganatomicallyaccurateimages

of thehumanbody. It is basedonnuclearmagneticresonance(NMR) whichwasdiscov-

eredalreadyin 1946by Felix Bloch andEdward Mills Purcell. They received a Nobel

Prizein physicsfor theirwork in 1952.

Furthermore,two prizeshavebeenawardedin chemistryfor thedevelopmentof magnetic

resonancespectroscopy (MRS),a�eld closelyrelatedto MRI; RichardErnstwasawarded

aNobelPrizein 1991,andKurt Wüthrichin 2002.

Thediscoveryof magneticresonancealonewasinsuf�cient for visualizingdifferentstruc-

tures. In thebeginningof 1970s,Paul C. Lauterbur andSir PeterMans�eld marked the

advantagesof theusageof gradientsin themagnetic�eld. This wasanessentialstepin

theimplementationof MRI asa practicalimagingmethodandwaslaterrewardedwith a

NobelPrizein 2003.

Functionalmagneticresonanceimaging(fMRI) is a functionalbrain imagingtechnique

that detectsthe haemodynamicchangesassociatedwith neuronalactivation within the

brain.Theadvantagesof fMRI arenon-invasivenessandrelatively highspatialresolution,

whichmake fMRI superiorto severalotherfunctionalimagingtechniques.

For the most part, Sections2.3.1, 2.3.2, and 2.3.4 are basedon Vlaardingerbroekand

denBoer (1996); Oppelt(1998); WestbrookandKaut (1998); Haacke et al. (1999); and

JezzardandClare(2001).

2.3.1 BasicPrinciples

In this section,a brief overview will begivenon NMR, followedby thebasicprinciples

of MRI andimageconstruction.For moreinformationseee.g.Vlaardingerbroekandden

Boer(1996), andWestbrookandKaut (1998).
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Nuclear Magnetic Resonance

Protonsandneutronspossessa quantizedangular momentum, or spin. The net angular

momentumof a nucleus,andthusnet spin, is determinedby the numberof constituent

nucleons.Further, if thenetspin is nonzero,thepositive chargeof thenucleuscreatesa

nuclearmagneticmoment.

Someessentialpropertiesof biologically importantnuclei with nonzeronet spinsare

listedin Table2.1. In humans,themostimportantnucleusin MRI is hydrogendueto its

naturalabundanceandlargemagneticmoment.Hence,only hydrogenwill beconsidered

in thefollowing sections.

Table2.1: Selectedbiologically importantnucleiandtheir NMR properties.Thenuclei
at thetopof thetablearemostabundantin humans(Haackeetal., 1999).

Nucleus Spin Gyromagneticratio 
 =2� (MHz/T)
1H (hydrogen) 1=2 42.577

23Na(sodium) 3=2 11.268
31P(phosphorus) 1=2 17.254
17O (oxygen) 5=2 5.774
19F (�uorine) 1=2 40.077

Whennucleiwhich have a netspinareplacedin a strong,externalstaticmagnetic�eld 1,

B0, theirmagneticmomentstendto alignalongtheexternal�eld. Boththestrengthof the

�eld andthe level of thermalenergy determinewhethera nucleusis alignedparallelor

anti-parallel.Most spinscanceleachotherout, but a small imbalancefavouringparallel

spinscreatesanetmagnetizationvector, M, parallelto B0 (Figure2.9).

Spinsstartto rotate,or precess,aroundB0 (seeFigure2.10) whenanexternalmagnetic

�eld is present.TheLarmorequationgivesthefrequency of precessionfor anucleuswith

1In MRI literature,B denotesthestrengthof themagnetic�eld, or simplythemagnetic�eld. In contrast,
engineeringliteraturedenotesmagnetic�eld by H andmagnetic�ux densityby B, which areinherently
relatedvia B D � H, where� is thepermeabilityof themedium.In this thesis,theconventionemployedin
MRI literatureis followed.
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Figure2.9: Net magnetization.a) Randomlyorientedspins. b) Spinsalignedalongthe
magnetic�eld creatinganetmagnetization.

respectto thestrengthof themagnetic�eld:

! 0 D 
 B0; (2.1)

where! 0 is theangularvelocity of theprecession,
 thegyromagneticratio (in MHz/T)

andB0 thestrengthof theexternalmagnetic�eld (in T). Theangularvelocity, andthusthe

precessionfrequency, or Larmor frequency, increaseswith the strengthof the magnetic

�eld.

B0z,
w0

x

y

Figure2.10:Precessionaroundexternalmagnetic�eld B0 atLarmorfrequency ! 0.

For example,usingthevalueslistedin Table2.1 in Equation(2.1), theLarmorfrequency

of hydrogenat3 T canbeevaluatedas127.7MHz. Thismeansthatif ahydrogennucleus

is excitedwith analternatingmagnetic�eld which is perpendicularto B0 andoscillating

at Larmor frequency, the nucleusgainsenergy andresonates.This effect is callednu-

clear magneticresonance, which is the basisfor MRI andotherrelatedNMR imaging

techniques.

The excitation pulseis ofter referredto as the radio frequency (RF) pulsebecausethe
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Larmorfrequency for hydrogenliesin theradiofrequency bandatcommon�eld strengths

rangingfrom 0.1T to 4 T andhigher.

SignalDetection

TheRFpulseis neededfor MRI signalgeneration.Themagnetizationvectoralignedwith

B0 is perturbedwith theRF pulsesothat it is �ipped towardthetransverse,or xy, plane.

Thedurationof theRFpulsedeterminesthe�ip angle, � (Figure2.11). Sincethereceiver

coil detectsthetransversecomponentof M, a �ip angleof 90� yieldsmaximumsignal.

B0z,

x

y
a

Figure2.11:Magnetizationvector�ipped towardthetransverseplaneby �ip angle� .

Relaxation

After thebrief RFpulse,thespinstry to realignalongthemainmagnetic�eld. As aresult,

the longitudinalcomponentof M recoversin anexponentialmanner. This is referredto

asT1 recovery, or T1 relaxation(seeFigure2.12a).

On theotherhand,thetransversecomponentof M decays.Immediatelyaftertheexcita-

tion pulse,all spinsprecessin thesamephase.Graduallythephasecoherencedeteriorates

dueto random�eld �uctuationsandleadsto anexponentialdecaywhich is referredto as

T2 decay, or T2 relaxation(seeFigure2.12b).

In reality, the external magnetic�eld is not completelyhomogeneous.In addition to

possibleimperfectionsin the magnet,the item beingimaged,e.g. the humanhead,can

have regionsof varyingmagneticsusceptibility. Thesefactorscausespindephasingin a
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Figure2.12: Relaxationtimesfor grey matterat 1.5T. a) T1 recovery (T1 D 950ms). b)
T2 decay(T2 D 100ms).

similar mannerasin T2 relaxation.However, this decay, calledT �
2 relaxation, allows for

the refocusingof spinsusinga 180� pulse,becausethe inhomogeneityof the magnetic

�eld is not randomasis the casewith T2. In fact,T�
2 includesthe effectsof T2, which

cannotbesolvedby refocusing.

Weighting

Fatandwatercanbedifferentiatedin MR imagesdueto differingrelaxationtimes.There-

fore, imagingsequencescanbedesignedto show strongercontrastfor a certaintissueof

interest(seealsoSection2.3.2).

T1 weightedimageshave a strongsignalfor fat dueto a relatively rapidrecovery process

(Figure 2.13a). In contrast,water hasa strongsignal in T2 weightedimages because

the magnitudeof its transversemagnetizationis large (Figure 2.13b). Proton density

weightedimagesshow a contrastdueto differencesin protondensitiesbetweentissues.

Protondensitycontrastis alwayspresentto someextent.
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Figure2.13: Imageweighting.a) T1 weightedaxial imageof humanbrain.Whitematter
shows bright dueto fatty myelin. b) T2 weightedaxial image.Theimagesweretakenat
3 T at theAMI Centre,TKK.

Spatial Encoding

In addition to the staticmagnetic�eld and the RF pulse,gradient�elds areappliedin

threedimensionsin order to obtainspatialinformationneededfor imageconstruction.

The following convention of x, y, and z directionsis for axially orientedimages,but

combinationsof thesecoils canbeusedfor imagingin otherplanesaswell.

Gz is typically usedfor slice selection. A linear gradient�eld is appliedso that the

strengthof themagnetic�eld, andconsequentlytheLarmorfrequency, increasestoward

the z-direction. After the applicationof an RF pulseof a certainbandwidth,1! , spins

whoseLarmorfrequenciesarewithin thatbandareexcited,andsliceselectionis complete

(Figure2.14).
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Figure2.14:GradientGz andexcitedslice.
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Next, a phase-encode, or Gy, gradientis appliedto the excited slice. After a while, a

phasedifferenceis createdbetweenprecessingspinsin y-direction.Finally, a frequency-

encode, or Gx, gradientis appliedin x-direction. Accordingly, theprecessionfrequency

of spinschangestoward thatdirection. Gx is alsocalledthe read-outgradient,because

theactualdatais collectedwhenthisgradientis in use.2-D spatialencodingis illustrated

in Figure2.15.

w1

w1

w1 w3

w3

w2

w2 w3

w2

Phase

Frequency

Figure2.15: 2-D spatialencoding.Phaseandfrequency of spindependon spatialloca-
tion.

Theuseof all threegradientsallows for spatialencodingin 3-D. Combiningthepixelsof

eachslice,thecorresponding3-D representationconsistingof voxels, or volumeelements,

is created.

By varyingthedurationof thegradient�elds, anentirevolumecanbemappedin frequency-

phasespace,calledthek-space. Theconversionbetweenk-spaceandimagespaceis done

by calculatingthe2-dimensionalFourier transformfor eachslice(Figure2.16). A three

dimensionalvolumecanbeconstructedfrom theslices.For moreinformationaboutim-

ageprocessing,seee.g.GonzalezandWoods(2002) andHuetteletal. (2004).
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FFT

Figure2.16: Conversionbetweenk-spaceandimagespace.TheMR imagetakenat 3 T
atAMI Centre,TKK.

2.3.2 Imaging Sequences

Therearetwo main typesof imagingsequences:spin echo (SE) andgradient recalled

echo (GRE)sequences.Themaindifferenceis in theusageof theexciting RFpulses.

Spin Echo

As mentionedin previous section,the spinsbegin to dephaseafter the applicationof

the exciting 90� RF pulse. A signal, called an echo,can be recordedwhen the spins

rephase.In the caseof spin echosequences,the rephasingis doneby applyinga 180�

pulse(Figure2.17).
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Figure2.17:SEimagingsequence.A 180� refocusingpulseis appliedto createanecho.
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Spinechosequencescanbeusedfor T1, T2, andprotondensityweightedimages.They

havegoodimagequalitysuitedfor detailedanatomicalimagesandpathology.

Gradient RecalledEcho

In gradientrecalledechosequences,theexciting RFpulsehasa �ip angle,� , typically in

therangebetween0� and90� . Thespinrephasingis accomplishedby applyinggradients

of reversepolarity, andhencethe refocusing180� pulsepresentin SE sequencesis not

needed.

Acquisition

RF

Slice

Phase

Freq.

Signal

Gradients

echo

t

a

Figure2.18: GREimagingsequence.The�ip angle,� , is typically between0� and90� .
Gradientsof reversepolarityachievespinrephasing.

A smaller�ip angleenablesfasterrecovery of the longitudinalmagnetization,andthus

a new RF pulsecanbeappliedsooner. Hence,GREbasedsequencesarefasterthanSE

sequences.

GREcanbeusedfor obtainingT1, T�
2, andprotondensityweightedimages.Becauseof

theabsenceof the refocusingRF pulse,theeffectsof T�
2 associatedwith magnetic�eld

inhomogeneitiesarenoteliminated,andT2 weightedimagescannotbeacquired.
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Other Sequences

In SEandGREsequencesonly onephase-encodingstepis appliedin turn. This resultsin

multipleacquisitionsperonesliceand,consequently, longerimagingsessions.

Fastspinecho (FSE),a sequencebasedon SE,utilizesa train of rephasing180� pulses.

At eachrephasing,a signal is recordedanda differentphase-encodingstepis applied,

reducingtheimagingtimeconsiderably(Figure2.19).

Acquisition

RF

Slice

Phase

Freq.

Signal

Gradients

90
180 180 180 180

echo echo echo

t

Figure2.19:FSEimagingsequence.A trainof rephasing180� pulsesis utilized.

Echo planar imaging (EPI) is a fast imaging techniquein which gradientsareusedto

cover thewholek-spacewithout theneedfor repeatedRF pulses.EPI sequencesbased

ongradientrecalledecho(GRE-EPI,seeFigure2.20) areoftenusedfor BOLD fMRI due

to thesensitivity to T�
2.

With ultra-fast sequencesseveral slicescanbe acquiredat a time. This is enabledby

applyingonly aportionof theRFpulseandreadingapartialecho.Extrapulses,one180�

pulseor a combinationof 90� –180� –90� pulses,aretypically appliedbeforethe actual

sequencein orderto pre-magnetizethetissue.
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echoes . . .

Figure2.20:GRE-EPIimagingsequence.A wholesliceis coveredusinga singleexcita-
tion pulse.

SequenceParameters

Sequencesaretypically describedusingtwo establishedparameters.Repetitiontime, TR,

is the time betweenconsecutive exciting RF pulses.Echo time, TE, is the time between

theexciting RFpulseandthedetectionof anecho.Botharegivenin milliseconds.Image

weightingis accomplishedby varyingtheseparameters.

2.3.3 BOLD fMRI

Neuronalactivity canbe measuredwith fMRI only indirectly. Increasein the neuronal

activity in a certainarealeadsto greaterenergy andoxygenconsumption,which is com-

pensatedby anincreasein thelocalblood�o w. As oxygenandglucoseareextractedfrom

bloodthroughthesurfacesof capillaries,thebloodbecomesdeoxygenated.

However, dueto theincreasedblood�o w, theapparentoxyhaemoglobinlevel rises.This

enablesthe blood oxygenationlevel dependent, or BOLD, signal to be measured.For

example,thena vibratorystimulusis appliedto the �ngertip, a correspondingregion in

the somatosensorycortex is activated. As a result,moreoxygenatedblood �o ws to the

somatosensorycortex, andBOLD signalcanbedetected(Gelnaretal., 1998).
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ThefollowingparagraphsaremostlybasedonHogeandPike(2001), MenonandGoodyear

(2001), andHuetteletal. (2004).

BOLD Contrast

The magneticpropertiesof blood aredeterminedby whetherthe oxygenmoleculesare

attachedto haemoglobinor not. Oxygenatedhaemoglobin,or oxyhaemoglobin,is dia-

magnetic,whichmeansthatthemoleculefeelsaweakrepulsionfrom themagnetic�eld.

On the otherhand,deoxygenatedhaemoglobin,or deoxyhaemoglobin,is paramagnetic

andis slightly attractedto themagnetic�eld.

The magneticsusceptibilityis about20 % greaterfor completelydeoxygenatedblood

comparedwith oxygenated.As wasexplainedin Section2.3.1, anobjectwith magnetic

susceptibilitycausesspindephasingif placedin magnetic�eld, which leadsto adecayof

transversemagnetization.Consequently, MR sequencessensitive to T�
2 show moresignal

for highly oxygenatedblood.This is calledtheBOLDcontrast.

Initial Dip

After 5–8secondsafterstimulusonset,apositiveBOLD signalcanbeseendueto increase

in oxyhaemoglobin.However, thepositive peakis precededby a brief (0.5–1s) decrease

in BOLD signalobservedat high �eld strengths(Figure2.21). This is calledthe initial

dip.

Thereareseveral theoriesthat attemptto explain the initial dip andthe increasein the

level of oxygenatedblood in the activatedareas.The theoriesarenot coveredhere,for

recentreviewsseeZarahn(2001) andBuxtonetal. (2004).
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Signal

Time

Initial dip

Positive BOLD signal

Stimulus

Figure2.21:Schematicdiagramof BOLD signal.Initial dip canbeobservedathigh �eld
strengthsasa decreasein BOLD signal.Strongerpositive signalpeaks5–8secondsafter
stimulusonset.Basedon HogeandPike (2001).

BOLD Resolution

Therehasbeendiscussionof how accuratelytheBOLD effect canbeusedto localizethe

neuralactivity.

Somestudieshaveshown thatthepositivecomponentof theBOLD signalis morediffuse

thanthe initial dip. As a result,this hasleadto contemplationof the initial dip beinga

betterspatialindicatorof neuralactivity. However, dueto thelimitationsof thesignaland

magnetic�eld strengths,mostfMRI studiesat presentusethepositive componentof the

BOLD signal.

Thespatialresolutionof themeasuredBOLD signalis partlyaffectedby voxel size(spa-

tial resolutionis discussedalso in Section2.3.4). Although smallervoxel sizedenotes

moreaccuratelocalization,theminimumsizeof thevoxel is limited by two factors.First,

the BOLD signaldependson the changein the amountof deoxygenatedhaemoglobin

within asinglevoxel. Reducingthesizeof thevoxel reducesthestrengthof thesignali.e.

thesignal-to-noiseratio.

Second,smallervoxel size meanslonger acquisitiontime for a given volume. Thus,
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thereis a trade-off betweenacquisitiontime andspatialresolutionandvolumecoverage.

However, usinga largevoxel sizecanleadto partialvolumeeffects.Thevoxel cancover

different tissuetypes including non-active ones,which leadsto weaker overall signal

response.

2.3.4 ImageQuality and Artefacts

Apart from variousartefacts,thequalityof structuralimagesis mostlyaffectedby signal-

to-noiseratioandspatialresolution.Thissectiongivesanoverview of thesefactors.

Signal-to-NoiseRatio

Greatersignal intensitycanbe obtainedat higher �eld strengthsthroughincreasednet

magnetization.However, the relationshipbetweenSNRand�eld strengthis reducedto

approximatelylinearbecausethedegreeof thermalnoiseincreaseswith �eld strength(Huet-

tel etal., 2004).

OtherfactorsaffectingSNRarevoxel size,coil type,protondensityin imagedvolume,

numberof averages,andseveral imagingparameters,which alsocontributeto theimage

contrast.

Spatial Resolution

Spatialresolutionis determinedby thesizeof thevoxel, i.e. by slicethicknessandthepre-

cisionof thegrid in k-space.Althoughsmallvoxel sizecorrespondsto betterresolution,

decreasingthesizereducestheintensityof thesignalandthusSNR(spatialresolutionof

BOLD fMRI is coveredin Section2.3.3). Thedimensionsof a voxel aretypically in the

orderof a few millimetres,albeitat higher�eld strengthsthesidelengthof a voxel can

beevenbelow 1 mm.
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Artefacts

Thereare several artefactsthat affect the quality of images. The most commonarte-

factsareintroducedbrie�y here;remediesto reduceor eliminatethemcanbefounde.g.

in WestbrookandKaut (1998).

Movementin generalcausesimagedegradation.Ghosting, or phasemismapping, origi-

natesfrom movementalonga gradientduringdataacquisition.Ghostingoccursalways

alongthedirectionof thephase-encodegradient(Figure2.22).

Figure2.22: Ghostingartefact. The diameterof the phantomis 17 cm. Luminanceis
adjustedto emphasizetheartefact.Theimagewastakenat3 T at theAMI Centre,TKK.

Aliasing can be seenwhen only a part of an object is being imaged. If the sampling

frequency is toolow, theexcludedpartscloseto thereceivercoil arefoldedinto theimage.

In addition, undersamplingin the phase-encodedirection contributesto truncation, or

Gibbsartefact, seenasadarkbandcrossingahigh intensityarea.

Shadinginducesa lossof signal intensity in onepart of the image. The main causeis

uneven excitation of nuclei, but abnormalloadingon the coil, coupling to the coil, or

magnetic�eld inhomogeneitiesarepossiblefactors.

CrossexcitationoccurswhentheRF pulseexcitesnuclei in slicesnext to theonebeing

imaged. Similarly, in crosstalk, relaxingspinsmay dissipatetheir energy to adjacent

nuclei. In bothcasesimagecontrastis affected.
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ImproperRF shieldingof thescannerroomcancauseinterferencefrom theoutsidecon-

taminatingtheimagewith adashedline. This is known aszipperartefact.

ThedifferencebetweenLarmorfrequenciesof fat andwaterresultsin two typesof arte-

facts. Chemicalshift artefact is morepronouncedat higher �eld strengthsbecausethe

frequency differenceis greateraswell. Dueto limited frequency resolution,asamplecan

bemappedinto differentvoxelsdependingon its fatandwatercontent.Accordingly, this

canbeseenasdarkedgesbetweenfat andwater. In addition,phaseinterferencecaused

by the frequency differenceleadsto chemicalmisregistration seenespeciallywith GRE

sequencesasa ring of darksignalaroundsamplescontainingbothfatandwater.

Magneticsusceptibilityartefactoccursat the interfaceof two samplesof differentmag-

netic susceptibilities,e.g. betweentissueandair, or metallic implant. As the degreeof

magnetizationdiffers,theLarmorfrequenciesof thesamplesdiffer leadingto dephasing

andsignalloss(Figure2.23). This artefact is morepronouncedat higher�eld strengths

andwith GREsequences.

Figure2.23: Susceptibilityartefactscausedby slightly magneticEOG leadconnectors.
Theimagewastakenwith GRE-EPIsequenceat3 T at theAMI Centre,TKK.

2.3.5 MRI Safety

In MRI studies,thesubjectis exposedto threetypesof magnetic�elds: thestatic�eld,

gradient�elds, andRF �elds. In this section,the biological effectsof these�elds are

discussedandrecommendedsafetylevelsarepresented.

33



Static Field

At the moment,no adversehealtheffectsof healthy subjectshave beenfound at static

�eld strengthsup to 8 T (ICNIRP, 2004). However, thelong termhealtheffectsof static

�elds arenot inclusively studied,andmoreepidemiologicalstudiesshouldbe madein

orderto draw �nal conclusions.Therefore,a limit of 40mT hasbeengivenin Finlandfor

continuousexposure(SuomenSäädöskokoelma, 2002).

Static�elds above 2 T cancausenauseaandvertigo. ICNIRP (2004) recommendsthat

clinical routine whole-bodyexposureto static �elds is limited to 4 T and the bene�ts

of applicationsat higher�eld strengthsshouldbecarefullyevaluatedwith respectto the

possiblerisksinvolved.

Ferromagneticobjectsarestronglyattractedto themagnetic�eld (WestbrookandKaut,

1998). Thus,metallic objects,suchas scissors,screwdrivers, andsurgical equipment,

canbecometreacherousandlethalprojectilesif they getnearthefringe �eld. Likewise,

metallicimplantscanmoveanddamagethesurroundingtissue.In addition,cardiacpace-

makersandotherelectronicdevicesmayfunctionunexpectedly.

Gradient Fields

Time-varying magnetic�elds canproducenerve, muscle, and cardiac stimulation. The

medianperceptionthresholdof therateof changeof magnetic�eld for peripheralnerve

stimulationis givenby thefollowing equation:

dB
dt

D 20
�

1 C
0:36
ts;ef f

�
T
s

; (2.2)

wherets;ef f is the effective stimulusduration(in ms), i.e. the durationof the periodof

monotonicincreasingor decreasinggradient(IEC, 2002; ICNIRP, 2004). It is recom-

mendedthat the maximumexposurelevel for normaloperationis 80 % of the median

indicatedby Equation(2.2), and100% for controlledoperation.The limits for cardiac
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stimulationarelessstrict (IEC, 2002).

Rapidlyswitchinggradientcoils alsoproduceloud acousticnoise. To avoid hearingim-

pairment,hearingprotection(e.g. earplugs,headphones)shouldbeworn at noiselevels

exceeding85dB (A-weighted)(ICNIRP, 2004).

RF Fields

RFpulsescauseheatingasenergy is absorbedinto thetissue.Excessiveheatingcanlead

to tissuedamageespeciallyin the temperature-sensitive organssuchasthe humaneye,

hypothalamus,andtestis. In addition,brain injuriescanoccurwithout noticingbecause

thereareno sensoryreceptorsin thecortex. Further, hot spots, or areasof excessive con-

centrationof RF energy, cancauseburnsif intensive enough(Shellock, 2000). Thebasic

principlesof thermoregulatoryresponsesto RFenergy absorptionhavebeenreviewedby

Adair andBlack (2003).

In thecaseof routineMR imaging,possibleRF risk factorsincludethe following: con-

ductive loopsthroughapartof thebody, thepresenceof dampclothing,theplacementof

thebodyor extremetiesagainstRFtransmitcoil surface,thecontactbetweenpatientand

RFreceivecoil cable,andtheroutingof theRFcoil cablein proximity to theRFtransmit

coil (IEC, 2002).

Localburnsareof speci�c concernwith metallicobjects,e.g.implantsandwires(Dempsey

andCondon, 2001). Heatingcanoccurdueto severalreasons:formationof eddycurrents

in the objectandsurroundingtissue(Nyenhuiset al., 1999); currentsinducedin loops

of wire by thechangingmagnetic�ux; andenergy dissipationinto surroundingtissueby

focusingof electric�elds in wiresof resonantlengths(Pictetetal., 2002).

Resonanteffectscanalsooccurwhenthetissuesizeis comparableto thewavelength,� ,

of theRF pulse(Shellock, 2000). Whenthe lengthof a conductive wire (or tissue)is a

quarter(or its multiple)of thewavelength,thewire is in resonanceandactsasanantenna.

However, Shellock(2000) andPictetet al. (2002) suggestthat resonantlengthsof � =2,
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correspondingto 1.17m at 3 T in theair, (andmultiples)leadto heatingeffects,whereas

Armeneanet al. (2004) report that maximumtemperatureelevationswere observed at

slightly smallerlengthsthanthose. Armeneanet al. (2004) contemplatethat a possible

explanationcouldbe that theRF �eld did not cover thewholewire length. In addition,

althoughtheradiationpatternof theantennais mostconcentratedat the tips, signi�cant

heatingoccursalsoalongthewire in thesurroundingtissue(Armeneanetal., 2004).

Total temperatureincreasedependsalsoon otherfactors.Heatis distributedin thebody

by convectiveheattransferthroughblood�o w. However, theability to dissipateheatmay

becompromisedif thesubjectis ill or undermedication(Shellock, 2000).

ICNIRP (2004) recommendsthat the body core temperaturerise is restrictedto an in-

creaseof 1 � C for healthy adults,andto 0:5 � C in the caseof infants,pregnantwomen,

andpersonswith cardiocirculatoryimpairment.Local temperaturelimits arealsogiven

for thehead(38 � C), trunk (39 � C), andextremities(40 � C). In addition,pregnantwomen

shouldavoid MRI examinationsespeciallyduringthe�rst trimesterwhenthefetusis most

vulnerableto developmentalmalformations.

Speci�c Absorption Rate

Therateof theabsorbedenergy is describedin termsof speci�c absorptionrate(SAR):

SAR D
Pabs

mt i ssue
; (2.3)

wherePabs is theabsorbedpowerandmt i ssue themassof thetissue.SARis dependenton

theconductivity, � , anddensity, � , of thetissue,andtheamplitudeof theRF-�eld related

electric�eld, E, accordingto thefollowing equation:

SAR D
� E2

2�
: (2.4)

Becausethe RF power is emittedasa pulse,the amplitude,E, hasto be multiplied by

a factor� =TR, where� is the durationof the pulseandTR the repetitiontime between
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pulses(HuurtoandToivo, 2000). � is directlyproportionalto the�ip angle(Huetteletal.,

2004).

Thereexistsa linearrelationshipbetweentemperaturerise,1 T, andSAR:

1 T D
1 t�SAR

c
; (2.5)

wherec is the speci�c heatcapacityof the tissueand1 t the durationof the exposure

(HuurtoandToivo, 2000).

Hence,it can be concludedfrom equations(2.3–2.5) that SAR, and thus temperature

change,is dependenton factorsrelatedto the physical and electricalpropertiesof the

tissue(i.e. mass,density, conductivity, andspeci�c heatcapacity)aswell asthesequence

design.Furthermore,temperatureincreasecanbe expectedto be greaterat higher�eld

strengthsbecausemoreenergy is requiredto �ip thespins.

Theequationsalsoshow thatthetemperaturechangeis quadraticallyproportionalto �ip

angleandinverselyquadraticallyproportionalto therepetitiontime betweenpulses.Ac-

cordingly, GRE-EPIsequenceswith low �ip anglesandrarelyoccurringexcitationpulses

canbe expectedto exhibit only moderatetemperatureincreasesasopposedto SE (and

particularlyFSE)sequenceswith repeated180� �ip angles.

To preventexcessivetemperatureincreases,basicrestrictionslimiting SARhavebeenset.

Table2.2 lists themaximumSARlimits approvedby theFinnishlaw.

Table2.2: MaximumSARlimits for electricandmagnetic�elds at frequencies10MHz–
10GHz(SuomenSäädöskokoelma, 2002).

Whole-body LocalSAR LocalSAR
averageSAR(W/kg) (Headandtrunk) (W/kg) (limbs) (W/kg)

0.08 2 4

SAR valuesareaveragevaluesover a 6-minuteperiod. Local SAR is calculatedasthe

absorptionratein a10g cubicalpieceof tissue.
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2.4 SimultaneousEEG and fMRI

EEG andfMRI aretwo functionalbrain imagingmethodsthat complementeachother.

Thehigh temporalresolutionof EEGcombinedwith thehigh spatialresolutionof fMRI

producemoreaccurateinformationaboutthebrain's functionsthanany othernoninvasive

methodhasbeenableto dosofar.

The developmentof simultaneousEEG/fMRI hasbeentremendouslyfast. Ives et al.

(1993) werethe �rst to recordandpublishdataon EEGacquisitionduring fMRI. Their

setupincluded17 EEG andoneECG gold andsilver electrodes,an in-houseampli�er,

anda1.5T wholebodyscanner. Ivesetal. (1993) observedthattheEEGsignalsaturated

duringtheMRI scanandreportedEEGartefactsrelatedto thecardiaccycle andsubject

movement.

Safetyconsiderationswerenot tackleduntil 1997,whenLemieuxet al. (1997) published

the�rst reportaboutpatientsafety. Sincethen,a few researchgroupshave concentrated

on thesafetyissues,with a largecontribution from Angeloneet al. (2004) in theareaof

RFsimulations.

In themeanwhile,many interleavedstudies,i.e. EEGdatais recordedonly betweenthe

RF andgradient�elds to avoid largeimagingartefactsin theEEGsignal,have beenper-

formed(Bonmassaret al., 1999; Kruggelet al., 2000; Bonmassaret al., 2002; Ellingson

etal., 2004; Mäkirantaetal., 2004; Scarff etal., 2004). Similarapproacheshavebeenem-

ployedin epilepsystudies.EEGof apatientsufferingfrom epilepsyhavebeenmonitored

in thescanner, andtheMRI sequencehasbeentriggeredwhenanepilepticdischarge is

detected(for a review, seeSalek-Haddadietal., 2003a).

Thedevelopmentof removal methodsfor ballistocardiogramandimagingartefactsin re-

centyearshasallowed truly simultaneousEEG andfMRI to be acquired.ERPstudies

utilizing alsotheEEGrecordedduring the fMRI sequenceshave beensuccessfullyper-

formed(Anami et al., 2003; Mulert et al., 2004; Negishi et al., 2004; Comi et al., 2005;

Sammeretal., 2005).
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TheincentivebehindsimultaneousEEGandfMRI recordingsis theaccuracy thesemeth-

ods possess.Attemptsto combineEEG and fMRI dataacquiredin separateimaging

sessions,accordingto presentknowledge,doesnot guaranteethat the haemodynamic

andelectricactivationsdetectedby fMRI andEEG,respectively, originatefrom thesame

source(seee.g.NunezandSilberstein, 2000; Horwitz andPoeppel, 2002).

Theexperimentalconditionscannotbeperfectlyreplicatedin separatesessions.For in-

stance,the impactof the physical recordingenvironmenton the brain activationsis un-

predictable.WhereasEEGrecordingstypically take placein quiet,electricallyshielded

room, in the MRI scannerthe subjectis exposedto loud scannernoiseandmechanical

vibrations. In addition, the cognitive stateof the subjectmay be alteredbetweenthe

sessions.Furthermore,learningeffectsandepilepticdischargescannotbereproduced.

Threemain issueslimit the useof simultaneousEEG andfMRI: artefactsfound in MR

imagesandEEGsignal,and,mostimportantly, safety. Eachof theseissuesis addressed

in turn. First of all, anoverview of thestate-of-the-artequipmentandsimultaneousEEG

andfMRI studiesis given.

2.4.1 State-of-the-Art Equipment

A representativesampleof simultaneousEEGandfMRI studiesis gatheredin Tables2.3–

2.5. Table2.3 lists interleaved studiesandstudieswhereEEG dataduring imagingse-

quenceshasnot beenutilized, or recordedat all dueto artefacts,ampli�er saturation,or

otherreasons.Theequipmentsarelistedasstatedby theauthors.

SimultaneousEEGandfMRI studiesarepresentedin Table2.4. In addition,studiestreat-

ing safetyissuesandMR imagequality arelisted in Table2.5. Spike-triggeredepilepsy

studiesarenot included.
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Table2.3: InterleavedEEGandfMRI studies

Reference Tesla MRI Scanner # Electrodes El. materials EEGequipment Content

Ivesetal. (1993)
1.5 Siemens 16 Au, Ag in-house First report

Allen etal. (1998)
1.5 GEHorizonEchoSpeed 19 Ag/AgCl NeurolinkPatientModule

(Physiometrix)
Ballistocardiogramartefactremoval,
alpha,epilepticspikes

Bonmassaretal. (1999)
3 GEANMR 64 conductive

plastic
Optilink, SynAmps
(NeuroScanLabs),
in-housecap

Ballistocardiogramartefactremoval,
interleavedVEP

Goldmanetal. (2000)
3 GE 16 AgCl customizedTelefactor Ballistocardiogramartefactremoval,

alpha

Kruggeletal. (2000)
3 BrukerMedSpec30/100 9 Ag/AgCl Schwarzer InterleavedVEP

Bonmassaretal. (2002)
1.5 SiemensAG 32,8 Ag/AgCl,

conductive
plastic

OptiLink, Synamps,
modi�ed Quickcap
(Neurosoft),in-housecap

Ballistocardiogramartefactremoval,
interleavedVEP, alpha

Ellingsonetal. (2004)
1.5 GESigna 30 - modi�ed Quik-Cap

(Neuroscan)
Ballistocardiogramartefactremoval,
interleavedAEP

Mäkirantaetal. (2004)
1.5 GESignaIn�nity TwinSpeed 12 - Maglink (Neuroscan) Interleavedhyperventilation

Scarff et al. (2004)
3 GESigna 64,128 Ag/AgCl Maglink InterleavedAEP,

numberof electrodesandsource
localization
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Table2.4: SimultaneousEEGandfMRI studies

Reference Tesla MRI Scanner # Electrodes El. materials EEGequipment Content

Allen etal. (2000)
2 SiemensVision 9 Au in-house Imagingartefactremoval,

simulatedepilepticdischarges

Sijbersetal. (2000)
4.7 SMIS 5 Ag/AgCl Schwarzer Ballistocardiogramartefactremoval

Lemieuxetal. (2001)
2 SiemensMagnetomVision 10 Au in-house Epilepticdischarges

Anamietal. (2003)
1.5 SiemensMagnetomVision

Plus
10 Ag/AgCl SynAmps(Neuroscan),

customizedcap
Imagingartefactremoval, VEP,
alpha

Garreffaetal. (2003)
1.5 PhilipsMedicalSystems

Intera
19 Ag/AgCl modi�ed BE/Mizar Imagingartefactremoval,

EEGrhythms

Laufsetal. (2003)
1.5 SiemensMagnetomVision 29 Ag/AgCl BrainAmpMR

(BrainProducts),
BrainCap(FMS)

Alpha in EEGandBOLD

Moosmannetal. (2003)
1.5 SiemensMagnetomVision 2, 29 - EMR digital (Schwarzer),

BrainAmp(BrainProducts),
Easy-Cap(FMS)

Alpha in EEGandBOLD
(interleaved,simultaneous)

Salek-Haddadietal. (2003b) 2 SiemensMagnetomVision 12 Au in-house Epilepticdischarges

Garreffaetal. (2004)
1.5 SiemensVisionMagnetom 40 Ag/AgCl customizedEBNeuro(Mizar) Methodologicalissues

Mulert etal. (2004)
1.5 SiemensMagnetomVision 27 Ag/AgCl EMR (Schwarzer) AEP

Negishietal. (2004)
3 SiemensMagnetomTrio 19 - NuAmps(Neuroscan),

in-housecap
Imagingartefactremoval, VEP,
alpha

Comietal. (2005)
1.5 MarconiCorp.

Marconi-Picker
32 AgCl BrainProducts VEP

Müller etal. (2005)
1.5 SiemensVision 19 Ag/AgCl BrainAmp

(MESMedizinelektronik)
Visualperceptiontransition

Sammeretal. (2005)
1.5 SiemensSymphony 29 Ag/AgCl BrainAmpMR

(BrainProducts),
BrainCap(FMS)

SteadystateVEP,
lateralizedreadinesspotentials,
frontal thetaenhancement
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Table2.5: Safetyandimagequalitystudies

Reference Tesla MRI Scanner # Electrodes El. materials EEGequipment Content

Lemieuxetal. (1997)
1.5 GESignaHorizon

Echo-Speed
1 Ag/AgCl - Safety, current-limitingresistors

Krakow etal. (2000)
1.5,2 GEHorizonEchoSpeed,

SiemensMagnetomVision
- several in-house,NeurolinkPatient

Module(Physiometrix)
Imagequality

Bonmassaretal. (2001)
1.5,3 GE 64 conductive

plastic
in-house Imagequality, retinotopicmaps

Lazeyrasetal. (2001)
1.5 MarconiMedicalSystems

ECLIPSE
16 Ag/Au Neuroscan,Deltamed Safety, visualandmotortasks,

alpha

Meriläinen(2002)
3 GESigna 64 Ag/AgCl BrainProducts Safety

Angeloneetal. (2004)
1.5,3, 7 GE,SiemensTrio, simulated 124 Perfect

electrical
conductor

- Safety, simulations

Mirsattariet al. (2004)
1.5 GESignaLX CVMR 10 Ag/Au in-house Safety, imagequality

Angeloneetal. (2005)
3, 7 SiemensTrio,

simulatedconsole
- Perfect

electrical
conductor

- Safety, simulations
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A typical studyutilizesa1.5T scannerandAg/AgCl electrodesnumberingunder30. In-

terleavedstudiesappearto preferNeuroscanEEGequipmentandGeneralElectric (GE)

scannerswhereassimultaneousstudiesemploy BrainProductsEEGequipmentand,with

only a few exceptions,SiemensMRI scanners.However, thereis a relatively smallnum-

ber of researchgroupscarryingout simultaneousEEG andfMRI studies,which might

biasthisconclusion.

2.4.2 ImageQuality and Artefacts

The mostprofoundartefactscausedby the EEG equipmentin MR imagesaresuscep-

tibility artefacts. Chemicalshift artefacts,especiallywith the electrolytegels,arealso

plausible,but the artefactsarehardto differentiatefrom MR images(Bonmassaret al.,

2001). While chemicalshift artefactscanbetracedwith MRS,GRE-EPIsequencestypi-

cally usedin fMRI experimentsareparticularlyproneto susceptibilityartefactsdueto T�
2

weighting.In addition,theEEGequipmentcanemitelectromagneticnoisein afrequency

banddetectedby thereceivecoil (Krakow etal., 2000).

Imagequality suffers if theartefactsextendinto thecortex. However, if theartefactsare

limited to theouterlayers,they canbeusedto mapelectrodepositions(Bonmassaretal.,

2001). The scalp-to-cortex distancemeasuredfrom a sampleof subjectswas13.8mm

on averagewith theminimumof 7.5mm observedabove electrodepositionT5 (Krakow

etal., 2000).

The resultsfrom both Krakow et al. (2000) and Bonmassaret al. (2001) suggestthat

mostartefactsremainbelow 15 mm. The largestartefacts,19 and13 mm, reportedby

Krakow et al. (2000), werecausedby differentcomponentsof current-limitingresistors

(seeSection2.4.4). Furthermore,the largestartefactsresultingfrom electrodeswere8

and6 mm measuredwith Ag/AgCl andAu electrodes,respectively. Thecontribution of

carbonor copperelectrodeleadswasnegligible.

Theextentof theartefactwasfoundto bedependentonthatof thesingleworstcomponent

present,andthe spatialalignmentof the imagedobjectwith respectto B0, with largest
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valuesobtainedat perpendicularorientations.In addition,theartefactsizewassimilar in

bothphantomandhumanMR images(Krakow etal., 2000).

Dueto variationsin themanufacturingprocessof EEGcomponents,Krakow etal. (2000)

recommendthat eachcomponentis checked individually althoughthat their study in-

cludedawidevarietyof EEGcomponents.Moreover, althoughtheartefactsin T�
2 weighted

imagescausedby electrolytegelswerebelow 10mm,only aminimumamountnecessary

shouldbeused.

Lazeyrasetal. (2001) foundslightly reducedSNRof theMR imageswith EEGcapusing

EPIsequencesonhumansubjects.Ontheotherhand,theactivatedregionswith andwith-

out thecapdid overlapalthoughfewer pixelsshowedactivationswhentheEEGcapwas

mounted.TheSNRappearsto dependon thenumberof electrodesused.Imagequality

wasfound to be acceptablefor 64- and128-electrodearraysat 3 T, but 256 electrodes

perturbedthehomogeneityof themagnetic�eld excessively (Scarff etal., 2004).

2.4.3 EEG SignalQuality and Artefacts

The most pervasive artefactsfound in EEG in scannerenvironmentare ballistocardio-

gram2 andimaging3 artefacts. The ballistocardiogramartefact is notablymoreempha-

sizedin thepresenceof thestaticmagnetic�eld comparedto normalEEGrecordingen-

vironment;in fact theamplitudeof theartefact is proportionalto B0 (Allen et al., 1998).

Theslightrockingmovementof thebodycausestheelectrodeleadsto move,and,accord-

ing to Faraday's law of induction,currentsarereadilyinducedin theleadscontaminating

theEEGsignal.

Two other factorshave alsobeencontemplatedto contribute to the ballistocardiogram

artefact: scalpmovementdueto expandingandcontractingarteries,andthesmallchang-

ing electric�eld causedby pulsatilemovementof bloodperpendicularto B0 referredto

2In simultaneousEEG/fMRI literature, the term ballistocardiogramartefact typically refers to all
cardiac-relatedartefacts.In addition,termsballistocardiogram,cardioballistogram,pulse,andpulse-related
artefactareusedinterchangeably.

3Imagingartefactis alsocalledscanning-induced,or gradient/RFartefact.
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astheHall effect (Allen etal., 1998).

Imagingartefactresultsfrom strongcurrentsinducedin theelectrodeleadsby thechang-

ing magnetic�eld. Moreover, the inducedcurrentsarein theorderof tensof milli volts

ascomparedto themicrovolt scalenormallyencounteredin EEGrecordings.EEGsignal

cannotbe recoveredif the amplitudeof the artefactsexceedsthe dynamicrangeof the

EEGampli�er. Thedynamicrangeis determinedby theresolutionof theampli�er (typi-

cally 0.5–2� V) andthenumberof bits usedin A/D conversion(typically 16 bits) (Allen

et al., 2000). In addition,whenthe ampli�er is saturated,the signal recovery cantake

a coupleof seconds(Ellingsonet al., 2004). Furthermore,if the signal is not low-pass

�ltered prior to sampling,the high-frequency componentscausedby scanning-induced

currentsarealiasedto lower frequencies.

Artefactscanresultalsofrom other, lessobvious,sources.Disturbancesfrom themagnet

cryogenicpumpor acousticnoisecausedby gradientcoil switchingcancausevibrations

on scannerstructures,and can thus inducecurrentsin the EEG leads(Garreffa et al.,

2004).

A conventionalway to reduceballistocardiogramartefactsis headimmobilization. Sev-

eral approacheshave beenused; theseinclude adjustabledentalbite-bars(Bonmassar

et al., 1999), de�ated plastic pillows (Anami et al., 2003), vacuumpads(Moosmann

et al., 2003), and �xation of the subject's foreheadto the scannercouch(Comi et al.,

2005). Twistedelectrodeleadshave beenshown to reducenoisesigni�cantly, bothwith

andwithout imagingsequences(Goldmanet al., 2000). Pairwiseelectrodeleadtwisting,

however, requiresdual-leadelectrodesandanampli�er suitedfor bipolarrecording.

Themostcommonlyusedartefactremoval methodsarepresentedin this section.A brief

review onartefactremoval methodscanalsobefoundin Salek-Haddadietal. (2003b).

Ballistocardiogram Artefact Removal

Allen et al. (1998) introduceda ballistocardiogramartefact removal methodwhich sub-
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tractsanaverageballistocardiogramwaveform,calculatedfor eachelectrodefrom identi-

�ed QRScomplexesin thepreceding10 s, from theEEGsignal.This methodimproved

the probability of correctly identi�ed epileptic dischargesand halved the rate of false

spikedetections.

Slightly differing methodsbasedon templatesubtractionhave beendeveloped. Com-

paredwith Allen et al. (1998), themethodpresentedby Goldmanet al. (2000) differs in

theweightingof earlierEEGdata.Likewise,anadaptiveandautomaticmethodwaspro-

posedby Sijbersetal. (2000) which includesnormalizationandmedian�ltering whereas

Ellingsonetal. (2004) includedtheslopeandwidth of theQRScomplex in theanalysis.

Filtering hasbeenemployedalsoby Bonmassaret al. (1999, 2002). In the formercase,

a spatial�ltering schemewasusedwhereasin the latter casea Kalman-�lter equipped

with a piezoelectricmotion sensorwas utilized to cancelmotion artefact noise. ECG

monitoringwasnotneededin eithercase.

Imaging Artefact Removal

Allen et al. (2000) usedan imagingartefact subtractionmethodsimilar to the onethey

usedfor ballistocardiogramartefacts(Allen etal., 1998). An averagedartefactwaveform

wassubtractedfollowedby adaptive noisecancellation.Usingbothmethodscombined,

themaximumimagingartefactwasreducedfrom approximately+10mV to 10� V (peak-

to-peak).

Numerousstudieshave successfullyemployedthecombinationof theseartefactremoval

methods.Thequalityof therecoveredEEGsignalwassuf�cient for thedetectionof sim-

ulatedandrealepilepticspikes(Allen et al., 2000; Lemieuxet al., 2001; Salek-Haddadi

et al., 2003b). In addition,typical EEGwaveformswerepreserved,althoughsomenon-

speci�c amplitudedifferenceswere found whencomparingsignal recordedinsideand

outsidetheMRI scanner(Sammeret al., 2005). Furthermore,themethodshave beenap-

plied with alphaactivity (Moosmannet al., 2003; Laufset al., 2003), AEP (Mulert et al.,

2004), VEP(Comietal., 2005), andvisualperception(Müller etal., 2005) studies.
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Anamietal. (2003) introducedamethodcalledthesteppingstonesampling.A veryhigh

digitization rateof 20 kHz wasusedto reveal the true form of the imagingartefact in

EEG.They showedthateachartefactpeakin theEEGsignalcorrespondedto a gradient

component.Thepeakshaddifferentialwaveformsof theoriginal gradientpulses.How-

ever, in orderto performEEGsamplingat pre-determinedtime points,theEPI sequence

wasslightly modi�ed. Moreover, steppingstonesamplingrequiresthattheEEGampli�er

is synchronizedwith theMRI scanner, which is not feasiblewith all ampli�ers.

Negishietal. (2004) utilizedtiming correctionandtemporalprinciplecomponentanalysis

(PCA) �ltering to remove gradientandballistocardiogramartefacts. Although thePCA

approachmight not overcomethe steppingstonesamplingmethodpresentedby Anami

etal. (2003), clocksynchronizationis not required.

2.4.4 Safety

Safetyissueswith simultaneousEEG and fMRI have beeninvestigatedby only a few

researchgroups(seeTable2.5). Thegreatestconcernis RF inducedheatingin theelec-

trodes,leads,andnearbytissue.However, anarrayof electrodesmakestheheatingphe-

nomenonmorecomplex thanwhatwasdiscussedin Section2.3.5.

According to Lemieux et al. (1997), thereare two risk factorswhich needto be con-

sidered:currentformationin conductive loops,andeddycurrentsinducedin EEGelec-

trodes.Theeffect of switchinggradientsandmovementsin staticmagnetic�eld, which

inducecurrentsin the EEG leads,werefound negligible comparedto the impactof RF

pulses(Lemieuxetal., 1997).

Curr ent-Limiting Resistors

A conductive loop is basicallypresentin all simultaneousEEG and fMRI recordings.

However, comparedto the electrode-electrodeimpedanceformedby the skin-electrode

impedancesandthehead,theimpedancesat theampli�er endaretypically severalmag-
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nitudeslarger, andthereforetheinducedcurrentsthroughthesubjectareverysmall.

On the otherhand,a directelectricalcontactbetweentwo leadsor betweenan exposed

leadandasubject;or capacitivecontactbetweentwo parallelleadsor asingleleadbend-

ing on itself canenabletheformationof low-impedanceloops(Lemieuxet al., 1997). A

failurein theEEGpre-ampli�er circuit is alsopossible.

The low-impedanceconductive loops provide a concentrationof currentsin the leads,

and,thus,a high currentdensitycould be inducedin the tissueunderan electrode.To

avoid this, theusageof current-limitingresistorsplacedcloseto eachelectrodewasrec-

ommended(Lemieuxetal., 1997).

However, whenalargecurrent�o wsthroughtheresistor, whichcanalsohappenwhenthe

electrodeleadresonates(seeSection2.3.5), theresistorcanheatup andburn theunder-

lying tissue.Basedon temperaturemeasurementsof the resistor, Lemieuxet al. (1997)

haverecommendedvaluesfor thecurrent-limitingresistorsfor severalpulsesequencesin

1.5 T scanners.The usageof extra resistorsin serieswith the electrodes,however, has

alsodisadvantagesdueto decreasedSNRof theEEGsignal(Lemieuxetal., 1997).

Eddy Curr ents

The in�uence of eddy currentson heatingin an Ag/AgCl electrodewas measuredby

suspendingtheelectrodein theair andmonitoringthemaximumtemperatureriseof the

electrodeduringSEandGRE-EPIsequences(Lemieuxetal., 1997). Thetemperaturerise

in theelectrodewasfoundto bebelow 1 � C. However, eddycurrentscanalsobeformed

in thesurroundingtissuedueto nearbyconductors(Nyenhuisetal., 1999).

Simulations

Angeloneetal. (2004) havesimulatedtheeffectof electrodesandleadsonSARdistribu-

tionwithin thebrainusingarealistic,highresolutionheadmodelobtainedfrom individual

MR images.With bothsurfaceandbirdcagecoils, thepeakSAR valuesweregreateron
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the skin thanin underlyingtissues.In addition,for eachtissuetype,e.g. cerebrospinal

�uid andskin,theSARvaluewasfoundto increasewith thenumberof electrodesbecause

thehomogeneityof themagnetic�eld wasperturbedmore.

The peakSAR is not necessarilyinducedright underan electrode.For example,a hot

spotwasdiscoveredundertheelectrodeleadbundleprojectingfrom theneck(Angelone

et al., 2004;AngeloneLM, personalcommunication).Furthersimulationshave shown

thatresistorsplacedneartheelectrodes,asopposedto resistorsdistributedalongtheleads,

donoteliminatethehotspotsneartheelectrodes(Angeloneetal., 2005).

TemperatureMeasurements

Temperaturerisesfrom individual electrodesiteshave beenmeasuredfrom humanvol-

unteers(Lazeyraset al., 2001), sheephead(Meriläinen, 2002), andfrom volunteersand

saline-�lled phantom(Mirsattariet al., 2004).

In measurementsperformedby Mirsattariet al. (2004), the temperatureat themeasured

electrodesite was decreased.The authorssurmisedthat the result was due to higher

temperatureof the preparationroom comparedwith the scanner. Lazeyraset al. (2001)

and Meriläinen (2002) reportedthe largest temperatureriseswith FSE sequencesand

lowestwith GREbasedsequences.Theseexperimental�ndings arein accordancewith

Equations2.4–2.5.
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Chapter 3

Methods

Thein�uence of EEGsystemcomponentsonMR imagequalitywasdeterminedby scan-

ning eachcomponentindividually with a phantomandmeasuringthecorrespondingsize

of theartefact. In addition,aSNRmeasurementwasperformedfor thephantomwith and

without theEEGcapin orderto �nd out whetherthehomogeneityof themagnetic�eld

wasperturbedby thecap.

Furthermore,EEG wasrecordedfrom onesubjectin normalEEG recordinglaboratory

andin MRI scannerroom.Alphawaveswereusedto determinetheeffectof strongstatic

magnetic�eld (3 T) onballistocardiogramartefact.

3.1 Materials

3.1.1 EEG Equipment

ThecustomizedEEGcap(BrainCapMR, Falk Minow Services(FMS),Herrsching,Ger-

many) had28 EEGelectrodes,1 ECGelectrode,and3 EOGelectrodes.Theelectrodes

werebundledtogetherbetweenCz andPz.Oneof theEOGelectrodes(EOG2)wasused

asa nosereferencealthoughtheoriginal referencelocatedbetweenFz andCz wasused
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throughoutthedataanalysis.EOG1andEOG3,respectively, wereplacedabove andbe-

low theright eye. ECGelectrodewasplacedon theneck.Figure3.1shows theelectrode

con�gurationusingtheinternational10-20system.

5 cm
5 cm

10 cm

Figure3.1: Electrodecon�gurationof customizedEEGcap. Adaptedfrom Falk Minow
Services(2005).

The32-channelEEGampli�er (BrainAmpMR Plus,BrainProductsGmbH,Munich,Ger-

many) waspoweredby two MR-compatible3.6V lithium batteries.Theampli�er speci-

�cations canbefoundin AppendixA. Insidethescannerroom,theampli�er andthe�at

cablewereplacedbehindtheMR headcoil andproppedwith sandbagsto prevent them

from moving. EEG signalwastransferredfrom the ampli�er to a computeroutsidethe

scannerroomby optic �bres. Figure3.2shows theEEGsystemused.

The electrodeswereplastic-coatedAg/AgCl ring electrodes.The electrodeleadscon-

sistedof purecopper(noalloy), nylon andpolyvinyl chloride.Theresistivity of theleads

is 1 • /m with a 5 k• resistorconnectednext to eachelectrode. The EOG and ECG

electrodeleadconnectorswereof gold-platedalloy.

Conductive electrolytegel (Abralyt 2000, FMS) wasappliedto all EEGelectrodesafter

abradingtheskinslightly with anabrasiveskinpreppinggel (Nuprep,Weaver& Co,Au-

rora,Colorado,USA). An EC2electrodecream(Grass,Astro-Med,Inc, WestWarwick,

RhodeIsland,USA) wasusedwith theEOGandECGelectrodes.
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Figure3.2: EEG systemusedin the experiments.Itemsfrom the left: optic �bre, MR-
compatiblebatteries,ampli�er, �at cable,andEEGcap.

TheEEGrecordingswereperformedusingVisionRecorder(Version1.02,BrainProducts

GmbH). During recording,the signal was band-pass�ltered to 0.016Hz–1 kHz, and

a notch �lter at 50 Hz was applied in order to reducemains-bornedisturbance. The

samplingfrequency was 5 kHz, and the resolutionof the ampli�er was set to 0.5� V,

whichgivesadynamicrange� 16.384mV using16-bitA/D conversion.

3.1.2 MRI Scanner

TheMRI scanner(GESigna3.0T with Excite)is locatedat theAMI CentreatTKK. The

receiving 8-channelheadcoil (8HRBRAIN) is shown in Figure3.3. Body coil wasused

for RF transmissionduringtheMR imaging.

3.2 ImageQuality with Phantomand EEG Cap

SelectedEEG capcomponentswereimagedwith a standardGE sphericalgel phantom

(Ø 17 cm). A GRE-EPIsequencewaschosenbecauseit is typically usedin functional

MRI experimentsandalsoexhibits the largestsusceptibilityartefactsdueto T�
2 weight-
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Figure3.3: 8-channelMRI headcoil with phantomandpads.Theblackframeis holding
amirror by whichvisualstimulationcanbeprojectedto thesubject.

ing. Eachcomponentwastapedon thephantomdirectlyon thelandmarkline whichwas

orientedperpendicularto B0. The GRE-EPIsequenceparameterswere: TR 2000ms,

TE30ms,�ip angle45� , 96x96matrixsize,�eld of view (FOV) 24x24cm,andfrequency-

encodedirectionright/left. 5 axial slicesof 3.0 mm thicknesswereacquiredfrom the

centreof thephantom.Thephantomweightwassetto 75kg.

TheEEGcapcomponentstestedincludeda 10-cmsegmentof anelectrodeleadoriented

at 0� , 45� , and90� anglesto B0; a plain Ag/AgCl electrode;an electrodewith a 5-k•

resistor;a femaleEOG leadconnectorplacedat 0, 1.2, and2.0 cm distancesfrom the

surfaceof thephantom;and�nally analternative leadconnector(Falk Minow Services),

which is not presentlya partof theEEGcap. Thecomponentsareshown in Figure3.4.

Theextentof theartefactinsidethephantomwasdeterminedvisuallyonapixel-by-pixel

basis.Thethreeelectrolytegels(Nuprep,Abralyt, andEC2)wereevaluatedin thesame

manner.

In addition,a SNRmeasurementusingthephantomwith andwithout theEEGcapwas

performed.TheSNRmeasurement,describedin Weisskoff (1996), is a standardproce-

dureat theAMI Centreasa partof magnetstability control. Thephantomwasallowed

to stabilizeaftertheEEGcapwasharnessed,andtheEEGampli�er wasconnected.500

time pointswereacquiredusingthesamesequenceparametersasabove. Theampli�er

wasswitchedon throughouttheexperiment,andsomeEEGdataweresaved in orderto

seewhetherthesignalwouldsaturate.

53



f)
e)

c)a)
b)

d)

Figure3.4: SelectedEEGcapcomponents.a) 10-cmsegmentof electrodelead,b) elec-
trode,c) electrodewith a resistor, d) EOGleadconnector, e)andf) alternativeconnector.

3.3 EEG Recordingat 3 T

Alphaactivity wasrecordedin four places:in anelectricallyshieldedbooth,insidescan-

nerbore,at2 m distancefrom themouthof thebore,andoutsidethescannerroom.

3.3.1 Subjectand Task

A 30-year-old healthy malevolunteer, accustomedto both EEG andfMRI studies,par-

ticipatedin thestudy. All electrodeswereapplied,andelectrode-skinimpedancesbelow

10 k• wereobtained. The subjectwore disposableoveralls in the MRI scannerasre-

quiredby theregulationsof theAMI Centre.

The subject's taskwasto keepeyesopenor closedfor 30-secondperiodsin turn. Both

conditionswererepeated5 timesgiving a total durationof approximately5 minutesper

recordingplace.

In theeyes-opencondition,thesubjectwasinstructedto focusona �xation point. Other-

wise,thesubjectwastold to relaxandrefrainfrom moving. Theinstructionsweregiven

verballythroughaspeakersystem.
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3.3.2 EEG Recording

5-minuterecordingsessionswereperformedin 4 places. First, the subjectwassitting

upright in anelectricallyshieldedroomof theEEGlaboratory(case“Booth”). Next, the

subjectwaslying supineontheMRI scannertablewithin theborein theimagingposition

(case“Bore”). No MR imagingsequenceswereapplieddueto safetyconsiderations.

In thethird case,thetablewasdisconnectedfrom thescannersothat thesubject's head,

andalsotheEEGampli�er, wereapproximately2.0 metresfrom themouthof thebore

(case“Bore 2m”) wherethe static �eld is near20 mT. The subject's orientationalong

B0 remainedunchanged.Finally, thescannertablewasbroughtoutsidetheMRI scanner

room(case“Outside”).

In thelastthreecases,thesubject'sheadwasimmobilizedin thecoil by pads.In addition

to proppingtheampli�er and�at cablewith sandbags,theelectrodeleadbundlewastaped

to theheadcoil.

The total durationof theexperimentexcludingpreparationtime waskeptat 30 minutes

in orderto maintainthesubjectalertin theeyes-opencondition.

Similar setupto detectalphawaveshasbeenusedin Allen et al. (1998, 2000), Goldman

et al. (2000), Bonmassaret al. (2002), Anami et al. (2003), andNegishi et al. (2004).

However, thesestudiesconcentratedmainly on thequality of EEGafterartefactremoval

methods.In addition,only two, Goldmanet al. (2000) andNegishi et al. (2004), were

performedat3 T.

3.3.3 Data Analysis

EEG datawere �rst preprocessedwith Vision Analyzer (Version1.05, BrainProducts,

GmbH).As no gradientartefactshadto be removed, the datawasband-pass�ltered to

0.5–70Hz (slope24 dB/oct), and a notch �lter at 50 Hz was applied. After �ltering,

the datawere downsampledto 200 Hz. In addition, somedataafter the changefrom
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eyes-closedto eyes-openconditionwasdiscardeddueto blinking. Otherwise,no ocular

artefactswereremoved.Theoriginal referencelocatedbetweenFzandCzelectrodeswas

usedthroughoutthedataanalysisdueto noisein thenosereference.

After preprocessing,the datawere exportedto Matlab (Version6.5, Release13, The

MathWorks,Inc) for frequency analysis.In orderto preventoscillatorybehaviour caused

by abrupttransitionat the end of eachFourier window, a Hanningwindow was used

to smoothlydraw the endsof the window to zero(for signalprocessing,seee.g.Mitra,

2001). A Hanningwindow of length1024samples,correspondingto 5.12-secondseg-

mentsat200Hz samplingrate,wasappliedto each30-secondsegmentof EEGdatawith

50% overlap giving approximately50 windows per condition per case. The resulting

frequency resolutionwas0.20Hz.

The windowed 30-secondsegmentswereFourier transformedandaveraged,andalpha

peaksweredetectedby �nding themaximumvaluein thefrequency range8–13Hz.

In addition,timefrequency representations(TFRs)werecalculatedusingMorlet wavelets

of constantratio 7 in orderto seethe frequency behaviour in the temporaldomain(for

informationaboutwavelets,seee.g.Graps, 1995; Tallon-Baudryetal., 1996). 20-second

segmentsfrom thebeginningof eachconditionwereused.

56



Chapter 4

Results

4.1 Artefacts in MR Images

Theextentof thesusceptibilityartefactscausedby EEGcapcomponentswasmeasured

by visual inspectionof the degradedimageson a pixel-by-pixel basis. The resultsare

listedin Table4.1. Electrodeleadsdid notdistorttheMR imagesatall.

The current-limitingresistordid not seemto increasethe extent of the artefact beyond

thatof theelectrode.Figure4.1shows how thecircumferenceof thephantom(Ø 17 cm)

is distorteddueto electrodesandresistors.

a) b)

Figure4.1: Susceptibilityartefactscausedby a) oneelectrodeanda resistor, b) anarray
of electrodesandresistorsof the EEG cap. The artefactsareindicatedby arrows. The
holein thelower left portionof a) is thephantom�lling hole.
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Table4.1: Extentof susceptibilityartefactsin phantom.\ denotesthe orientationwith
respectto B0, andd thedistancefrom thesurfaceof thephantom.

Item Artefactsize(mm)
Lead(\ 0� ) 0
Lead(\ 45� ) 0
Lead(\ 90� ) 0
Ag/AgCl 10
Ag/AgCl+resistor 10

Connector, female(d = 0 cm) 28
Connector, female(d = 1.2cm) 9
Connector, female(d = 2.0cm) 2
Alt. blackconnector 10
Alt. whiteconnector 6

Nuprep 7
Abralyt 6
EC2 3

Thegold-platedEOGleadconnectorsproducedthe largestartefacts. Largepartsof the

phantomare lost whenall threeEOG leadconnectorsareplacedto the surfaceof the

phantom(Figure 4.2). The extent of the artefact of both femaleand male connectors

combinedwasapproximately35mm.

Figure4.2: Susceptibilityartefactscausedby EOGleadconnectors.Two connectorson
the left andoneon the right. Thesliceshows themaximalartefactswhentheEEGcap
wason thephantom.

The effect of the distancefrom the surfaceof the phantomon artefact sizewasinvesti-

gatedwith thefemalepartof theconnectorwhich couldbedetachedfrom theEEGcap.

Whenthe connectorwasseparatedfrom the surfaceby 1.2 cm usingthin padding,the
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artefactsizewasreducedto onethird. 2.0 cm distancewasenoughto make theartefact

almostnegligible (Figure4.3). AlternativeEOGleadconnectorsresultedin muchsmaller

artefacts(Figure4.4).

a) b) c)

Figure4.3: Theeffect of thefemaleconnectordistancefrom thesurfaceof thephantom.
a)0 cm,b) 1.2cm,andc) 2.0cm.

a) b)

Figure4.4: Alternativeconnectorsonthesurfaceof thephantom:a)black,b) whiteparts.

Noneof theelectrolytegelsresultedin artefactslargerthan7mm(Figure4.5). In addition,

theamountof gelusedin themeasurementswasapproximatelyhalf a teaspoon,which is

morethanis typically applied.

Figure4.5: Artefactscausedby electrolytegels.Fromtheleft: EC2,Abralyt,andNuprep.
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4.1.1 SNRMeasurements

TheSNRmeasurementsshowed increasedsignalto noiseratio with theEEGcap. SNR

without thecapwas184.12andwith thecap198.09.Both valuesarewithin daily �uctu-

ations.However, only thevoxels in theregion of interest(ROI), i.e. in themiddleof the

phantom,areincludedin theSNRcalculation,andthustheouterperimeterof thephan-

tomdegradedby electrodeartefactsis not takeninto account.Theresultsarepresentedin

detail in AppendixC.

4.2 Artefacts in EEG

EEG datawasanalyzedbothby visual inspectionof band-pass�ltered raw dataandby

calculatingthecorrespondingfrequency spectra.Peakfrequenciesandamplitudesof the

alphabandin all casesandconditionswerecompared.

4.2.1 Ballistocardiogram Artefact

Figures4.6–4.9show 7-secondtracesof EEGmeasuredin thefour cases:“Booth”, “Out-

side”, “Bore 2m”, and “Bore”, respectively. The datashown is band-pass�ltered as

describedin Section3.3.3. TheEEGchannelsarearrangedsothatthemostfrontal elec-

trodesareat the top. ThereferenceelectrodewaspositionedbetweenFz andCz, which

explainsthesmallamplitudeof frontal (Fz,F3,F4) andfronto-central(FC1,FC2)chan-

nels.Thetimewhenthesubjectopenedhiseyesis indicatedby amarker.
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Figure 4.6: Case“Booth”. A 7-s trace of EEG
recordedinsidethe electricallyshieldedroom of the
EEGlaboratory. Theboldverticallinesdenote1-sin-
tervals.Themarker indicatesthetimeof eyeopening.

Figure 4.7: Case“Outside”. A 7-s trace of EEG
recordedoutsidethe MRI scannerroom. The bold
vertical lines denote1-s intervals. The marker indi-
catesthetimeof eyeopening.
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Figure 4.8: Case“Bore 2m”. A 7-s traceof EEG
recordedat a 2-m distancefrom the MRI scanner
bore.Theboldverticallinesdenote1-sintervals.The
marker indicatesthetimeof eyeopening.

Figure4.9: Case“Bore”. A 7-straceof EEGrecorded
insidetheMRI scannerbore. Thebold vertical lines
denote1-sintervals.Themarker indicatesthetimeof
eyeopening.
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The EEG in the �rst threecaseslooks very similar. ChannelsEOG1andEOG3show

prominenteye openingsafter the indicative marker. In addition, the openingscan be

clearly seenin the most frontal EEG channelsFp1 and Fp2. ChannelEOG3 is noisy

which is likely dueto a badcontact.A transient,presumablya technicalartefact,canbe

seenin channelCP2in Figure4.6at thetime theeyeswereopened.

Theundermostchannel(ECG)showsthecardiaccyclewith adominantfrequency at1Hz.

Noticeablealphaactivity (approximately10Hz) is seenin theoccipital(Oz,O1,O2)and

parietal (Pz, P3, P4, P7, P8) channelsbeforethe marker. After the eye opening,the

amplitudeof thealphaactivity is reducedsigni�cantly.

Theamplitudeof theeye openingin Figure4.8 (case“Bore 2m”) is muchsmallercom-

paredwith the �rst two cases,i.e. the subjectdid not openhis eyesvery promptly or

openedthemonly slightly, which could explain why the alphaactivity did not subside

immediately.

TheEEGin Figure4.9 (case“Bore”) differsnotablyfrom theothercases.Theballisto-

cardiogramartefactobscuresmostof thechannelswith thegreatestimpacton theEOG

channelswhich is why the eye openingcannotbe reliably detected.A reductionin the

amplitudeof thealphaactivity in theposteriorchannelscanbeseenalsoin this case.In

addition,theEEGshowsactivity atapproximately20Hz.

Time FrequencyRepresentations

Figure4.10showsTFRsatelectrodepositionOzof eyes-closedandeyes-openconditions.

Strongeralphaactivity is seenin theeyes-closedconditionsasexpected.Theamplitudes

in bothconditionsarenotablyhigherwithin thebore. In case“Outside”, which wasthe

last recordingplace,theeyes-openconditionshows how thesubjectstartedto feel more

drowsy after the �rst 5 secondsasalphaactivity increasesin amplitude. ChannelsOz,

O1,andO2 in all casesshowedsimilarbehaviour.
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Figure4.10: Time frequency representationsat electrodeOz for eyes-closed(left) and
eyes-open(right) conditions.Redcoloursindicatehigheramplitude.

4.2.2 FrequencySpectra

The frequency spectrafor eyes-closedandeyes-openconditionsin the frequency range

0–70Hz aredisplayedin Figures4.11and4.12, respectively. Thespectrawerecalculated

by segmentingthedatausinga Hanningwindow andtransformingthesegmentsby FFT.

The averagedsegmentsareshown black andcorrespondingstandarddeviations(� SD)

areshown green.
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Figure4.11: Frequency spectraat Oz for eyes-closed
conditions. The averagedsegmentsareshown black
and correspondingstandarddeviations (� SD) are
shown green.
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Figure4.12: Frequency spectraat Oz for eyes-open
conditions. The averagedsegmentsareshown black
and correspondingstandarddeviations (� SD) are
shown green.
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A notch�lter at 50 Hz is seenin all �gures asexpected.The�rst threecasesshow sim-

ilar frequency distributionsanddeviations,with peaksfound at alpharangealso in the

eyes-opencondition. Smallerpeaksareseenat approximately20 Hz. In case“Bore”,

in contrast,no unambiguouspeaksat thesefrequenciescanbeseen.Most notably, large

peakswith minimal variance,presumablyartefactsof unknown origin, canbeseencen-

tredaroundthe24-Hzmainpeakat 22,26,and28 Hz. In general,theaverageamplitude

andstandarddeviationsarehigherthanin othercases.

For comparison,four segments(1024datapoints/ segment)of EEGdatawereextracted

from theSNRmeasurementswith phantomandEEGcapin thebore,andthecorrespond-

ing averagefrequency spectrumwascalculated(Figure4.13). Thesegmentswerechosen

so that no imaging artefactswere present. A distinct, stationarypeakcan be seenat

24.5Hz, whichsupportstheassumptionthattheartefactis not subject-related.
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Figure4.13:Frequency spectrumatOzfor thephantomandEEGcapin theMRI scanner
bore. The averagedsegmentsare shown black and correspondingstandarddeviations
(� SD)areshown green.

4.2.3 Alpha Activity

The spectraof the four casesaresuperimposedin Figures4.14and4.15 for conditions

eyes-closedandeyes-open,respectively. Cases“Booth”, “Outside”,and“Bore 2m” show

verygoodcorrespondencebothwith theamplitudesandfrequenciesof thealphaactivity.
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Figure4.14:Superimposedfrequency spectrain eyes-
closedconditionin occipitalEEGchannels.
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Figure4.15:Superimposedfrequency spectrain eyes-
openconditionin occipitalEEGchannels.
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In contrast,case“Bore” shows large peaksin frequenciesbelow 8 Hz with the largest

peakat approximately1 Hz matchingthefundamentalfrequency of cardiaccycle. ECG

spectrumtakenoutsidethescanneris plottedin Figure4.16for comparison.All occipital

channelscanbeseento exhibit similarwaveforms.
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Figure 4.16: ECG frequency spectrumin case“Outside”, eyes-closedcondition. The
averagedsegmentsare shown black and correspondingstandarddeviations (� SD) are
shown green.

PeakAmplitudes and Frequencies

Figure4.17shows spectrafor eyes-closedversuseyes-openconditions.Thepeakvalues

chosenfrom the frequency rangefor alphaactivity (8–13 Hz) are indicatedby dotted

lines. In all other casesbut “Bore”, the maximumamplitudein the whole frequency

rangecorrespondedwith thealphapeak.

The alphapeakamplitudesandfrequenciesareplottedin Figure4.18. In all cases,the

frequency of thealphapeakwaslower in theeyes-openconditionalthoughthefrequen-

cieswerealmostthesamein thecase“Bore”. Theamplitudesof thealphapeaksin the

conditioneyes-closedwashigherin all casesbut “Bore 2m”.
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Figure4.17: Frequency spectraof theEEGfor eyes-closedversuseyes-openconditions
for all casesatOz.

Figure4.18:Peakamplitudesandfrequenciesof thealphaactivity atOz
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4.2.4 Ampli�er Performance

EEGdatawererecordedduringthephantomSNRmeasurementsin orderto monitorthe

ampli�er behaviour andimagingartefactsin EEGcausedby EPI sequences.Figure4.19

showsdatawhenthescannertablewastakeninto thebore.Dueto themovement,currents

wereinducedto theelectrodeleadsandextensiveartefactscanbeseen.

Figure4.19:Move-to-scanartefacts.Theboldverticallinesdenote1-sintervals.

The EEG electrodeswerenot in direct electricalcontactwith the phantomresultingin

poor impedances.Surprisingly, only onechannelsaturatedwhenan EPI sequencewas

applied. Imagingartefactscausedby the switchinggradientsareshown in Figure4.20.

Thecorrespondingsaturatedchannelis shown in Figure4.21.

70



Figure4.20: Imagingartefactswith phantomandEEGcap.Thethick, blackverticallines
arethe imagingartefactscausedby swithinggradients.Lighter vertical linesdenote1-s
intervals.

Figure4.21: Ampli�er saturation.ChannelTP10is saturatedafter the switchinggradi-
ents.ChannelTP9shows theunsaturatedwaveform.Thetimewindow is 0.1s.
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Chapter 5

Discussion

5.1 Susceptibility Artefacts

Theelectrodeleads,regardlessof theorientationwith respectto B0, did not induceany

visible artefactsto the MR images. The electrodesshowed artefactsextending10 mm

into thephantom.Thecorrespondingresultsfor a copperleadandanAg/AgCl electrode

at 1.5 T obtainedby Krakow et al. (2000) were2 and8 mm, respectively. However, the

componentmanufacturerswerenotthesame,and,asstatedby Krakow etal. (2000), there

maybesubtledifferencesbetweenthemanufacturingprocesses.

Theresistorsdid not increasethesizeof thesusceptibilityartefactcausedby anelectrode

only. Apparently, theresistormaterialsarechosenso that the imagequality is not com-

promised. On the otherhand,Krakow et al. (2000) reportedthe largestartefactswith

several resistorcomponents.However, the resistormaterialsusedin this studyarenot

known, andanin-depthcomparisoncannotbemade.

TheelectrolytegelEC2,whichwasthestiffestoneof thethreetestedgels,extendedonly

a few millimetresinto the phantom.On the otherhand,the slice thicknessusedin this

experimentwas3 mm. TheEC2gelmighthavebeenontheborderof two slicesresulting

in partialvolumeeffects.Theothertwo gelsweremore�uid andwerelikely spreadmore.
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5.1.1 Lead Connectors

TheEOG/ECGleadconnectorswerethemostsigni�cant sourcesof artefacts.Artefacts

may arisefrom the alloy underneaththe gold layer. In addition,small amountsof tin,

chromium,or nickel canbeattachedto theconnectorduringsolderingandothermanu-

facturingprocesses.In thecaseof tin andchromium,theadverseeffectscouldbeavoided

usingnon-magnetictin andchromium-freesolderingiron. Nickel is typically usedunder-

neaththegold layeralthoughit is oftendispensable.

Artefactsproducedby the alternative connectorswerelimited below the averagescalp-

to-cortex distance(Krakow et al., 2000). Theconnectorswereoriginally purchasedto be

usedin MEG recordings,but they could alsobe usedto replacethe currentEOG lead

connectorsin orderto reducetheartefactsizeconsiderably. Sincethedecreasein artefact

sizewasalmostlinear with respectto the distancefrom the phantom,anothersolution

wouldbeto usethecurrentconnectors,anddetachthemfrom theskinusingpadding,for

exampleasponge,in asimilarmannerasdescribedin Mirsattariet al. (2004).

5.1.2 Orientation of B0 and Phase-EncodeGradient

Krakow et al. (2000) found that artefactsweremorepronouncedwhenthe long axis of

an object was perpendicularto B0. Their result could stemfrom a simple but logical

explanation.If axial slicesaretaken,anobjectplacedperpendicularto B0 is in parallel

with theaxialplane.Thus,theartefactswill beconcentratedin only oneor two slices.On

theotherhand,if theobjectis parallelto B0, theartefactwill bedistributedamongseveral

slices. In this experiment,only theEEGleadwastestedwith differentorientations.No

artefactswerevisible,andthusthetheorydescribedcouldnotbecon�rmed.

Thedirectionof thephase-encodegradientis likely to in�uence theextentof theartefacts

becausethesusceptibilityartefactsarisefrom phasedifferencesbetweentwo interfaces.

In this experiment,thephase-encodegradientwasin theverticaldirection.Accordingly,

thelargestartefactswould begeneratedon top of thephantomwith objectsplacedalong
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theaxial plane,i.e. perpendicularto B0, correspondingexactly to thepositionwherethe

connectorswouldbeplacedin a realEEGexperiment.

In Krakow et al. (2000), thedirectionof thephase-encodegradientwasnot stated.How-

ever, it is possiblethattheirartefactscouldhavebeenhigherif thephase-encodegradient

wasnotorientedasdescribedabove.

5.1.3 SNRMeasurements

TheSNRmeasurementsshowedslightly improvedSNRwhentheEEGcapwasattached

on thephantom.Althoughthevalues�t in thenormaleverydayrangeof stabilitychecks,

anotherexplanationis also feasible. The emittedRF energy waspresumablyadjusted

beforetheimagingstarted.If theEEGcapdiminishedthesignaldetectedby thereceiver

duringprescanning,moreRFenergy wouldhavebeenemittedin theactualmeasurements

to balancethe difference.This could have resultedin a strongersignal(AngeloneLM,

personalcommunication).

5.1.4 General

The resultsshow the relative extent of the susceptibilityartefactsbetweencomponents.

Thesizesof susceptibilityartefactsat 3 T arenot directly comparableto thosemeasured

at1.5T, whichis the�eld strengthusedin bothKrakow etal. (2000) andBonmassaretal.

(2001). The uniformity of the magnetic�eld is distortedmoreat higher�eld strengths

whichresultsin largersusceptibilityartefacts(Huetteletal., 2004). Theeffectof sequence

parameterson theMR imageartefactswasnotexaminedin thisstudy.

To improvetheresultsobtained,moreaccuratemethodscouldbeusedto estimatethesize

of theartefacts.Theuncertaintyof visualinspectiondoneonapixel-by-pixel basiscould

be4 mm. Bonmassaretal. (2001) haveintroducedanindex whichcanbeusedto quantify

theeffectof EEGandothercomponentsonMRI signal.Thismethodcouldbeusedin the

futureif imagequality is compromised.
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5.2 EEG SignalQuality

EEG wasrecordedfrom a humansubjectin four cases:insidean electricallyshielded

booth(case“Booth”), outsideMRI scannerroom(case“Outside”),at 2-m distancefrom

thebore(case“Bore 2m”), andin strongstaticmagnetic�eld insidethebore(“Bore”).

Alpha activity couldbedetectedin all cases.In the �rst three,the tracesof EEGsignal

appearsimilar. The small, approximately20 mT, magnetic�eld presentin case“Bore

2m” doesnot seemto compromisethe signalin any way. In fact, channelEOG3looks

morenoisywithin theshieldedbooth,althoughthis couldbedueto theelectrodehaving

movedslightly whenthesubjectwastakento theMRI scannerfacilities.

Within thebore,however, theEEGsignalwascontaminatedby largeballistocardiogram

artefacts.Theartefactsareslightly delayedwith respectto thepeakof theQRScomplex.

Allen etal. (1998) reportedamediandelayof 0.21saveragedfrom sevensubjects,which

is plausiblewhencomparedwith ourEEGdata.

Within thebore,theeye openingcouldnot berecognizedat all dueto thelargeartefacts.

Alpha activity, however, is visible althoughstrongactivity canalsobe seenat approxi-

mately20Hz in bothconditions.

5.2.1 MRI ScannerBoreArtefact

The FFT revealedhigh-amplitudeinterferencecentredaround24 Hz. The artefact ap-

pearedto beof mechanicalorigin asit couldalsobeseenin phantomEEGdataalthough

at slightly different frequency. Unfortunately, thesefrequenciesoverlap severely with

the frequency rangeof humanEEG,andshouldbeeliminatedif possible.On theother

hand,theartefactshowedminimalvariance,whichsuggeststhatexistingartefactremoval

methods,suchasthoseusedfor ballistocardiogramandimagingartefacts(e.g.Allen etal.,

1998, 2000), couldbemodi�ed to createa templateof thisartefact.
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Garreffa et al. (2004) reportedon a magnetrefrigeratorsystemartefactwhich exhibited

amplitude-modulatedmechanicaloscillationsat 48 Hz. The relative frequency distribu-

tion with respectto thehighestpeakresemblesthatobtainedin thisstudy, whichsuggests

that theorigin of the interferencelies within thecryogenicpump. However, theartefact

reportedby Garreffaetal. (2004) wasatahigherfrequency level.

Acousticresonanceandothervibrationsof the scannerwereproposedasliable sources

for thesidebands(Garreffa et al., 2004). Thesearelargely dependenton thedimensions

of thescannerroomandthebore,andon thescannerstructures.

The 0.5-Hzdifferencebetweenthe artefact peaksin the phantomandsubjectmeasure-

mentscould be explainedin a similar manneras the phantom's weight is signi�cantly

lower thanhuman's. On theotherhand,it doesnot explain theabsenceof thesidebands

in the phantommeasurement.The sidebandscould have beenburied by noisebecause

only four imaging-artefactfreesegmentscouldbeusedin thecalculationof thespectra.

Artefactscouldarisealsofrom othersources,suchasfrom theambientlighting andair

conditioningin thevicinity of theMRI scanner. However, thesefactorscanbeexcluded

becausethe EEG datarecordedin case“Bore 2m” did not show any indicationof the

artefacts.

The artefact measuredin the scannerbore obviously hasto be tracked down. If it is

causedby thecryogenicpump,a possiblesolutionwould be to turn off thepumpwhile

simultaneousEEGandfMRI recordingsarein session.However, thissolutionwouldnot

be applicableif the recordingstake placefor longerperiodsof time. If allowed to get

above the absolutezerotemperature,the cryogen,typically helium, canescaperapidly

andreplacethe oxygenin the air (WestbrookandKaut, 1998). In addition,the magnet

canbedamagedpermanently.
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5.2.2 FrequencySpectra

Thepurposeof thealphaactivity recordingswasto comparetheEEGsignaloutsideand

insidetheMRI scannerfrom theviewpoint of signalquality. Thesubjectshowedintense

alphaactivity throughoutthe study, which madethe comparisonstraightforward. In all

cases,a small20-Hzcomponentwasobserved,which waslikely a multiple of thealpha

activity.

Interestingly, thepeakamplitudein thealpharangedid notsubsidemuchwhenthesubject

openedhis eyes.In case“Bore 2m”, theamplitudewasevenslightly higherfor theeyes-

opencondition.On theotherhand,themaximalalphaactivity in theeyes-opencondition

wasconsistentlyata lower frequency thanin theeyes-closedconditionin all cases.

Thereasonsfor thealphaactivity in theeyes-openconditionarenot speculatedhere.For

a thoroughdiscussionon alphaactivity andthe underlyinggenerators,seeNunezet al.

(2001). In futurealphastudies,however, this sameparadigmis readily reproduced.On

theotherhand,theTFRssuggestedthat30-secondintervalsof eyes-openconditionwith

no taskaretoo long for thesubjectbekeptwideawake.

Themostimportantaspectof these�ndings wasthenatureof theballistocardiogramseen

in thefrequency spectra.Within thebore,thepeakamplitudeof thealphaactivity did not

exceedthe1 Hz ballistocardiogramartefact. In addition,otherlow-frequency components

wereobservedwhichwerenotpresentin othercases.

5.2.3 Ampli�er Performance

Theperformanceof theEEGampli�er in MRI environmentwasadequate.In thephantom

measurement,only onechannelsaturatedwhentheimagingsequenceswereapplied.It is

reasonableto expectthatwhenproperskin-electrodeimpedances,whichwasnot thecase

with thephantom,areattained,thedynamicrangeof theampli�er is suf�cient for simul-

taneousEEG andfMRI recordings. Interleaved studiesrequiremuchsmallerdynamic

range.
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5.3 SafetyConsiderations

BeforesimultaneousEEG andfMRI experimentscanbe initiated with humansubjects,

therelatedsafetyissueshave to beconsidered.Thegreatestrisk is tissueheatingdueto

focusedRF power. Temperaturemeasurementsandsimulationssuggestthatheatingis at

maximumonthesurface,i.e. ontheskin(Meriläinen, 2002; Angeloneetal., 2004, 2005).

However, thehotspotsarenotnecessarilyinducedright at,or below, theelectrodesashas

beengenerallybelieved(Angeloneetal., 2004).

Furthermore,simulatedresultsperformedon onesetof electrodescannotbegeneralized

to all EEGsystemsbecauseeachEEGcaphasa uniqueleadandelectrodecon�guration

whichcanleadto unpredictableconcentrationsof RFenergy. Thus,temperaturemapping

needsto beperformedfor eachelectrodecapindividually.

Imagingsequenceswhich emit moreRF energy arecharacterizedby high �ip anglesand

frequentexcitations. In addition,morepower is emittedat higher�eld strengths,which

alsoneedsto betakeninto account.
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Chapter 6

Conclusion

Two of thethreeimportantaspectsof simultaneousEEGandfMRI imagingwereexam-

ined, i.e. imagequality andEEGsignalquality. Theartefactsin MR imagescausedby

mostof theEEGcomponentswerefoundto bebelow theaveragescalp-to-cortex distance.

However, theEOGleadsandconnectors,whichproducedthelargestartefacts,needto be

optimized.

At present,the artefactsdue to the lead connectorsextent several centimetresinto the

phantom. This can be solved either by changingthe connectorsto better-suitedones,

or by usingpaddingbetweenthemandthe skin. Furthermore,the leadsaretoo long to

go smoothlyalongthe skin, which cancreateartefactsin EEG signaldueto excessive

movement,or give riseto safetyrisksin termsof loop formation.

The EEG ampli�er was functionedadequatelyalthoughone channelwas saturatedby

imaging artefactsin the phantommeasurements.However, the dynamicrangeshould

suf�ce whenlow electrode-skinimpedancesaremaintained.

A strongartefact peakingaround24 Hz was found in the EEG signalwithin the MRI

scannerbore.Theartefact is presumablydueto thecryogenicpumpandthemechanical

vibrationsassociatedwith it, althoughthis needsto beveri�ed. It is possibleto turn off

thepumpmomentarilyfor shortrecordingsessions(1–2hours),or if this is not feasible,
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attemptscanbemadeto modeltheartefact.

In conclusion,the MRI scannerand the EEG systemseemto be mutually compatible

in termsof dataquality if the suggestedimprovementsare followed. However, before

simultaneousEEG and fMRI recordingswith humansubjectscan be commenced,the

safetyissuesrelatedto tissueheatingneedto be inspected.Thesecanbedoneeitherby

simulationsor by temperaturemeasurementswith phantoms.
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Appendix A

Ampli�er Speci�cations
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Appendix B

Matlab Codefor Hanning Windowed

Fourier Transform

B.1 Data Segmentation

% function [ave, stdev, info] = segment_juggle(eeg, marker, subfunction, subparam)
% @param eeg struct array containing eeg data
% @param marker name of the marker for segmenting data
% @param subfunction handle of the function to be applied to each segment
% @param subparam parameter to be passed to the subfunction
% @returns ave average of all segments
% @returns stdev sample standard deviation of all segments
% @returns info information about the subfunction used and number of segments
%
% This function calls another function for the all segments specified by the particular marker
% Segment is defined from the start point of the given marker to the beginning of the next marker
% The subfunction must be passed as a function handle
% (i.e. write @ before the function name, e.g. @do_hann_fft)
% Returns the average and standard deviation between the segments (or smaller pieces if windowed)
function [ave, stdev, info] = segment_juggle(eeg, marker, subfunction, subparam)
% change the marker name into lower case and remove existing spaces
marker = lower(marker(find(isspace(marker)==0)));
% find marker (trigger) timepoints (adapted from eeg2TFR)
markerstart = [];
markerend = [];
for i = 1:length(eeg.markers.type(:,1))

% read one line at the time
origmarker = eeg.markers.type(i,:);
% change the marker names into lower case and remove existing spaces
origmarker = lower(origmarker(find(isspace(origmarker)==0)));
% now check if the given marker matches the one just read
if ~isempty(strfind(origmarker, marker))

% if the given marker is found,
% put the corresponding timepoint into markerstart vector
markerstart = [markerstart;eeg.markers.timepoint(i)];
% take the end point of the segment; if this is the last marker,
% then take the last existing timepoint
if i==length(eeg.markers.type(:,1))

markerend = [markerend;eeg.data.time(length(eeg.data.time))];
else

markerend = [markerend;eeg.markers.timepoint(i+1)];
end

end
end
% number of segments
n_segm = length(markerstart);
result_matrix = [];
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% for-loop all segments and call the subfunction
for i = 1:n_segm

start_ind = find(eeg.data.time == markerstart(i));
% note that the beginning of the next marker is not included
end_ind = find(eeg.data.time == markerend(i)) - 1;
signal = eeg.data.voltage(:,start_ind:end_ind);
% in result matrix, dim1 is channel, dim2 amplitude and dim3 different segments
% in this case, the new results are concatenated in the 3rd dimension
result_matrix = cat(3, result_matrix, feval(subfunction, signal, subparam));

end
% take the average (mean) and std of the result matrix
[ave, stdev] = do_ave_std(result_matrix);
% write information about the subfunction used
info = struct('eeg_info',eeg.info,'subfunction', func2str(subfunction), ...

'subparam', subparam, 'n_segments', size(result_matrix,3));

B.2 Hanning Window and Fourier Transform

% function fft_windows = do_hann_fft(signal, hann_length)
% @param signal double vector containing the signal to be analyzed
% @param hann_length length of the Hann window, preferably a power of 2
% @returns fft_windows FFTs of overlapping Hann windows;
% dim1=channels, dim2=different windows, dim3=amplitudes
%
% This function calculates 50% overlap FFT using the Hann window
% Returns a matrix containing the fft vectors for each window
% Finally the vectors can be averaged using function do_ave_std
function fft_windows = do_hann_fft(signal, hann_length)
% do 50% overlap
% first check if the window is too big
if hann_length > length(signal)

fprintf(['The length of the Hann window (',num2str(hann_length),') is too big.\n']);
fprintf('Please run the program again with a smaller length (a power of 2 if possible');
return

end
% some parameters that help to determine how many windows can be fitted into the signal segment
half_hann = hann_length/2;
k_max = floor(length(signal)/half_hann-2); % how many windows
k = 0;
% reserve memory beforehand to hasten the calculation (first dimension is for channels)
fft_windows = zeros(size(signal,1),hann_length,k_max+1);
% make a matrix containing as many identical rows of hann windows as there are channels in signal
hann_matrix = repmat(hann(hann_length)',size(signal,1),1);
% calculate fft (dim2) for each Hann window and put them into fft_windows matrix
while k <= k_max

fft_windows(:,:,k+1) = abs(fft(signal(:,(k*half_hann+1):((k+2)*half_hann)).*hann _matrix,[],2));
k = k + 1;

end

B.3 Averageand Standard Deviation

% function [ave, stdev] = do_ave_std(matrix)
% @param matrix matrix containing data to be averaged in 3rd dimension
% @returns ave average of the matrix in 3rd dimension
% @returns stdev sample standard deviation
%
% Calculates the average (mean) and standard deviation for the given 3dim array
% The values are calculated for the 3rd dimension, resulting in 2dim matrices
% std normalizes by (n-1) where n is the sequence length
function [ave, stdev] = do_ave_std(matrix)
ave = mean(matrix,3);
stdev = std(matrix,0,3); % standard deviation, flag=0 (n-1)
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Appendix C

PhantomSNRMeasurementswith and

without EEG Cap
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C.1 PhantomOnly

86



C.2 Phantomand EEG Cap
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