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Tiivistelméateksti:

Elektroenlefalogra a (EEG) ja toiminnallinenmagneettikuaus(fMRI) ovat potilaaseen
kajoamattomia aivotoiminnan kuvantamismenetelmid,jotka taydentavat toisiaan.
Yhdistamalla nama menetelmétsaadaanseka ajallisesti etté paikallisesti tarkempaa
tietoaaivojentoiminnastakuin muilla vastaailla menetelmilla.SamanaikaineBEG:nja
fMRI:n mittaamineron kuitenkinhaastaaa,silla mittauksissan huomioitava magneetti-
kuvien ja EEG-signaalinlaatu sekékoehenkilénturvallisuus. Tassatydssakasitellaan
kahtaensimmaist&ohtaa.

Tyodssautkittiin, mitka kaupalliserEEG-jarjestelmansatsynryttavathairiditdmagneetti-
kuviin. EEG-elektrodiefjohtimienliittimet aiheuttvatkuviin useidersenttimetriersyvyy-
delle ulottuvia vaaristymiajoiden havaittiin pienengan, mikali liitin vietiin kauemmak-
si kuvattavzastakohteestaMittaustenperusteelldiittimet tulisi joko viedd kauemmaksi
koehenkilorihostatai vaihtaaei-magneettisiirvaihtoehtoihinhairididenpienentadmiseksi.
Muidenjarjestelmarosienaiheuttamamagneettikuavaaristymabolivat vahaisempia.

Liséksi tydssatarkasteltinmuuttumattomarmmagneettikntanvaikutustaEEG-signaalin
laatuun. Koehenkilolta mitattin 3 teslan magneettikntassarytmista alfatoimintaa,
jota voidaan havaita 8-13 Hz taajuuksilla aivojen takaosissaMittauksella pyrittiin
selvittdamaansydamensykkeeseenliittyvia EEG-signaalinhairioita, jotka tyypillisesti
vahvistuvat magneettikntdsséVoimakkaistahairidistdhuolimattaalfatoimintaakyettiin
havaitsemaan.Lisaksi EEG-signaalistaldydettiin odottamatonhairio, jonka taajuus-
jakaumassaahtiin useitapienivarianssisiduippuja24 Hz:n ymparilla. Hairion todettiin
johtuvantodennakdisimmimagneettikuauslaitteegaahdytyspumpusta.

Tyon perusteellavoitiin todetaEEG-\ahvistimentoimivan hyvin 3 teslankentawvoimak-
kuudessaAlustavissateknisissémittauksissaavaittiin vahvistimentoimivan myésmag-
neettikunauslaitteertoimintaanliittyvien nopeastimuuttuvienmagneettiknttienaikana.
Ennenkuin mittauksetvoidaan aloittaa koehenkiléilla, tulee turvallisuusnakokhdista
kuitenkinhuolehtia.

Avainsanat: elektroenkefalogra a, toiminnallinen magneettikuvaus, samanaikainen
EEG ja fMRI, yhteensopvuus, artefaktat, signaalinlaatu
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Abstract:

Electroencephalogragh EEG) and functional magneticresonancémaging (fMRI) are
two noninvasie functional brain imaging methodswith complementarycharacteristics.
Combinedthey offer the highesttemporalandspatialresolutionattainableto date. How-
ever, theacquisitionof datausingsimultaneou€£EG andfMRI is challenging.Threeas-
pectsneedto be consideredimagequality, EEG quality, andsafety This thesisaddresses
the rst two.

The thesisexaminesthe in uence of the componentof a commercialEEG systemon
imagequality. The largestartefacts,which extendedseveral centimetresnto a phantom,
werefoundto originatefrom electroddead connectors Further the size of the artefacts
decreasewith increasedlistanceérom the phantom.Thus,the connectorgouldbeeither
detachedrom the skin or replacedby alternatve non-magneticonnectorgo reducethe
artefactto anacceptabldevel. OtherEEG systemcomponentperturbedheimagesto a
lesserextent.

The effect of the static magnetic eld on EEG quality was evaluated. Alpha actvity,
whichis representety 8—13Hz oscillatoryactvity in theposteriompartsof thebrain,was
recordedfrom onesubjectat 3 T in orderto identify the extent of cardiac-gcle related
artefactsenhancedy the static eld. Despitethe intenseartefacts,alphaactvity could
be obsenred. In addition,unexpectedinterferencevasfoundin the EEG signalrecorded
within the MRI scannetbore. The frequeng distribution was characterizedy several
largepeaksof minimalvariancecentrecaround24 Hz. It wasdeducedhattheinterference
couldarisefrom the cryogenicpumpof the MRI scanner

The EEG ampli er wasfoundto work adequatehat 3 T. In tentative phantommeasure-
ments,the ampli er could also adaptto the artefactsassociatedvith magneticgradient
switching.However, beforesimultaneou&€EGandfMRI experimentanbecommenced
with humansubjectssafetyaspectsieedto beconsidered.

Keywords: electroencephalograply, functional magneticresonancemaging, simul-
taneousEEG and fMRI, compatibility, artefacts, signal quality
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Chapter 1

Intr oduction

The humanbrain hasintrigued scientistsfor centuries. Merely one hundredyearsago,
theonly way to studybrainactvity wasto analyzebrainlesionsandassociateg@roblems.
Brain damagecould causevariousproblemsin speakingor socialbehaiour, depending
on the locationof the lesion. However, only crudeinformationcould be obtainedfrom

thelesionstudies.

Beforethe turn of the 20th century RichardCatondetectedsmall currentsmaoving be-
tweenelectrodegplacedon the cortex (Niedermger, 1999. Later, in the 1920s,Hans
Berger publishedthe rst recordingof humanelectioencephalgram (EEG). Electroen-

cephalographbecamecommonin the 1950sin hospitalsandclinical diagnostics.

Theevolution of brainimagingmethodshasbeenfast.In the 1960sandthe 1970sseveral
nenv methodshave beenintroduced:computedomayraphy(CT), magnetoencephatygra-
phy (MEG), positon emissiortomayraphy(PET),andsingle-photoremissionrcomputed
tomagraphy(SPECT).

Magneticresonancemaging (MRI) becamecommonin the 1980salthoughthe principle
underlyingnuclearmagneticresonanc€NMR), the basisfor MRI, wasdiscoveredthree
decade=arlier In the 1990s,the obsenation of the blood oxygenationlevel dependent

(BOLD) signalembarledfunctionalmagneticresonanceémaging (fMRI) studies.



Eachof thesemethodshasits virtuesanddravbacks. First of all, the invasvenessof a
methodcanbe a limiting factor For example,SPECTandPET requireaninjection of
aradioactve tracer Secondlyeachmethodexcelstypically in eithertemporalor spatial
domain, but not in both. To date,no functional brain imaging methodalone can ful-
| thedemanddor simultaneoushandnoninvasively acquiredtemporallyandspatially

accurataata.

1.1 Objectivesof the Thesis

Thisthesisdescribeshemeanseededo combinetwo noninvasve functionalbrainimag-
ing methodsof complementarygharacteristicsnamelyEEG andfMRI. The acquisition
of datausingsimultaneou&€EG andfMRI is challenging:in additionto safetyconsider

ations,thessignalquality canbe compromisedn variousways.

The currentsimultaneou€£EG andfMRI literaturehasconcentratedargely on ballisto-
cardiogramandimagingartefictsin EEG.However, interference$rom othersourcesan
alsocoupleto the EEG signaland go unnoticeddue to the high-amplitudeartefactsof
known origin. In addition,few authorshave systematicallysolatedthe EEG components

contaminatinghe MR images.

In this thesis,the signal quality is assesseth two cases. First, the effect of the EEG
equipmenbn MR imagequalityis estimatedSecondthein uence of thestaticmagnetic
eld andotherinterference®n EEG signalquality is evaluated.Ampli er performance
is estimatedn phantommeasurementdn addition, the state-of-the-arequipmentsand

EEGartefactremoval methodsarereviewed.

ChapteR2 givesanintroductionto humanbrainandnoninvasive functionalbrainresearch
methods.The basicprinciplesof EEG andMRI areexplained,andthe currentliterature

of simultaneou&£EGandfMRI recordingds reviewed.

Chaptei3 containsadescriptiorof theexperimentaketupusedto studytheeffectof EEG

on fMRI andvice versa.The materialsusedaredescribedn detail.

2



Chapted presentsheresults.Artefactsfoundin MR imagesandEEGsignalaredepicted

in turn.

Chaptef5 discussesheresultsobtainedn the experimentaketup.In addition,the safety
proceduresieededo beful lled beforeEEGcanbeacquiredn anactualfMRI recording

sessiorarelisted.

Chaptef6/summarizeshetheresults.



Chapter 2

Background

2.1 Neuroanatomyand Noninvasive Reseach Methods

In this section,a brief introductioninto humanbrainanatomywill be given,followed by

ashortdiscussioraboutvariousmodernfunctionalbrainimagingmethods.

2.1.1 Human Brain

This sectionis basedon materialfrom Langetal. (1994, SpeckmanrandElger (1999,
andllimoniemi (200J). For a detailedpresentatiorof the humanbrainandits functions,
seeKandeletal. (1997).

Our environmentis full of eventswhich we cansenseandinteractwith. The brain pro-
cessesall this information: sensationsre transformednto perceptionsgmotions,and
memories andintentionsinto actions. Beyond this, our entire consciousneskes inter-

twinedin thebrain.

The humanbrain consistsof threeparts: the cerebrum the cerebellum andthe truncus

cerebri, or brainstem(Figure2.1). Although most of the information processingand



motor control is carriedout in the cerebralcortex, the cerebellum for example,takes
partin the coordinationof movementandbalanceon a subconscioutevel. Similarly, the

brainstems responsibldor e.g.somebasicvital functionssuchasbreathing.

Cerebellum

Truncus cerebri

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

The cerebruncanbedividedinto four regions: frontal, parietal, tempoal, andoccipital
lobes(Figurel2.2). The lobescanbe further divided into cytoarchitectonicallydistinct
areas,or Brodmannareas which have specializedunctions. For example,Brodmann
areal?, which is locatedin the occipital lobe, is the primary visual areawherevisual

inputis predominantlyprocessed.

Occipital lobe

Temporal lobe

Figure2.2: Frontal, parietal,temporal,andoccipital lobesof the humanbrain. Adapted
from Bearetal. {2001).

Structuralimagesare typically depictedas cross-sectiongf the brain. The resulting

planesarecalledaxial, sagittal,andcoronalplaneg(Figure2.3).
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Figure2.3: Axial, sagittal,andcoronalplanesusedin brainimaging. Adaptedfrom II-
moniemi(2007).

Neuronsand Glia

Millions of neuonsandglial cellsmake up the cerebrum.The neuronsareorganizedin
columnswhich areorientedperpendiculato the surfaceof the gyri andhave specialized
functions. For example,the humansomatosensorgystemis mappedon the somatosen-
sory cortex, whichis locatedin the parietallobe. The somatosensorgnapis alsoknown
asthe homunculus Accordingly, whena partof the body, e.g. a ngertip, is stimulated,

theneurongan the correspondingartof the homunculusareactvated.

A neuron(shavn in Figure2.4) consistsof a soma,or the cell body, dendritesandan
axon. The axonis coveredby myelin, which functionsasaninsulatorandenabledaster

signaltransmission.

Synapse

Dendrites

Myelin sheath
Nucleus

Figure2.4: A neuronconnectedo anothemeuronthrougha synapse.



Thecerebrakortex is grey dueto alargenumberof cell bodieswhichis why it is referred
to asthegrey matter. Ontheotherhand,the myelinatedaxonsform connectionbetween
brainareas.Themyelin givesthesubcorticatissuea white appearancendis thuscalled
thewhitematter Grey andwhite mattercanbedifferentiatedn MR imagesbecausehey

have differentphysical propertiegseeFigure2.5).

Figure2.5: An axial slice of humanbraindepictingwhite andgrey matter Grey matteris
shovn white andvice versa.Theimagewastakenat3 T atthe AMI Centre, TKK.

Generation of Action Potentials

The signallingof neuronalactvity is basedmainly on action potentialsand neurotrans-
mitters. The dendritesareresponsibldor bringinginformationfrom otherneurons.Ex-
citatory informationexceedinga thresholdevel enableghe neuronto sendan electrical
impulse,an action potential throughthe axonto otherneurons.The action potentialis
transmittedrom neuronto neuronacrossa synapsdy neurotransmittergpr exampleby

glutamatgexcitatory) or gamma-amindoutyric acid (GABA, inhibitory).

The restpotentialof a cell is approximately 65 mV. Whenan action potentialpasses
throughthe axon,the cell depolarizedocally in consequencef penetratiorof Na© ions.
The depolarizatiorwave proceedslongthe axoncreatingthe propagting actionpoten-

tial. The depolarizatioris compensatetdy anout ow of K€ ions, which causethe cell



to hyperpolarizej.e. the voltagedecreasebelow therestpotential,andthusterminates
theactionpotential. Anotheractionpotentialcanbe creatednly afterarefractoryperiod

whoselengthdepend®n the the strengthanddurationof the hyperpolarization.

Theglial cells Il thespacedbetweemeuronsandthusactassupportingissue.Although
the glia do not shawv actionpotentialsasneuronsdo, the glial membrangpotentialis not
constant.Repetitve ring of surroundingneuronscanleadto depolarizatiorof the glial
cell, whichin turn may attribute to anamplifying effect in the generatiorof 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
anatomicalmagesof the brain,whereaghefunctionalmethodsconcentraten the func-

tional signalsof the brainmeasuredby variousmeans.

Structural Brain Imaging Methods

CT is a structuralimaging method,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 discussedn detailin Section2.3. Comparedwith CT, MRI is better

suitedfor imagingsofttissuessuchasthebrain.



Functional Brain Imaging Methods

Functionalsignalscanbe obtainedfrom the brain by variousmeans.The methodsypi-
callyrely onenhancedblood o w or changesn metabolismn thevicinity of theactvated
areasFor example fMRI detectghechangesn therelative oxyhaemoglobirmanddeoxy-
haemoglobircontentof blood usingthe sametechnologyasMRI, which resultsin good

spatialresolution.fMRI is discussedn Section2.3.3

Althoughfunctionalbrainimagingmethodsoftenreferto thosemethodswhich produce
sometype of image of the actwity, therearetwo othermethodshatcanbe tted into the
catgory aswell. EEGandMEG re ect theelectricactvity of neuronswith thetemporal

acuity of milliseconds EEGis coveredin Section2.2

Theneuronalpamelypostsynapticgurrentscreatinge EGandMEG signalsarebasically
the samealthoughthe obtainedsignalsdiffer. The skull and otherextracerebratissues
attenuateanddistortthe EEG signalsmeasureabn the scalpbut have virtually no effect
on the magnetic eld. On the otherhand,MEG canonly locatecurrentsourceswvhich

have atangentiacomponentvith respecto the surfaceof the brain (Hari, 1999.



2.2 Electroencephalograply, EEG

EEGmeasuretheelectricalactvity of thebrain. Theactvity is measuredby placingelec-
trodesonthesubjects scalpandrecordingthe potentialdifferencebetweenwo electrodes

usingadifferentialampli er. Figure2.6 shavs modernmultichanneEEGelectrodecaps.

Figure2.6: Electrodecapsatthe Laboratoryof ComputationaEngineering LCE), TKK.
Individual electrodesareshowvn in thefront.

The rst humanEEG wasreportedby HansBergerin 1929. Berger wasableto record

one-channdEEG-tracingdrom fronto-occipitalleadsusingabipolarrecordingtechnique

&Niedermger, 1994). Therecordingdastedonly a few minutesandweremadeon pho-

tographicpapemwith adoublecoil galvanometer

Today EEGhasbecomea standargroceduren locatingthefoci of epilepticdischages,

andin otherclinical applicationgfor areview, seeHirsch 2004. EEG hasapplications
alsoin cognitve brainresearchywhich hasbene tedsubstantiallyfrom the development
of EEG ampli er technologyandsoftware. The possibility to averagesignalsgave rise

to evoledpotential(EP) andevent-elatedpotential(ERP)studiesin the 1970sandearly

1980s(Cooperet aIJ, 1980.

To date,only MEG cancomparewith the millisecond-rangeéemporalresolutionof EEG.

However, EEG doesnot requirea magneticallyshieldedroom essentiafor MEG, which
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canlimit theapplicationof MEG atsmallerresearchiacilities. Ontheotherhand simulta-

neousMEG andfMRI recordingsarenotpossibledueto thenatureof theinstrumentation.

2.2.1 Electrical Activity of Brain

This sectionconcentratesn explaining how the EEG signalis createdandwhatkind of

signalscanbe obtainedusingeEG.

Generation of EEG

Action potentialsaretoo fastandunableto summatesnoughto be directly seenin EEG
(Langetal., 1994). However, actionspotentialscausepostsynaptigotentialsin the af-
ferentcells. Comparedo action potentials,which last only 1-2 ms, the postsynaptic
potentialsare muchlonger approximatelyl0—250ms (Lopesda Silva and Van Rotter
dam 1999. In addition,they areableto summatebothspatiallyandtemporallysothatit

is possibleto recordthemusingEEG.

Several limitations affect the detectionof EEG signals. First, the potentialshave to be
synchronous.Secondthe neuronshave to be alignedfor the potentialsto summatepr

otherwisethe potentialscanceleachotherout (Figure2.7).

Potential

L

cells

Figure2.7: Parallelintracellularcurrentssummatecreatinga measurabl@otentialdiffer-
enceonthescalp.FromKauramaki(2005.
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Addedto this, the skull and othersurroundingtissuesact aslow-pass lters, leadingto
attenuationat higher frequencies.The signalsalso get muddledwhen passingthrough
tissueswhich makesit dif cult to pinpointthe origin of the potential eld. EEGrecords

mostlytheactwvity of largepyramidalcellswhichful | theconstraint§Langetal., 1994).

EEG Signals

EEG studiesusuallyfocuseitheron spontaneousrain rhythmsor EPs(or ERPS). The
frequeny bandof EEG signalis approximately0—70Hz. WhereasEPsandERPshave
amplitudesneartensof microvolts, spontaneoushythms canreachhundredsof micro-

volts (Langetal., 1994).

Spontaneouythmsincludeepilepticdischagesandotheraperiodicallyoccurringevents,
aswell aswell-de ned periodicalrhythms (Cooperet al., 1980. For example,alpha
wavesoscillatingat 8—13Hz are generatedn mosthealtty adultswhenthey have their
eyesclosed. The wavesareseenin the posteriorpartsof the brain which correspondo
visual areas(Nunezet al., 2001). Abnormalwaveform canbe a sign of a neurological

disorder

EPsand ERPsoccurwhenthe brain respondgo a stimulus,which may be exogenous
(EP), or endogenougERP) of origin. However, the responseof an individual event

in EEG signalis too small to be reliably detecteddue to noiseand spontaneou&EG

rhythms. As a result, the stimulusis repeatedseveral, typically 100-200,times and

the EEG signalsare averagedwith respectto the onsetof the stimulusto recover the

elicited ERP. EPscanberecordedrom differentmodalities. For example,auditory stim-

uli elicits auditory evoked potentials(AEPs)andvisual stimuli visual evoked potentials
(VEPs)(Cooperetal., 1980).

EEGsignalscanbeanalyzedn variousways. Thefrequeng contentamplitude andla-
teng of thesignalcanbeexamined.In addition,the originsof activationcanbemodelled

usingsourceocalizationtechniques.
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2.2.2 Electrodesand Ampli ers

This sectionis basedn Langetal. (1994 andReilly (1999.

Whenintegratedcircuits becameattainable ampli ers with more channelsbecamethe
trend. Today it is possibleto measurdeEGin up to 256 positionson the scalp.However,
aswill bediscussedaterin Section2.2.3 addingmoreelectrodesvill improve thespatial

accurag only to a certainextent.

10-20Electrode Positioning System

The EEG electrodesare typically spreadon the scalpaccordingto the widely usedin-
ternational 10-20system(Figure2.8a). The numbergeferto therelative inter-electrode
distancespamely10% and 20%. Otherarrangementare usedaswell, but the evenly
spacedl0-20 systemallows for e xible but consistenextensionof the scalpcoverage
(Figure2.8b). The positionsarenamedsothatthe letter denoteshe anatomicalocation
andthe numberingthe sagittallocation,odd numberson theleft andz in themiddle. For

example,electrodeP3is locatedabove parietallobe ontheleft hemisphere.

a) AN b)

% | 10%
20%
- ®
20% \
20%
.

20% L40%|
T “ Ear-channel
/ / opening

oz

Ear-channel |
opening

Figure2.8: a) Internationall0-20systemb) Extendedversion. From Falk Minow Ser
vices(2005.
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Materials and Electrode-Skinlmpedance

The electrodesaretypically madeof noble metalssuchasgold, platinum, or silver, or
compoundsike Ag-AgCl, whichis very widely used.Theelectrodatself is mostoftena
cupor aring, whichis then lled with conductve electrodepastein orderto decreas¢he

impedancéetweerthe electrodeandthe skin.

The electode-skinimpedanceaffectsthe signal-to-noiseaatio of the EEG signals. The
impedanceshouldbe belowv 10ke , preferablyevenbelon 5ke . Lower impedancesire
obtainedby carefulapplicationof the electrodes A standardpracticeis to remove extra
greasdrom theskinwith alcoholor abrasve gelbeforeapplyingtheconductve electrode

pasteandpressingheelectrodeto the skin.

Ampli cation and Referencing

The electrodesareconnectedo anampli er via electroddeads. The signalis ampli ed
usinga differentialampli er which multipliesthe differencebetweernits two inputs,and
thus reducesthe unwantedcommonmodesignal. In additionto the ampli cation, I-

teringandanalog-to-digitalA/D) corversioncanbe performedaswell. The maximum
samplingfrequeng of modernEEGequipmentangesupto 5kHz, oreven10kHz, which

is morethanadequaté¢o monitorthe EEG signallargely belov 70 Hz.

The EEGsignalis basicallya potentialdifferencebetweertwo electrodesTherearesev-
eralwaysto chooseheseelectrodesalthoughthe mostcommonmethodsarereferential

andbipolarrecordingtechniquesandtheir variants.

In referentialrecording,one of the electrodess chosento be the referenceand other
electrodesare comparedto it. The referenceelectrodecan be chosenin a numberof
ways,but usuallya comparatiely inactive electrodes chosenfor examplean electrode
connectedo oneof theearlobesIn bipolartechniquesin contrastthevoltagedifferences
betweenelectrodesare measuregairwise,and a commonreferences not needed. In

addition,the subjectneeddo be groundedwith respecto the EEG device.
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However, dueto theadvancesn EEG softwaretechnologychangesn lter settingsand

channefkeferencesanbedonein of ine analysis.

2.2.3 Spatial Resolution

Electrodesplaceddirectly on the cortex have shavn that a potentialdifferencecan be
recordedat 1-2mm spacing(Cooperetal., 1980. Dueto the signalspreadingandatten-
uationin the extracorticaltissuesthe size of the areaof activatedneuronsn the cortex
hasto be approximately5 cn¥ in orderto be recordedon the scalp. Furthermorethe
orientationof the neuronalcurrentswith respecto the surfaceof the brainis signi cant,

i.e. radially alignedcurrentsgive the maximalsignal(Langetal., 1994.

In uence of Number of Electrodes

Thein uence of the numberof electrodesn neuronalsourcelocalizationis not linear.

Michel et al. (2004 shaved thatthe precisionincreasedrom 25 to approximatelyl00
electrodesafterwhich no signi cant improvementcouldbe obsened. Furthermoretheir
simulationssuggesthatat least60 electrodesreneededo correctlysamplethe electric
eld distribution on the scalp. However, using multiple electrodeswith densespacing

increasesherisk of electrolytespreadingvhich distortsthe eld distribution.

2.2.4 Signal Quality and Artefacts

The signalquality acquiredin atypical EEGrecordingis affectedby noisecomingfrom
both the subjectand outsidesources. In this section,the most commonartefictsare
listed, andif possiblethe meango preventthemaredescribed.If not otherwisestated,

thefollowing paragrapharebasednLangetal. (1994 andReilly (1999.
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Technical Artefacts

The mostprevalenttechnicalartefactis mains-bornedisturbance which is 50 or 60 Hz
dependingpnthecountry Thiscanbereducedsigni cantly by propergroundingpy elim-
inating currentloops,andattaininglow skin-electrodempedancesAccordingto Ferree
etal. (2001), theamountof 60-Hz noisedueto capacitve couplingto theleadsincreases

linearly with electrodampedancemismatch.

Subject-RelatedArtefacts

Subjectmovementcan affect the signal quality in a numberof ways. Body movement
causegsheelectrodesndleadsto move andtheirimpedancesrelikely to vary, creating
artefactsthataredif cult to trace. Similarly, eye movementsaandblinks causea voltage
differencewhichis visible especiallyin thefrontal electrodesElecto-oculggram(EOG)

is typically monitoredwith EEG sothatthe ocularartefactscanbetrackeddown.

Cardiacartefactscanbedividedinto threecateyories.Electrocardiogram (ECG) artefact
canbe seenasa QRS compl«, generatedy the cardiaccycle, in the EEG. It canbe
recordedalongwith EEGin orderto identify it in the postprocessingtage.Theothertwo
cardiac-relatedrtefactsarelesspersistentPulseartefactis createdvhenbloodis pulsing
throughavein closeto theelectrodelt canberemaovedby slightly moving theelectrode.
Ballistocadiographic artefactis the leastcommonof the threecardiacartefacts. It is
produceddy smallrockingmovementsof the bodywhich occursynchronouslyut with a
x eddelaywith respecto thecardiaccycle. Themovementsannotbetotally eliminated,

but they canbe attenuatedby adjustingthe subjects headwith a pillow.
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2.2.5 EEG Safety

EEG recordingis electrically safeprovided that the subjectis groundedproperlyto the
EEGdevice (Langetal., 1994. Groundingpreventsthe formationof dangerousoltage

differencedetweerthe subjectandthe EEG equipment.

A potentialinfection risk ariseswhenthe electrodesare applied (Ferreeet al., 2001).
In orderto achieve low impedancdevels, the scalpis often slightly abradedso thatthe
higherimpedancesurfaceepidermallayeris removed. To reducethe infectionrisk, the
equipmenusedmustbedisinfectedf they comeinto contactwith blood products How-
ever, with modernhigh input-impedancempli ers, the needfor abrasionhasbecome

lessirreplaceablewhichin turn easesubjectcomfortsubstantially
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2.3 Magnetic Resonancdmaging, MRl

MRI is anadwancedimagingtechniqueusedfor obtaininganatomicallyaccuratémages
of thehumanbody It is basedn nuclearmagnetiaesonancéNMR) which wasdiscov-

eredalreadyin 1946 by Felix Bloch and Edward Mills Purcell. They receved a Nobel
Prizein physicsfor theirworkin 1952.

Furthermoretwo prizeshave beenawardedn chemistryfor thedevelopmenbf magnetic
resonancspectroscop(MRS),a eld closelyrelatedto MRI; RichardErnstwasawarded
aNobelPrizein 1991,andKurt Withrichin 2002.

Thediscovery of magnetiacesonancalonewasinsufcient for visualizingdifferentstruc-
tures. In the bgginning of 1970s,Paul C. Lautertur and Sir PeterMans eld marked the
advantageof the usageof gradientsn the magneticeld. This wasanessentiaktepin
theimplementatiorof MRI asa practicalimagingmethodandwaslaterrewardedwith a

NobelPrizein 2003.

Functionalmagneticresonanceémaging (fMRI) is a functionalbrainimagingtechnique
that detectsthe haemodynamichangesassociatedvith neuronalactivation within the
brain. Theadwantage®f fMRI arenon-invasvenesandrelatively high spatialresolution,

which make fMRI superiorto severalotherfunctionalimagingtechniques.

For the most part, Sections2.3.1 [2.3.2 and2.3.4 are basedon Vlaardingerbroekand
denBoer (1996); Oppelt(1998; WestbrookandKaut (1999; Haacle etal. (1999; and
JezzarcandClare(2007).

2.3.1 BasicPrinciples

In this section,a brief overview will be givenon NMR, followed by the basicprinciples
of MRI andimageconstructionFor moreinformationseee.g. Vlaardingerbroelandden

Boer (1996, andWestbrookandKaut (19989.
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Nuclear Magnetic Resonance

Protonsand neutrongpossess quantizedangular momentumor spin The netangular
momentumof a nucleus,andthusnetspin, is determinedoy the numberof constituent
nucleons.Further if the netspinis nonzerothe positve chage of the nucleuscreatesa

nuclearmagneticmoment

Someessentialpropertiesof biologically importantnuclei with nonzeronet spinsare
listedin Table2.1 In humansthe mostimportantnucleusin MRI is hydrogendueto its
naturalabundanceandlarge magnetianoment.Hence only hydrogenwill beconsidered

in thefollowing sections.

Table2.1: Selectediologically importantnucleiandtheir NMR properties.The nuclei
atthetop of thetablearemostalundantin humangHaacle etal., 1999.

Nucleus Spin Gyromagneticatio =2 (MHz/T)

H (hydrogen) 1=2 42577
23Na(sodium)  3=2 11.268
31p (phosphorus) 1=2 17.254
170 (oxygen) 5=2 5.774
19F (uorine) 1=2 40.077

Whennucleiwhich have anetspinareplacedin a strong,externalstatic magnetic eId,
Bo, theirmagnetianomentgendto alignalongtheexternal eld. Boththestrengthof the
eld andthelevel of thermalenegy determinewhethera nucleusis alignedparallelor
anti-parallel. Most spinscanceleachotherout, but a smallimbalancefavouring parallel

spinscreatesa netmagnetizatiorvector, M, parallelto Bg (Figure2.9).

Spinsstartto rotate,or precessaroundBg (seeFigure2.10 whenan externalmagnetic

eld is presentThelLarmorequatiorngivesthefrequeny of precessiofior a nucleuswith

1In MR literature B denoteshestrengthof themagneticeld, or simplythemagneticeld. In contrast,
engineerinditeraturedenotesmagnetic eld by H andmagnetic ux densityby B, which areinherently
relatedviaB D H, where isthepermeabilityof themedium.In thisthesisthecornventionemplo/edin
MR literatureis followed.
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Figure2.9: Net magnetization.a) Randomlyorientedspins. b) Spinsalignedalongthe
magneticeld creatinga netmagnetization.

respecto the strengthof themagneticeld:
'oD Bo; (2.1)

where! g is theangularvelocity of the precession, thegyromagnetiaatio (in MHz/T)
and By thestrengthof theexternalmagneticeld (in T). Theangularvelocity, andthusthe

precessiorirequeng, or Larmor frequencyincreasewith the strengthof the magnetic

eld.

Figure2.10: Precessiomroundexternalmagneticeld Bg atLarmorfrequeng ! o.

For example,usingthevalueslistedin Table2.1in Equation(2.1), the Larmorfrequeny
of hydrogenat3 T canbeevaluatedas127.7MHz. Thismeanghatif ahydrogennucleus
is excitedwith analternatingmagneticeld whichis perpendiculato Bg andoscillating
at Larmor frequeng, the nucleusgains enegy andresonates.This effect is called nu-

clear magneticresonancewhich is the basisfor MRI and otherrelatedNMR imaging

techniques.
The excitation pulseis ofter referredto asthe radio frequeng (RF) pulsebecausehe
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Larmorfrequeng for hydrogenliesin theradiofrequeng bandatcommoneld strengths

rangingfrom 0.1 T to 4 T andhigher

Signal Detection

TheRF pulseis neededor MRI signalgenerationThemagnetizatioivectoralignedwith
Bo is perturbedwith the RF pulsesothatit is ipped towardthetrans\erse,or xy, plane.
Thedurationof theRF pulsedetermineshe ip angle (Figure2.1]). Sincetherecever

coil detectghetransersecomponentf M, a ip angleof 90 yieldsmaximumsignal.

Figure2.11: Magnetizatiornvector ipped towardthetrans\erseplaneby ip angle .

Relaxation

After thebrief RF pulse thespinstry to realignalongthemainmagneticeld. Asaresult,
the longitudinalcomponenbf M recoversin anexponentialmanner This is referredto

asTi recovery, or Ty relaxation(seeFigure2.12a).

Ontheotherhand,thetrans\ersecomponenbf M decays.Immediatelyafterthe excita-
tion pulse all spinsprecessn thesamephase Graduallythephasecoherenceleteriorates
duetorandomeld uctuationsandleadsto anexponentialdecaywhichis referredto as

T, decay or T, relaxation(seeFigure2.1).

In reality, the external magnetic eld is not completelyhomogeneous.In addition to
possibleimperfectionsn the magnetthe item beingimaged,e.g. the humanhead,can

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

similar mannerasin T, relaxation.However, this decay calledT, relaxation allows for
the refocusingof spinsusinga 180 pulse,becausdhe inhomogeneityof the magnetic
eld is notrandomasis the casewith T. In fact, T, includesthe effectsof T, which

cannotbe solved by refocusing.

Weighting

Fatandwatercanbedifferentiatedn MR imagesdueto differingrelaxationtimes. There-
fore,imagingsequencesanbe designedo shav strongercontrastfor a certaintissueof

interest(seealsoSection2.3.2.

T, weightedmageshave a strongsignalfor fat dueto arelatively rapidrecovery process
(Figurel2.13). In contrast,water hasa strongsignalin T, weightedimages because
the magnitudeof its trans\erse magnetizations large (Figure/2.13). Proton density
weightedimagesshaov a contrastdueto differencesn protondensitiesbetweertissues.

Protondensitycontrasis alwayspresento someextent.
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Figure2.13:Imageweighting.a) T1 weightedaxial imageof humanbrain. White matter
shaws bright dueto fatty myelin. b) T, weightedaxial image. Theimagesweretaken at
3T attheAMI Centre, TKK.

Spatial Encoding

In additionto the staticmagnetic eld andthe RF pulse,gradient elds areappliedin
threedimensionsn orderto obtain spatialinformation neededor image construction.
The following corvention of x, y, andz directionsis for axially orientedimages,but

combinationf thesecoils canbe usedfor imagingin otherplanesaswell.

G; is typically usedfor slice selection A linear gradient eld is appliedso that the
strengthof the magneticeld, andconsequentlghe Larmorfrequeny, increasesoward
the z-direction. After the applicationof an RF pulseof a certainbandwidth,1! | spins
whoselarmorfrequenciesirewithin thatbandareexcited,andsliceselections complete
(Figure2.14).

z, B,
y
X

Figure2.14: GradientG, andexcitedslice.
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Next, a phase-encodeor Gy, gradientis appliedto the excited slice. After a while, a
phasdlifferenceis createcbetweernprecessingpinsin y-direction. Finally, a frequency-
encodeor Gy, gradientis appliedin x-direction. Accordingly, the precessiorfrequeng
of spinschangegsoward thatdirection. Gy is alsocalledthe read-outgradient,because
theactualdatais collectedwhenthis gradientis in use.2-D spatialencodings illustrated

in Figure2.15

Phase

~ 0,0, T,

Frequency

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

Theuseof all threegradientsallows for spatialencodingn 3-D. Combiningthe pixels of
eachslice,thecorrespondin@-D representationonsistingof voxels or volumeelements,

is created.

By varyingthedurationof thegradientelds, anentirevolumecanbemappedn frequeng-
phasespacecalledthek-space Thecorversionbetweerk-spaceandimagespaceas done
by calculatingthe 2-dimensionaFourier transformfor eachslice (Figure2.16. A three
dimensionalolumecanbe constructedrom the slices. For moreinformationaboutim-

ageprocessingseee.g. GonzalezaandWoods(2002 andHuetteletal. (2004).
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FFT

Figure2.16: Corversionbetweerk-spaceandimagespace.The MR imagetakenat3 T
atAMI Centre, TKK.

2.3.2 Imaging Sequences

Therearetwo main typesof imaging sequencesspin echo (SE) and gradientrecalled

edo (GRE)sequencesThe maindifferenceis in the usageof the exciting RF pulses.

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 echosequenceghe rephasings doneby applyinga 180

pulse(Figure2.17).

. 180°
i /\/\/\
RF /\/\/\

Gradients

sice — \_/

Phase @

Freq.

echo
Signal

Acquisition

t

Figure2.17: SEimagingsequenceA 180 refocusingpulseis appliedto createanecho.
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Spinechosequencesanbe usedfor T4, T2, andprotondensityweightedimages.They

have goodimagequality suitedfor detailedanatomicalmagesandpathology

Gradient RecalledEcho

In gradientrecalledechosequencegheexciting RF pulsehasa ip angle, , typically in
therangebetweer0 and90 . Thespinrephasings accomplishedby applyinggradients
of reversepolarity, andhencethe refocusingl80 pulsepresentin SE sequencess not

needed.

a

RF AN

Gradients

Slice —/_\_/

Phase @

Freq.

echo
Signal

Acquisition

Figure2.18: GREimagingsequenceThe ip angle, , is typically betweer0 and90 .
Gradientf reversepolarity achieve spinrephasing.

A smaller ip angleenabledasterrecovery of the longitudinalmagnetizationandthus
anen RF pulsecanbe appliedsooner Hence,GRE basedsequencearefasterthan SE

seguences.

GRE canbe usedfor obtainingTy, T,, andprotondensityweightedimages.Becauseof
the absencef the refocusingRF pulse,the effectsof T, associatedvith magnetic eld

inhomogeneitiearenot eliminated,and T, weightedimagescannotbe acquired.
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Other Sequences

In SEandGRE sequencesnly onephase-encodingtepis appliedin turn. Thisresultsin

multiple acquisitiongeroneslice and,consequentljjlongerimagingsessions.

Fastspinedo (FSE),a sequencéasedon SE, utilizes a train of rephasingl80 pulses.
At eachrephasinga signalis recordedand a differentphase-encodingtepis applied,

reducingtheimagingtime considerablyFigure2.19.

180° 180° 180° 180°

e Ll 1 A |
T T\ m m al
Phase /—\ \—/_/_\_\_/_/_\_\—/_f

Freq. [\ / \ / \ / \
echo echo echo
Signal t
Acquisition

Figure2.19: FSEimagingsequenceA train of rephasingl80 pulsess utilized.

Echo planar imaging (EPI) is a fastimagingtechniquein which gradientsare usedto

cover the whole k-spacewithout the needfor repeatedRF pulses.EPI sequencebased
ongradientrecalledecho(GRE-EPI,seeFigure2.20 areoftenusedfor BOLD fMRI due
to thesensitvity to T,.

With ultra-fastsequenceseveral slicescan be acquiredat a time. This is enabledby
applyingonly aportionof the RF pulseandreadinga partialecho.Extrapulsespnel80
pulseor a combinationof 90 —180-90 pulses,aretypically appliedbeforethe actual

seqguencén orderto pre-magnetizéhetissue.
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Figure2.20: GRE-EPIlimagingsequenceA wholesliceis coveredusinga singleexcita-
tion pulse.

SequencdParameters

Sequencearetypically describedisingtwo establishegharametersRepetitiontime, TR,
is the time betweenconsecutie exciting RF pulses.Echo time, TE, is the time between
theexciting RF pulseandthedetectiorof anecho.Both aregivenin milliseconds.Image

weightingis accomplishedby varyingtheseparameters.

2.3.3 BOLD fMRI

Neuronalactvity canbe measuredvith fMRI only indirectly. Increasen the neuronal
activity in acertainarealeadsto greaterenegy andoxygenconsumptionyhichis com-
pensatedby anincreasen thelocalblood o w. As oxygenandglucoseareextractedfrom

bloodthroughthe surfacesof capillaries the bloodbecomesieoxygenated.

However, dueto theincreasedlood o w, the apparenbxyhaemoglobirevel rises.This
enableshe blood oxygenationlevel dependentor BOLD, signalto be measured.For
example,thena vibratory stimulusis appliedto the ngertip, a correspondingegionin
the somatosensorgortex is activated. As a result, more oxygenatedlood o ws to the

somatosensorgortex, andBOLD signalcanbe detected Gelnaretal., 1998.
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Thefollowing paragrapharemostlybasednHogeandPike (2001, MenonandGoodyear
(2001, andHuetteletal. (2004).

BOLD Contrast

The magneticpropertiesof blood are determinedoy whetherthe oxygenmoleculesare
attachedo haemoglobinor not. Oxygenatechaemoglobinpr oxyhaemoglobinjs dia-
magneticwhich meanghatthe moleculefeelsa weakrepulsionfrom the magnetic eld.
On the otherhand,deoxygenatethaemoglobinor deoxyhaemoglobinis paramagnetic

andis slightly attractedo themagneticeld.

The magneticsusceptibilityis about20 % greaterfor completelydeoxygenatedlood
comparedvith oxygenated As wasexplainedin Section2.3.1 anobjectwith magnetic
susceptibilitycausespindephasingf placedin magneticeld, whichleadsto adecayof
trans\ersemagnetizationConsequentlyMR sequencesensitveto T, shav moresignal

for highly oxygenatedlood. Thisis calledthe BOLD contrast

Initial Dip

After 5-8secondsfterstimulusonsetapositve BOLD signalcanbeseerduetoincrease
in oxyhaemoglobinHowever, the positive peakis precededy a brief (0.5-1s) decrease
in BOLD signalobsenedat high eld strengthgFigure2.21). Thisis calledtheinitial
dip.

Thereare several theoriesthat attemptto explain the initial dip andthe increasen the
level of oxygenatedloodin the activatedareas.The theoriesare not coveredhere,for

recentreviews seeZarahn(2001) andBuxtonetal. (2004).
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Figure2.21: Schematidiagramof BOLD signal.Initial dip canbeobseredathigh eld
strengthsasa decreasén BOLD signal. Strongerpositive signalpeaks5—8secondsfter
stimulusonset.Basedon HogeandPike (2007).

BOLD Resolution

Therehasbeendiscussiorof how accuratelythe BOLD effect canbeusedto localizethe

neuralactuity.

Somestudieshave shavn thatthe positve componenbf theBOLD signalis morediffuse
thantheinitial dip. As aresult,this hasleadto contemplatiorof theinitial dip beinga
betterspatialindicatorof neuralactivity. However, dueto thelimitationsof thesignaland
magneticeld strengthsmostfMRI studiesat presenusethe positive componenbf the

BOLD signal.

The spatialresolutionof the measuredOLD signalis partly affectedby voxel size(spa-
tial resolutionis discussedlsoin Section2.3.4). Although smallervoxel size denotes
moreaccuratdocalization,the minimumsizeof thevoxel is limited by two factors.First,
the BOLD signaldependson the changein the amountof deoxygenatedhaemoglobin
within asinglevoxel. Reducinghesizeof thevoxel reduceghestrengthof thesignali.e.

thesignal-to-noiseatio.

Second,smallervoxel size meanslonger acquisitiontime for a given volume. Thus,
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thereis atrade-of betweeracquisitiontime andspatialresolutionandvolumecoverage.
However, usinga large voxel sizecanleadto partialvolumeeffects. Thevoxel cancover
different tissuetypesincluding non-actve ones,which leadsto wealer overall signal

response.

2.3.4 Image Quality and Artefacts

Apartfrom variousartefacts,the quality of structuralimagess mostlyaffectedby signal-

to-noiseratio andspatialresolution.This sectiongivesanoverview of thesefactors.

Signal-to-NoiseRatio

Greatersignalintensity can be obtainedat higher eld strengthghroughincreasecet
magnetization. However, the relationshipbetweenSNR and eld strengthis reducedo
approximateljinearbecaus¢hedegreeof thermalnoiseincreasesvith eld strength(Huet-
tel etal., 2009.

Otherfactorsaffecting SNR arevoxel size, coil type, protondensityin imagedvolume,
numberof averagesandsereralimagingparametersyhich alsocontritute to theimage

contrast.

Spatial Resolution

Spatialresolutionis determinedy thesizeof thevoxel, i.e. by slicethicknessandthepre-
cisionof thegrid in k-space Althoughsmallvoxel sizecorrespondso betterresolution,
decreasinghesizereducegheintensityof the signalandthusSNR (spatialresolutionof
BOLD fMRI is coveredin Section2.3.3. Thedimensionf avoxel aretypically in the
orderof afew millimetres,albeitat higher eld strengthghe sidelengthof a voxel can

beevenbelonvy 1 mm.
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Artefacts

There are several artefactsthat affect the quality of images. The most commonarte-
factsareintroducedbrie y here;remediego reduceor eliminatethemcanbefounde.g.
in WestbrookandKaut (1998.

Movementin generalcausesmagedegradation.Ghosting or phasemismappingorigi-
natesfrom movementalonga gradientduring dataacquisition. Ghostingoccursalways

alongthedirectionof the phase-encodgradient(Figure2.22.

Figure2.22: Ghostingartefact. The diameterof the phantomis 17 cm. Luminanceis
adjustedo emphasizeéheartefact. Theimagewastakenat3 T atthe AMI Centre, TKK.

Aliasing can be seenwhenonly a part of an objectis beingimaged. If the sampling
frequeng istoolow, theexcludedpartscloseto therecever coil arefoldedinto theimage.
In addition, undersamplingn the phase-encoddirection contritutesto truncation or

Gibbsartefact seemasadarkbandcrossinga highintensityarea.

Shadinginducesa loss of signalintensityin one part of the image. The main causeis
uneven excitation of nuclei, but abnormalloading on the coil, couplingto the coil, or

magneticeld inhomogeneitiearepossiblefactors.

Crossexcitation occurswhenthe RF pulseexcitesnucleiin slicesnext to the onebeing
imaged. Similarly, in crosstalk, relaxing spinsmay dissipatetheir enegy to adjacent

nuclei. In bothcasesmagecontrasts affected.
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ImproperRF shieldingof the scanneroom cancausenterferencerom the outsidecon-

taminatingtheimagewith adashedine. Thisis known aszipperartefact

The differencebetweenLarmor frequencie®f fatandwaterresultsin two typesof arte-
facts. Chemicalshift artefactis more pronouncedat higher eld strengthsbecausehe
frequeng differences greateraswell. Dueto limited frequeng resolution,asamplecan
be mappednto differentvoxelsdependingn its fat andwatercontent.Accordingly, this
canbe seenasdark edgeshbetweerfat andwater In addition,phasenterferencecaused
by the frequeng differenceleadsto chemicalmisregistration seenespeciallywith GRE

sequenceasaring of darksignalaroundsamplesontainingbothfatandwater

Magneticsusceptibilityartefactoccursat the interfaceof two samplef differentmag-
netic susceptibilitiesg.g. betweertissueandair, or metallicimplant. As the degreeof

magnetizatiordiffers,the Larmorfrequencie®f the samplediffer leadingto dephasing
andsignalloss(Figure2.23. This artefactis morepronouncedt higher eld strengths

andwith GRE sequences.

Figure 2.23: Susceptibilityartefactscausedoy slightly magneticEOG lead connectors.
Theimagewastakenwith GRE-EPIsequencat3 T atthe AMI Centre, TKK.

2.3.5 MRI Safety

In MRI studies the subjectis exposedto threetypesof magnetic elds: the static eld,
gradient elds, andRF elds. In this section,the biological effects of these elds are

discusse@ndrecommendedafetylevelsarepresented.
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Static Field

At the moment,no adwersehealtheffects of healtty subjectshave beenfound at static
eld strengthsupto 8 T (ICNIRP, 2004. However, thelong term healtheffectsof static
elds arenot inclusively studied,and more epidemiologicalstudiesshouldbe madein
ordertodrav nal conclusionsThereforealimit of 40T hasbeengivenin Finlandfor

continuousexposure(SuomerSaadoskkoelma 2002.

Static elds above 2 T cancausenauseaandvertigo. ICNIRP (2004 recommendshat
clinical routine whole-bodyexposureto static elds is limited to 4 T andthe bene ts
of applicationsat higher eld strengthsshouldbe carefully evaluatedwith respecto the

possiblerisksinvolved.

Ferromagnetiobjectsare stronglyattractedo the magneticeld (WestbrookandKaut,
1998. Thus, metallic objects,suchas scissorsscravdrivers, and sugical equipment,
canbecometreacherousndlethal projectilesif they getnearthefringe eld. Likewise,
metallicimplantscanmove anddamagehe surroundingissue.In addition,cardiacpace-

makersandotherelectronicdevicesmayfunctionunexpectedly

Gradient Fields

Time-varying magnetic elds canproducenerve muscle and cardiac stimulation The
medianperceptiorthresholdof the rateof changeof magneticeld for peripherainene

stimulationis givenby thefollowing equation:

dB 036 T
—~ D20 1C — (2.2)
dt ts;eff S

wherets.eft IS the effective stimulusduration(in ms), i.e. the durationof the period of
monotonicincreasingor decreasingradient(IEC, 2002 ICNIRP, 2004. It is recom-
mendedthat the maximumexposurelevel for normal operationis 80 % of the median

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

Rapidly switchinggradientcoils alsoproduceloud acousticnoise To avoid hearingim-
pairment,hearingprotection(e.g. earplugsheadphonesghouldbe worn at noiselevels
exceeding85 dB (A-weighted)(ICNIRP, 2004).

RF Fields

RF pulsescauseheatingasenegy is absorbednto thetissue.Excesste heatingcanlead
to tissuedamageespeciallyin the temperature-sensie organssuchasthe humaneye,
hypothalamusandtestis. In addition, braininjuries canoccurwithout noticing because
thereareno sensoryeceptorsn thecortex. Further hot spots or areasof excessve con-
centrationof RF enegy, cancauseburnsif intensve enough(Shellock 2000. The basic
principlesof thermorgulatoryresponseto RF enegy absorptiorhave beenreviewed by
Adair andBlack (2003.

In the caseof routine MR imaging, possibleRF risk factorsincludethe following: con-
ductive loopsthrougha partof thebody, the presencef dampclothing,the placemenbf
thebodyor extremetiesagainstRF transmitcoil surface the contactbetweerpatientand
RFreceve coil cable,andtheroutingof the RF coil cablein proximity to the RF transmit

coll (IEC, 2002.

Localburnsareof speci ¢ concernwith metallicobjects e.g.implantsandwires(Dempsg
andCondon 200]). Heatingcanoccurdueto seseralreasonsformationof eddycurrents
in the objectand surroundingtissue(Nyenhuiset al., 1999; currentsinducedin loops
of wire by the changingmagneticux; andenegy dissipationinto surroundingissueby

focusingof electric elds in wiresof resonantengths(Pictetetal., 2002.

Resonaneffectscanalsooccurwhenthetissuesizeis comparabldo the wavelength,
of the RF pulse(Shellock 2000. Whenthe lengthof a conductve wire (or tissue)is a

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

However, Shellock(2000 andPictetet al. (2002 suggesthatresonantengthsof =2,
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correspondingo 1.17m at3 T in theair, (andmultiples)leadto heatingeffects,whereas
Armeneanet al. (2009 reportthat maximumtemperatureslevationswere obsened at
slightly smallerlengthsthanthose. Armenearet al. (20049 contemplatehata possible
explanationcould be thatthe RF eld did not cover the whole wire length. In addition,
althoughthe radiationpatternof the antennds mostconcentrateét the tips, signi cant

heatingoccursalsoalongthewire in the surroundingissue(Armenearetal., 2004).

Total temperaturencreasedependslsoon otherfactors.Heatis distributedin the body
by corvective heattransferthroughblood o w. However, theability to dissipateneatmay

becompromisedf thesubjectisill or undermedication(Shellock 2000.

ICNIRP (20049 recommendshat the body core temperatureise is restrictedto anin-
creaseof 1 C for healtty adults,andto 0:5 C in the caseof infants,pregnantwomen,
andpersonswith cardiocirculatoryimpairment. Local temperaturdimits arealsogiven
for thehead(38 C), trunk (39 C), andextremities(40 C).In addition,pregnantwomen
shouldavoid MRI examinationgespeciallyduringthe rst trimesteiwhenthefetusis most

vulnerableto developmentamalformations.

Speci ¢ Absorption Rate

Therateof theabsorbeanengy is describedn termsof speci c absorptionrate (SAR):

P
SARD — 2 . (2.3)

Missue

wherePgps is theabsorbegower andmy; ssye themassof thetissue.SARis dependentn
theconductvity, ,anddensity , of thetissueandtheamplitudeof theRF- eld related
electric eld, E, accordingo thefollowing equation:

EZ

SARD ——: (2.4)

Becausdhe RF power is emittedas a pulse,the amplitude,E, hasto be multiplied by

afactor =TR, where is the durationof the pulseand TR the repetitiontime between
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pulseqHuurtoandToivo, 2000. isdirectlyproportionalto the ip angle(Huetteletal.,
20049).

Thereexistsalinearrelationshipbetweertemperatureise,1 T, andSAR:

1t SAR
1TD =~ (2.5)

wherec is the speci ¢ heatcapacityof the tissueand 1t the durationof the exposure
(HuurtoandToivo, 2000.

Hence,it can be concludedfrom equations(2.3-2.5) that SAR, and thus temperature
change,is dependenbn factorsrelatedto the physical and electrical propertiesof the
tissue(i.e. massdensity conductvity, andspeci ¢ heatcapacity)aswell asthesequence
design. Furthermoretemperaturencreasecanbe expectedto be greaterat higher eld

strengthdecausenoreenegy is requiredto ip thespins.

The equationsalsoshav thatthetemperaturehanges quadraticallyproportionalto ip
angleandinverselyquadraticallyproportionalto the repetitiontime betweernpulses.Ac-
cordingly GRE-EPIsequencewith low ip anglesandrarelyoccurringexcitationpulses
canbe expectedto exhibit only moderatetemperaturencreasesasopposedo SE (and

particularlyFSE)sequencewith repeated 80 ip angles.

To preventexcessve temperaturéncreaseshasicrestrictiondimiting SAR have beenset.

Table2.2lists the maximumSAR limits approsed by the Finnishlaw.

Table2.2: Maximum SAR limits for electricandmagneticelds atfrequencied0MHz—
10 GHz (SuomenrSaadsdsikoelma 2002).

Whole-body Local SAR Local SAR
averageSAR (W/kg) (Headandtrunk) (W/kg) (limbs)(W/kg)
0.08 2 4

SAR valuesare averagevaluesover a 6-minuteperiod. Local SAR is calculatedasthe

absorptiorratein a 10 g cubicalpieceof tissue.
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2.4 SimultaneousEEG and fMRI

EEG andfMRI aretwo functional brain imaging methodsthat complemeneachothet
Thehigh temporalresolutionof EEG combinedwith the high spatialresolutionof fMRI
producemoreaccuratenformationaboutthebrain's functionsthanary othernonirvasive

methodhasbeenableto do sofar.

The developmentof simultaneousEEG/fMRI hasbeentremendouslyfast. lveset al.
(1993 werethe rst to recordandpublishdataon EEG acquisitionduring fMRI. Their
setupincluded17 EEG andone ECG gold andsilver electrodesan in-houseampli er,
andal1l.5T wholebodyscannerlvesetal. (1993 obseredthatthe EEG signalsaturated
duringthe MRI scanandreportedEEG artefactsrelatedto the cardiaccycle andsubject

movement.

Safetyconsiderationsverenottackleduntil 1997,whenLemieuxetal. (1997 published
the rst reportaboutpatientsafety Sincethen,afew researclgroupshave concentrated
on the safetyissueswith alarge contritution from Angeloneetal. (2004 in the areaof

RF simulations.

In the meanwhile mary interleaved studies,i.e. EEG datais recordedonly betweerthe
RF andgradient elds to avoid large imagingartefactsin the EEG signal,have beenper
formed(Bonmassaetal., 1999 Kruggeletal., 2000 Bonmassaetal., 2002 Ellingson
etal., 2004 Mékirantaetal., 2004 Scarf etal., 2004). Similarapproachebave beenem-
ployedin epilepsystudies EEG of a patientsuffering from epilepsyhave beenmonitored
in the scannerandthe MRI sequencdasbeentriggeredwhenan epilepticdischageis

detectedfor areview, seeSalek-Haddadet al., 20033.

Thedevelopmentof removal methoddor ballistocardiogranandimagingartefactsin re-

centyearshasallowed truly simultaneous£EG andfMRI to be acquired. ERP studies
utilizing alsothe EEG recordedduringthe fMRI sequencebave beensuccessfullyper

formed(Anamietal., 2003 Mulert etal., 2004 Negishietal., 2004 Comietal., 2005

Sammetretal., 20095.
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Theincentive behindsimultaneou&€EGandfMRI recordingds theaccurag thesemeth-
ods possess.Attemptsto combineEEG and fMRI dataacquiredin separatémaging
sessionsaccordingto presentknowledge, doesnot guarantedahat the haemodynamic
andelectricactivationsdetectedy fMRI andEEG, respectiely, originatefrom thesame

source(seee.g.NunezandSilberstein 200Q Horwitz andPoeppel2002.

The experimentalconditionscannotbe perfectlyreplicatedin separatesessionsFor in-
stancethe impactof the physical recordingervironmenton the brain activationsis un-
predictable.WhereasEEG recordinggypically take placein quiet, electricallyshielded
room, in the MRI scannetthe subjectis exposedto loud scannemoiseandmechanical
vibrations. In addition, the cognitive stateof the subjectmay be alteredbetweenthe

sessionskFurthermorelearningeffectsandepilepticdischagescannotbereproduced.

Threemainissuedimit the useof simultaneous£EG andfMRI: artefctsfoundin MR
imagesandEEG signal,and,mostimportantly safety Eachof theseissuess addressed
in turn. Firstof all, anoverview of the state-of-the-arequipmentandsimultanecu&€EG

andfMRI studiedss given.

2.4.1 State-of-the-Art Equipment

A representagie sampleof simultaneou§ EGandfMRI studieds gatheredn Tables2.3-
2.5. Table 2.3 lists interleaved studiesand studieswhere EEG dataduring imaging se-
guencedasnot beenutilized, or recordedat all dueto artefacts,ampli er saturationor

otherreasonsTheequipmentsrelistedasstatedoby theauthors.

Simultaneou&EGandfMRI studiesarepresentedh Table2.4. In addition,studiedreat-
ing safetyissuesandMR imagequality arelistedin Table2.5. Spike-triggeredepilepsy

studiesarenotincluded.
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Table2.3: Interleared EEG andfMRI studies

Reference Tesla MRI Scanner # Electrodes El. materials EEGequipment Content
vesetal. (1993 1.5 Siemens 16 Au, Ag in-house Firstreport
Al tal. (199 1.5 GEHorizonEchoSpeed 19 Ag/AgCl Neurolink PatientModule Ballistocardiogranartefactremoval,
enetal. (1999 (Physiometrix) alpha,epilepticspikes
B tal. (199 3 GEANMR 64 conductve Optilink, SynAmps Ballistocardiogranartefactremoval,
onmassaetal. (1999 plastic (NeuroScanLabs), interleaved VEP
in-housecap
Goldmanetal. (2000 3 GE 16 AgCl customizedrelefactor Z&Fl)lﬁ:ztocardmgranartehctremo/al,
Kruggeletal. (2000 Bruker MedSpec30/100 9 Ag/AgCl Schwarzer Interleaved VEP
1.5 SiemenAG 32,8 Ag/AgCl, OptiLink, Synamps, Ballistocardiogranartefactremoval,
Bonmassaetal. (2002 conductve modi ed Quickcap interleaved VER, alpha
plastic (Neurosoft)in-housecap
. 1.5 GESigna 30 - modi ed Quik-Cap Ballistocardiogranartefactremoval,
Ellingsonetal. (2009 (Neuroscan) interleaved AEP
Mékirantaetal. (2004 1.5 GESignaln nity TwinSpeed 12 - Maglink (Neuroscan) Interleaved hypenentilation
3 GESigna 64,128 Ag/AgCl Maglink Interleaved AER,

Scarf etal. (2009

numberof electrodesndsource
localization
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Table2.4: SimultaneouEEGandfMRI studies

Reference Tesla MRI Scanner # Electrodes El. materials EEGequipment Content
2 Siemeng/ision 9 Au in-house Imagingartefactremoval,
Allen etal. (2000 simulatedepilepticdischages
Sijbersetal. (2000 4.7 SMIS 5 Ag/AgCl Schwarzer Ballistocardiogranartefaictremoval
Lemieuxetal. (2001 2 SiemensvlagnetonVision 10 Au in-house Epilepticdischages
. 1.5 SiemendMagnetomvVision 10 Ag/AgCl SynAmps(Neuroscan) Imagingartefactremoval, VEP,
Anamietal. (2003 Plus customizedtap alpha
1.5 PhilipsMedical Systems 19 Ag/AgCl modi ed BE/Mizar Imagingartefictremoval,
Garrefaetal. (2003 Intera EEGrhythms
1.5 SiemendMagnetomVision 29 Ag/AgCl BrainAmpMR Alphain EEGandBOLD
Laufsetal. (2003 (BrainProducts),
BrainCap(FMS)
M tal. (200 1.5 SiemendMagnetomVision 2,29 - EMR digital (Schwarzer), Alphain EEGandBOLD
cosmanretal. (2003 BrainAmp (BrainProducts), (interleaved,simultaneous)
Easy-CagFMS)
Salek-Haddadetal. (20039 2 SiemensMagnetomVision 12 Au in-house Epilepticdischages
Garrefaetal. (2004 1.5 Siemens/ision Magnetom 40 Ag/AgCl customizecEBNeuro(Mizar) Methodologicalssues
1. i Visi 27 Ag/AgCl EMR h AEP
Mulert etal. (2004 5 SiemendMagnetomVision g/AgC (Schwarzer)
i 3 SiemengvlagnetomTrio 19 - NuAmps(Neuroscan) Imagingartefictremoval, VEP,
Negishietal. (2004 in-housecap alpha
: 1.5 MarconiCorp. 32 AgCl BrainProducts VEP
Comietal. (2009 Marconi-Picler
. 1.5 Siemenision 19 Ag/AgCl BrainAmp Visual perceptiortransition
Muller etal. (2003 (MES Medizinelektronik)
1.5 SiemensSymphory 29 Ag/AgCl BrainAmpMR SteadystateVEPR,
Sammeetal. (2003 (BrainProducts), lateralizedreadinespotentials,

BrainCap(FMS)

frontal thetaenhancement
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Table2.5: Safetyandimagequality studies

Reference Tesla MRI Scanner #Electrodes El. materials EEGequipment Content
. 1.5 GESignaHorizon 1 Ag/AgCl - Safety current-limitingresistors
Lemieuxetal. (1997 Echo-gSpeed 9”9 y 9
1.5,2 GEHorizonEchoSpeed, - several in-house Neurolink Patient Imagequality
Krakow etal. (2000 SiemendviagnetomVision Module (Physiometrix)
15,3 GE 64 conductve in-house Imagequality, retinotopicmaps
Bonmassaetal. (200]) pIastiL(J: ! ! gequaity, ret b P
1.5 MarconiMedical Systems 16 Ag/Au NeuroscanDeltamed Safety visualandmotortasks,
Lazeyrasetal. (200)) ECLIPSE alpha
_ 3 GESi 64 Ag/AgCl BrainProduct Safet
Merilinen(2002 igna g/Ag rainProducts afety
1.5,3,7 GE,Siemendlrio, simulated 124 Perfect - Safety simulations
Angeloneetal. (2009 electrical y
conductor
. . 1. ESi LX CVMR 10 Ag/A in-h fetyi li
Mirsattarietal. (2004 5 GESignaLX C 0 Ag/Au in-house Safety imagequality
3,7 SiemensTrio, - Perfect - Safety simulations
Angeloneetal. (2009 simulatedconsole electrical

conductor



A typical studyutilizesa1.5T scanneandAg/AgCl electrodesiumberingunder30. In-
terleaved studiesappeaito preferNeuroscarEEG equipmeniand GeneralElectric (GE)
scannersvhereasimultaneoustudiesemploy BrainProductEEG equipmentand,with
only afew exceptions SiemendMRI scannersHowever, thereis arelatively smallnum-
ber of researchgroupscarrying out simultaneou€EG andfMRI studies,which might

biasthis conclusion.

2.4.2 Image Quality and Artefacts

The mostprofoundartefactscausedby the EEG equipmentin MR imagesare suscep-
tibility artefcts. Chemicalshift artefacts, especiallywith the electrolytegels, are also
plausible,but the artefactsare hardto differentiatefrom MR images(Bonmassaet al.,
2001). While chemicalshift artefactscanbetracedwith MRS, GRE-EPIsequences/pi-
cally usedin fMRI experimentsareparticularlyproneto susceptibilityartefictsdueto T,
weighting.In addition,the EEGequipmentanemitelectromagnetiaoisein afrequeny

banddetectedy thereceve coil (Krakow etal., 2000.

Imagequality suffersif the artefactsextendinto the cortex. However, if the artefactsare
limited to the outerlayers,they canbe usedto mapelectrodepositions(Bonmassaetal.,
200)). The scalp-to-corte distancemeasuredrom a sampleof subjectswas13.8 mm
on averagewith the minimumof 7.5 mm obsered above electrodepositionT5 (Krakow
etal., 2000.

The resultsfrom both Krakow et al. (2000 and Bonmassaet al. (2001) suggestthat
mostartefactsremainbelov 15 mm. The largestarteficts,19 and 13 mm, reportedby
Krakow etal. (2000, werecausedy differentcomponent®f current-limitingresistors
(seeSection2.4.4. Furthermorethe largestartefactsresultingfrom electrodesvere 8
and6 mm measuredvith Ag/AgCl andAu electrodesrespectrely. The contrikbution of

carbonor copperelectroddeadswasnegligible.

Theextentof theartefactwasfoundto bedependenbnthatof thesingleworstcomponent

presentandthe spatialalignmentof the imagedobjectwith respectto Bg, with largest
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valuesobtainedat perpendiculaprientations.In addition,the artefactsizewassimilarin

both phantomandhumanMR imagesKrakow etal., 2000.

Dueto variationsin themanugcturingprocesof EEGcomponentsKrakow etal. (2000
recommendhat eachcomponentis checled individually althoughthat their study in-
cludedawidevarietyof EEGcomponentsMoreover, althoughtheartefactsin T, weighted
imagescausedy electrolytegelswerebelov 10 mm, only aminimumamountnecessary

shouldbeused.

Lazeyrasetal. (200]) foundslightly reducedSNR of the MR imageswith EEG capusing
EPIsequencesn humansubjectsOntheotherhandtheactivatedregionswith andwith-
outthe capdid overlapalthoughfewer pixels shaved activationswhenthe EEG capwas
mounted.The SNR appeargo dependon the numberof electrodesised.Imagequality
wasfoundto be acceptabldor 64- and 128-electrodearraysat 3 T, but 256 electrodes

perturbedhehomogeneityf themagneticeld excessvely (Scarf etal., 2004.

2.4.3 EEG Signal Quality and Artefacts

The most penasive artefactsfound in EEG in scannerervironmentare ballistocardio-
gran? andimaging artefacts. The ballistocardiogranmartefactis notably more empha-
sizedin the presencef the staticmagneticeld comparedo normalEEGrecordingen-
vironment;in factthe amplitudeof the artefactis proportionalto B (Allen etal., 1998.

Theslightrockingmovementof thebodycausesheelectroddeadsto move, and,accord-
ing to Faradays law of induction,currentsarereadilyinducedin theleadscontaminating

the EEGsignal.

Two otherfactorshave also beencontemplatedo contribute to the ballistocardiogram
artefact: scalpmovementdueto expandingandcontractingarteriesandthe smallchang-

ing electric eld causedyy pulsatiliemovementof blood perpendiculato B referredto

2In simultaneousEEG/fMRI literature, the term ballistocardiogramartefict typically refersto all
cardiac-relatedrtefacts.In addition,termsballistocardiogramgardioballistogrampulse,andpulse-related
artefictareusedinterchangeably

3Imagingartefctis alsocalledscanning-inducedyr gradient/RFartefact.
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astheHall effect (Allen etal., 1998.

Imagingartefactresultsfrom strongcurrentanducedin theelectroddeadsby the chang-
ing magneticeld. Moreover, theinducedcurrentsarein the orderof tensof millivolts
ascomparedo themicrovolt scalenormallyencountereth EEGrecordingsEEGsignal
cannotbe recoveredif the amplitudeof the artefactsexceedsthe dynamicrangeof the
EEGampli er. Thedynamicrangeis determinedy theresolutionof theampli er (typi-
cally 0.5-2 V) andthe numberof bits usedin A/D corversion(typically 16 bits) (Allen
etal,, 2000. In addition,whenthe ampli er is saturatedthe signalrecovery cantake
a coupleof secondqEllingsonet al., 2004. Furthermorejf the signalis not low-pass
Itered prior to sampling,the high-frequeng componentcausedoy scanning-induced

currentsarealiasedo lower frequencies.

Artefactscanresultalsofrom other lessobvious,sourcesDisturbance$rom themagnet
cryogenicpumpor acousticnoisecausedy gradientcoil switchingcancausevibrations
on scannerstructures,and can thus induce currentsin the EEG leads(Garrefa et al.,
20049).

A corventionalway to reduceballistocardiogranartefictsis headimmobilization. Sev-
eral approacheiave beenused;theseinclude adjustabledental bite-bars(Bonmassar
et al., 1999, de ated plastic pillows (Anami et al., 2003, vacuumpads(Moosmann
et al., 2003, and xation of the subjects foreheadto the scannercouch(Comi et al.,
2005. Twistedelectroddeadshave beenshowvn to reducenoisesigni cantly, both with
andwithoutimagingsequencefGoldmanetal., 2000. Pairwiseelectroddeadtwisting,

however, requiresdual-leadelectrodesandanampli er suitedfor bipolarrecording.

Themostcommonlyusedartefactremoval methodsarepresentedhn this section.A brief

review on artefactremoval methodscanalsobefoundin Salek-Haddadetal. (2003H.

Ballistocardiogram Artefact Removal

Allen etal. (1999 introduceda ballistocardiogranmartefact removal methodwhich sub-

45



tractsanaverageballistocardiogramvaveform,calculatedor eachelectroddrom identi-
ed QRScompleesin the precedinglO s, from the EEG signal. This methodimproved
the probability of correctly identi ed epileptic dischagesand halved the rate of false

spike detections.

Slightly differing methodsbasedon templatesubtractionhave beendeveloped. Com-
paredwith Allen etal. (1998, the methodpresentedy Goldmanetal. (2000 differsin
theweightingof earlierEEG data.Lik ewise,anadaptve andautomatiomethodwaspro-
posedby Sijbersetal. (2000 whichincludesnormalizatiorandmedian Itering whereas

Ellingsonetal. (2004 includedthe slopeandwidth of the QRScomple in theanalysis.

Filtering hasbeenemployed alsoby Bonmassaet al. (1999 2002. In the formercase,
a spatial Itering schemewasusedwhereadn the latter casea Kalman- Iter equipped
with a piezoelectricmotion sensorwas utilized to cancelmotion artefact noise. ECG

monitoringwasnot neededn eithercase.

Imaging Artefact Removal

Allen et al. (2000 usedan imagingartefact subtractionmethodsimilar to the onethey
usedfor ballistocardiogranartefacts(Allen etal., 1998. An averagedartefactwaveform
wassubtractedollowed by adaptve noisecancellation.Using both methodscombined,

themaximumimagingartefaictwasreducedrom approximately+*10mVto 10 V (peak-

to-peak).

Numerousstudieshave successfullyemployedthe combinationof theseartefactremoval
methods.Thequality of therecoreredEEG signalwassufcient for the detectionof sim-
ulatedandreal epilepticspikes(Allen etal., 200Q Lemieuxetal., 2001 Salek-Haddadi
etal., 2003h. In addition,typical EEG waveformswerepresered, althoughsomenon-
speci ¢ amplitudedifferenceswere found when comparingsignal recordedinside and
outsidethe MRI scanneSammetetal., 2005. Furthermorethe methodshave beenap-
plied with alphaactvity (Moosmanretal., 2003 Laufsetal., 2003, AEP (Mulert etal.,
2009, VEP (Comietal., 2009, andvisualperceptionMuller etal., 2009 studies.
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Anamietal. (2003 introduceda methodcalledthe steppingstonesampling.A very high
digitization rate of 20 kHz was usedto reveal the true form of the imaging artefactin
EEG.They shavedthateachartefactpeakin the EEG signalcorrespondetb a gradient
component.The peakshaddifferentialwaveformsof the original gradientpulses.How-
ever, in orderto performEEG samplingat pre-determinedime points,the EPI sequence
wasslightly modi ed. Moreover, steppingstonesamplingrequireshattheEEGampli er

is synchronizedvith the MRI scannerwhich is notfeasiblewith all ampli ers.

Negishietal. (2004 utilizedtiming correctionrandtemporalprinciplecomponenanalysis
(PCA) Itering to remove gradientandballistocardiogranartefacts. Althoughthe PCA
approachmight not overcomethe steppingstonesamplingmethodpresentedy Anami

etal. (2003, clock synchronizatioris notrequired.

2.4.4 Safety

Safetyissueswith simultaneou€€EG and fMRI have beeninvesticatedby only a few
researclgroups(seeTable2.5). Thegreatestoncernis RF inducedheatingin the elec-
trodes leads,andnearbytissue.However, anarrayof electrodesnakesthe heatingphe-

nomenormorecomple thanwhatwasdiscussedn Section2.3.5

Accordingto Lemieuxet al. (1997, thereare two risk factorswhich needto be con-
sidered:currentformationin conductve loops,andeddycurrentsinducedin EEG elec-
trodes. The effect of switchinggradientsandmovementsin staticmagnetic eld, which
inducecurrentsin the EEG leads,werefound nggligible comparedo the impactof RF

pulsegLemieuxetal., 1997).

Curr ent-Limiting Resistors

A conductve loop is basicallypresentin all simultaneousEEG and fMRI recordings.
However, comparedo the electrode-electrodenpedancdormed by the skin-electrode

impedanceandthe head theimpedancesttheampli er endaretypically severalmag-
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nitudeslarger, andthereforetheinducedcurrentshroughthe subjectarevery small.

Onthe otherhand,a directelectricalcontactbetweentwo leadsor betweenan exposed
leadanda subject;or capacitve contactbetweertwo parallelleadsor a singleleadbend-
ing onitself canenablethe formationof low-impedancdoops(Lemieuxetal., 1997). A

failurein the EEG pre-ampli er circuit is alsopossible.

The low-impedanceconductve loops provide a concentratiorof currentsin the leads,
and, thus, a high currentdensitycould be inducedin the tissueunderan electrode. To
avoid this, the usageof current-limitingresistorgplacedcloseto eachelectrodevasrec-

ommendedLemieuxetal., 1997).

However, whenalargecurrent o wsthroughtheresistorwhich canalsohapperwhenthe
electroddeadresonategseeSection2.3.5, theresistorcanheatup andburn the under
lying tissue. Basedon temperatureneasurementsf the resistor Lemieuxet al. (1997
have recommendegtaluesfor the current-limitingresistordor severalpulsesequences
1.5T scanners.The usageof extra resistorsin serieswith the electrodeshowever, has

alsodisadwantagesiueto decrease@NR of the EEG signal(Lemieuxetal., 1997).

Eddy Curr ents

The in uence of eddy currentson heatingin an Ag/AgCl electrodewas measuredy
suspendinghe electroden the air andmonitoringthe maximumtemperatureise of the
electrodeduringSEandGRE-EPIsequencef_emieuxetal., 1997). Thetemperatureise
in the electrodewvasfoundto bebelov 1 C. However, eddycurrentscanalsobeformed

in the surroundingissuedueto nearbyconductorgNyenhuisetal., 1999.

Simulations

Angeloneetal. (2009 have simulatecdthe effect of electrodesndleadson SAR distribu-
tion within thebrainusingarealistic,highresolutiorheadmodelobtainedrom individual

MR images.With both surfaceandbirdcagecoils, the peakSAR valuesweregreateron
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the skin thanin underlyingtissues.In addition,for eachtissuetype, e.g. cerebrospinal
uid andskin,theSAR valuewasfoundto increasavith thenumberof electrodedecause

thehomogeneityf themagneticeld wasperturbednore.

The peakSAR is not necessarilynducedright underan electrode. For example,a hot
spotwasdiscoveredunderthe electroddeadbundleprojectingfrom the neck(Angelone
et al., 2004; AngeloneLM, personalcommunication).Furthersimulationshave shavn

thatresistorgplacedneartheelectrodesasopposedo resistorglistributedalongtheleads,

do not eliminatethe hot spotsnearthe electrodegAngeloneetal., 2005.

Temperature Measurements

Temperatureisesfrom individual electrodesiteshave beenmeasuredrom humanvol-
unteergLazeyrasetal., 2001, sheephead(Merilainen 2002, andfrom volunteersand
saline- lled phantom(Mirsattarietal., 2004).

In measurementgerformedby Mirsattariet al. (2004), the temperaturet the measured
electrodesite was decreased.The authorssurmisedthat the result was due to higher
temperaturef the preparatioroom comparedwith the scanner Lazeyraset al. (2001)
and Merilainen (2002 reportedthe largesttemperaturaiseswith FSE sequencesind
lowestwith GRE basedsequencesTheseexperimental ndings arein accordancevith
Equation2.4-2.5.
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Chapter 3

Methods

Thein uence of EEGsystemcomponent®n MR imagequality wasdeterminedy scan-
ning eachcomponentndividually with a phantomandmeasuringhe correspondingize
of theartefact. In addition,a SNRmeasurememwasperformedor the phantomwith and
without the EEG capin orderto nd outwhetherthe homogeneityof the magnetic eld

wasperturbedoy the cap.

Furthermore EEG wasrecordedirom one subjectin normal EEG recordinglaboratory
andin MRI scanneroom. Alphawaveswereusedto determinghe effect of strongstatic

magneticeld (3 T) onballistocardiogranartefact.

3.1 Materials

3.1.1 EEG Equipment

The customizedEEG cap(BrainCapMR, Falk Minow Serviceg FMS), HerrschingGer
mary) had28 EEG electrodes] ECG electrodeand3 EOG electrodes.The electrodes
werebundledtogethebetweenCz andPz. Oneof the EOGelectrodefEOG2)wasused

asa nosereferencealthoughthe original referencdocatedbetweenFz andCz wasused
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throughouthe dataanalysis. EOG1andEOG3,respectrely, wereplacedabove andbe-
low theright eye. ECGelectrodevasplacedon the neck. Figure 3.1 shavs the electrode

con gurationusingtheinternationatl0-20system.

Figure3.1: Electrodecon guration of customizedEEG cap. Adaptedfrom Falk Minow
Serviceg2005.

The32-channeEEGampli er (BrainAmpMR Plus,BrainProduct$&smbH,Munich, Ger
mary) waspoweredby two MR-compatible3.6 V lithium batteries.Theampli er speci-
cations canbefoundin AppendixA. Insidethe scanneroom,theampli er andthe at

cablewereplacedbehindthe MR headcoil and proppedwith sandbag$o preventthem
from moving. EEG signalwastransferredrom the ampli er to a computeroutsidethe

scanneroomby optic bres. Figure3.2shavsthe EEG systemused.

The electrodeswvere plastic-coatedAg/AgCl ring electrodes.The electrodeleadscon-
sistedof purecopper(noalloy), nylon andpolyvinyl chloride. Theresistvity of theleads
is 1« /m with a5 ke resistorconnectechext to eachelectrode. The EOG and ECG

electroddeadconnectorsvereof gold-platedalloy.

Conductve electrolytegel (Abralyt 200Q FMS) wasappliedto all EEG electrodesfter
abradinghe skin slightly with anabrasve skin preppinggel (Nuprep,Weaver & Co, Au-
rora, Colorado,USA). An EC2electrodecream(Grass Astro-Med, Inc, WestWarwick,

Rhodelsland,USA) wasusedwith the EOGandECGelectrodes.
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Figure3.2: EEG systemusedin the experiments.ltemsfrom the left: optic bre, MR-
compatiblebatteriesampli er, at cable,andEEG cap.

TheEEGrecordingsvereperformedusingVision Recorde(Versionl.02,BrainProducts
GmbH). During recording,the signal was band-passltered to 0.016 Hz—1 kHz, and
a notch lter at 50 Hz was appliedin orderto reducemains-bornedisturbance. The
samplingfrequeny was 5 kHz, and the resolutionof the ampli er wassetto 0.5 V,

which givesadynamicrange 16.384mV using16-bitA/D corversion.

3.1.2 MRI Scanner

TheMRI scannefGE Signa3.0T with Excite)is locatedatthe AMI Centreat TKK. The
receving 8-channeheadcoil (BHRBRAIN) is shovn in Figure 3.3. Body coil wasused

for RF transmissiorduringthe MR imaging.

3.2 Image Quality with Phantomand EEG Cap

SelectedEEG capcomponentsvereimagedwith a standardGE sphericalgel phantom
(@ 17 cm). A GRE-EPIsequenceavaschosenbecauset is typically usedin functional

MRI experimentsandalsoexhibits the largestsusceptibilityarteictsdueto T, weight-

52



Figure3.3: 8-channeMRI headcoil with phantomandpads.Theblackframeis holding
amirror by which visualstimulationcanbe projectedo the subject.

ing. Eachcomponentvastapedon the phantormdirectly on thelandmarkiine which was
orientedperpendiculato Bg. The GRE-EPIsequencearametersvere: TR 2000 ms,
TE30ms, ip angle45 , 96x96matrixsize, eld of view (FOV) 24x24cm,andfrequeng-
encodedirectionright/left. 5 axial slicesof 3.0 mm thicknesswere acquiredfrom the

centreof thephantom.The phantomweightwassetto 75 kg.

The EEG capcomponentsestedncludeda 10-cmsegmentof anelectroddeadoriented
at0 , 45, and90 anglesto Bo; a plain Ag/AgCI electrode;an electrodewith a 5-ke
resistor;a female EOG lead connectomplacedat 0, 1.2, and 2.0 cm distancedrom the
surfaceof the phantom;and nally analternatve leadconnector(Falk Minow Services),
which is not presentlya part of the EEG cap. The component@areshavn in Figure 3.4.
Theextentof theartefactinsidethe phantomwasdeterminedvisually on a pixel-by-pixel
basis.Thethreeelectrolytegels(Nuprep,Abralyt, andEC2) wereevaluatedin the same

manner

In addition,a SNR measurementsingthe phantomwith andwithout the EEG capwas
performed.The SNR measurementjescribedn Weissloff (1996, is a standardoroce-
dureatthe AMI Centreasa partof magnetstability control. The phantomwasallowed
to stabilizeafterthe EEG capwasharnessedandthe EEG ampli er wasconnected500
time pointswereacquiredusingthe samesequenc@arameterasabove. The ampli er
wasswitchedon throughoutthe experiment,andsomeEEG dataweresavedin orderto

seewhetherthe signalwould saturate.
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d)

b) )

Figure3.4: SelectecdEEG capcomponentsa) 10-cmseggmentof electroddead,b) elec-
trode,c) electrodewith aresistord) EOGleadconnectore) andf) alternatve connectar

3.3 EEG Recordingat3T

Alphaactvity wasrecordedn four places:in anelectricallyshieldedoooth,insidescan-

nerbore,at2 m distancdgrom the mouthof thebore,andoutsidethe scanneroom.

3.3.1 Subjectand Task

A 30-yearold healtty malevolunteer accustomedo both EEG andfMRI studies,par
ticipatedin the study All electrodesvereapplied,andelectrode-skinmpedance$®elow
10 ke were obtained. The subjectwore disposableoverallsin the MRI scannerasre-

quiredby theregulationsof the AMI Centre.

The subjects taskwasto keepeyesopenor closedfor 30-secongeriodsin turn. Both
conditionswererepeated timesgiving a total durationof approximatelys minutesper

recordingplace.

In the eyes-opercondition,the subjectwasinstructedto focusona xation point. Other
wise, the subjectwastold to relaxandrefrainfrom moving. Theinstructionsweregiven

verballythrougha spealer system.
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3.3.2 EEG Recording

5-minuterecordingsessionsvere performedin 4 places. First, the subjectwas sitting
uprightin anelectricallyshieldedroomof the EEG laboratory(case‘Booth”). Next, the
subjectwaslying supineonthe MRI scannetablewithin theborein theimagingposition

(cas€e'Bore”). No MR imagingsequencewereapplieddueto safetyconsiderations.

In thethird case the tablewasdisconnectedrom the scannessothatthe subjects head,
andalsothe EEG ampli er, wereapproximately2.0 metresfrom the mouthof the bore
(case“Bore 2m”) wherethe static eld is near20 mT. The subjects orientationalong
Bo remainedunchangedFinally, the scannetablewasbroughtoutsidethe MRI scanner

room(cas€‘Outside”).

In thelastthreecasesthe subjects headwasimmobilizedin thecoil by pads.In addition
to proppingtheampli er and at cablewith sandbaggheelectroddeadbundlewastaped

to theheadcoil.

The total durationof the experimentexcluding preparatiortime waskept at 30 minutes

in orderto maintainthe subjectalertin the eyes-opercondition.

Similar setupto detectalphawaveshasbeenusedin Allen etal. (1998 2000, Goldman
et al. (2000, Bonmassaet al. (2002, Anami et al. (2003, and Negishi et al. (2004).
However, thesestudiesconcentratednainly on the quality of EEG afterartefactremoval
methods.In addition,only two, Goldmanet al. (2000 and Negishi et al. (2004, were
performedat3 T.

3.3.3 Data Analysis

EEG datawere rst preprocessedvith Vision Analyzer (Version1.05, BrainProducts,
GmbH). As no gradientartefactshadto be removed, the datawas band-passltered to
0.5-70Hz (slope 24 dB/oct), and a notch Iter at 50 Hz was applied. After ltering,

the datawere downsampledio 200 Hz. In addition, somedataafter the changefrom
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eyes-closedo eyes-operconditionwasdiscardeddueto blinking. Otherwiseno ocular
artefactswereremoved. Theoriginal referencdocatedbetweer-zandCz electrodesvas

usedthroughouthe dataanalysisdueto noisein the nosereference.

After preprocessingthe datawere exportedto Matlab (Version6.5, Releasel3, The
MathWorks, Inc) for frequeng analysis.In orderto preventoscillatorybehaiour caused
by abrupttransitionat the end of eachFourier window, a Hanningwindow was used
to smoothlydraw the endsof the window to zero (for signalprocessingseee.g. Mitra,
2007). A Hanningwindow of length 1024 samplescorrespondindo 5.12-secondey-
mentsat 200Hz samplingrate,wasappliedto each30-secondegmentof EEG datawith
50% overlap giving approximately50 windows per condition per case. The resulting

frequeny resolutionwas0.20Hz.

The windowed 30-secondsegmentswere Fourier transformedand averaged,and alpha

peaksweredetectedy nding themaximumvaluein thefrequeng range8—13Hz.

In addition time frequeny representationd FRs)werecalculatedusingMorlet wavelets
of constantratio 7 in orderto seethe frequeny behaiour in the temporaldomain(for
informationaboutwavelets,seee.g.Graps 1995 Tallon-Baudryetal., 1996. 20-second

segmentsfrom the beginning of eachconditionwereused.
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Chapter 4

Results

4.1 Artefacts in MR Images

The extent of the susceptibilityartefictscausedoy EEG capcomponentsvasmeasured
by visual inspectionof the degradedimageson a pixel-by-pixel basis. The resultsare

listedin Table4.1 Electroddeadsdid notdistortthe MR imagesatall.

The current-limiting resistordid not seemto increasethe extent of the artefact beyond
thatof the electrode Figure4.1 shavs how the circumferenceof the phantom(&@ 17 cm)

is distorteddueto electrodesndresistors.

Figure4.1: Susceptibilityartefactscausedy a) oneelectrodeanda resistoy b) anarray
of electrodesandresistorsof the EEG cap. The artefactsareindicatedby arrovs. The
holein thelower left portionof a) is thephantomlling hole.
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Table4.1: Extentof susceptibilityartefactsin phantom.\ denoteghe orientationwith
respecto Bg, andd thedistancdrom the surfaceof the phantom.

Item Artefactsize(mm)
Lead(\ 0) 0
Lead(\ 45) 0
Lead(\ 90) 0
Ag/AgCl 10
Ag/AgCl+resistor 10
Connectorfemale(d = 0cm) 28
Connectorfemale(d =1.2cm) 9
Connectorfemale(d = 2.0cm) 2
Alt. blackconnector 10
Alt. white connector 6
Nuprep 7
Abralyt 6
EC2 3

The gold-platedEOG lead connectorgproducedhe largestartefacts. Large partsof the
phantomare lost when all three EOG lead connectorsare placedto the surfaceof the
phantom(Figure 4.2). The extent of the artefact of both femaleand male connectors

combinedwasapproximately35 mm.

Figure4.2: Susceptibilityartefactscausedy EOG lead connectors.Two connectorson
the left andoneon theright. The slice shavs the maximalartefactswhenthe EEG cap
wason the phantom.

The effect of the distancefrom the surfaceof the phantomon artefact size wasinvesti-
gatedwith the femalepartof the connectomwhich could be detachedrom the EEG cap.

Whenthe connectomwas separatedrom the surfaceby 1.2 cm usingthin padding,the
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artefactsizewasreducedo onethird. 2.0 cm distancewasenoughto make the artefact
almostngyligible (Figure4.3). Alternatve EOGleadconnectorsesultedn muchsmaller

artefacts(Figure4.4).

Figure4.3: Theeffect of thefemaleconnectodistancerom the surfaceof the phantom.
a)0cm,b) 1.2cm,andc) 2.0cm.

Figure4.4: Alternative connector®nthesurfaceof thephantom:a) black,b) white parts.

Noneof theelectrolytegelsresultedn artefactslargerthan7 mm (Figure4.5). In addition,
theamountof gel usedin the measurementwasapproximatelyhalf ateaspoonwhichis

morethanis typically applied.

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

The SNR measurementshaved increasedsignalto noiseratio with the EEG cap. SNR
withoutthe capwas184.12andwith the cap198.09.Both valuesarewithin daily uctu-
ations.However, only thevoxelsin theregion of interest(ROI), i.e. in the middle of the
phantom.areincludedin the SNR calculation,andthusthe outerperimeterof the phan-
tom degradedoby electrodeartefactsis nottakeninto account.Theresultsarepresentedh

detailin AppendixC.

4.2 Artefactsin EEG

EEG datawasanalyzedboth by visualinspectionof band-pasdtered raw dataandby
calculatingthe correspondindgrequeng spectra.Peakfrequencieandamplitudesof the

alphabandin all casesandconditionswerecompared.

4.2.1 Ballistocardiogram Artefact

Figures4.6-4.9shav 7-secondracesof EEGmeasuredh thefour cases!Booth”, “Out-
side”, “Bore 2m”, and “Bore”, respectrely. The datashowvn is band-passltered as
describedn Section3.3.3 The EEG channelsarearrangedsothatthe mostfrontal elec-
trodesareat thetop. ThereferenceeslectrodewaspositionedbetweenFz andCz, which
explainsthe smallamplitudeof frontal (Fz, F3, F4) andfronto-centraFC1,FC2)chan-

nels. Thetime whenthe subjectopenechis eyesis indicatedby a marker.
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Figure 4.6: Case“Booth”. A 7-s trace of EEG
recordednsidethe electrically shieldedroom of the
EEGIlaboratory Theboldverticallinesdenotel-sin-

tenals. Themarlerindicateghetime of eye opening.

Figure 4.7. Case“Outside”. A 7-strace of EEG
recordedoutsidethe MRI scanneroom. The bold
vertical lines denotel-sintenals. The marker indi-
cateshetime of eye opening.
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Figure 4.8: Case“Bore 2m”. A 7-straceof EEG
recordedat a 2-m distancefrom the MRI scanner
bore.Thebold verticallinesdenotel-sintenals. The
marker indicatesthe time of eye opening.

Figure4.9: Casé'Bore”. A 7-straceof EEGrecorded
insidethe MRI scannebore. The bold vertical lines
denotel-sintervals. Themarker indicateshetime of

eye opening.



The EEG in the rst threecasedooks very similar. ChannelsEOG1and EOG3shav
prominenteye openingsafter the indicatve marker. In addition, the openingscan be
clearly seenin the mostfrontal EEG channelsFpl and Fp2. ChannelEOGS3is noisy
whichis likely dueto abadcontact.A transientpresumablya technicalartefact,canbe

seenn channelCP2in Figure4.6 atthetime the eyeswereopened.

Theundermosthanne[ECG)shavsthecardiaccyclewith adominantfrequeny at1 Hz.
Noticeablealphaactivity (approximatelylO Hz) is seenin theoccipital(Oz,01,02) and
parietal (Pz, P3, P4, P7, P8) channelsbeforethe marker. After the eye opening,the

amplitudeof thealphaactvity is reducedsigni cantly.

The amplitudeof the eye openingin Figure4.8 (case'Bore 2m”) is muchsmallercom-
paredwith the rst two casesj.e. the subjectdid not openhis eyesvery promptly or
openedthemonly slightly, which could explain why the alphaactvity did not subside

immediately

The EEGin Figure4.9 (case‘Bore”) differs notablyfrom the othercases.The ballisto-
cardiogramartefact obscuresnostof the channelswith the greatesimpacton the EOG
channelswhich is why the eye openingcannotbe reliably detected.A reductionin the
amplitudeof the alphaactiity in the posteriorchannelsanbe seenalsoin this case.In

addition,the EEG shaws actvity atapproximately20 Hz.

Time FrequencyRepresentations

Figure4.10shovs TFRsatelectrodgoositionOz of eyes-close@ndeyes-operconditions.
Strongeralphaactvity is seenin the eyes-closeatonditionsasexpected.Theamplitudes
in both conditionsare notablyhigherwithin the bore. In case*Outside”, which wasthe
lastrecordingplace,the eyes-operconditionshavs how the subjectstartedto feel more
drowsy afterthe rst 5 secondsasalphaactvity increasesn amplitude. Channels0z,

01,andO2in all caseshavedsimilar behaiour.
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Figure4.10: Time frequeng representationat electrodeOz for eyes-closedleft) and
eyes-oper(right) conditions.Redcoloursindicatehigheramplitude.

4.2.2 FrequencySpectra

The frequeng spectrafor eyes-closedand eyes-operconditionsin the frequeng range
0—70Hz aredisplayedn Figures4.11and4.12 respectrely. Thespectraverecalculated
by segmentingthe datausinga Hanningwindow andtransformingthe segmentsby FFT.
The averagedsegmentsare shavn black and correspondingstandarddeviations( SD)

areshowvn green.
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Figure4.11: Frequeng spectraat Oz for eyes-closed
conditions. The averagedsegmentsare shavn black

and correspondingstandarddeviations ( SD) are

shawvn green.
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Figure4.12: Frequeng spectraat Oz for eyes-open
conditions. The averagedsegmentsare shavn black
and correspondingstandarddeviations ( SD) are
shawn green.



A notch lter at50Hz is seenin all gures asexpected.The rst threecaseshav sim-
ilar frequeng distributions and deviations, with peaksfound at alpharangealsoin the
eyes-opercondition. Smallerpeaksare seenat approximately20 Hz. In case“Bore”,
in contrastho unambiguoupeaksat thesefrequenciesanbe seen.Most notably large
peakswith minimal variance presumablartefictsof unknavn origin, canbe seencen-
tredaroundthe 24-Hzmainpeakat 22,26, and28 Hz. In generalthe averageamplitude

andstandardieviationsarehigherthanin othercases.

For comparisonfour segments(1024datapoints/ segment)of EEG datawereextracted
from the SNRmeasurementsith phantomandEEG capin thebore,andthe correspond-
ing averagefrequeny spectrumwascalculatedFigure4.13). Thesegmentswerechosen
so that no imaging artefactswere present. A distinct, stationarypeak can be seenat

24.5Hz, which supportghe assumptiorthatthe artefactis not subject-related.
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Figure4.13: Frequeng spectrumat Oz for the phantomandEEG capin the MRI scanner
bore. The averagedsegmentsare shavn black and correspondingstandarddeviations
( SD)areshownn green.

4.2.3 Alpha Activity

The spectraof the four casesare superimposedh Figures4.14and4.15for conditions
eyes-closedndeyes-openrespectrely. CasesBooth”, “Outside”,and“Bore 2m” shav

very goodcorrespondenceothwith theamplitudesandfrequencie®f thealphaactuity.
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Figure4.14: Superimposetfequeng spectran eyes-
closedconditionin occipital EEG channels.
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Figure4.15: Superimposetfequeng spectran eyes-
openconditionin occipital EEG channels.



In contrast,case“Bore” shaws large peaksin frequencieselov 8 Hz with the largest
peakat approximatelyl Hz matchingthe fundamentafrequeng of cardiaccycle. ECG
spectruntakenoutsidethe scanneis plottedin Figure4.16for comparisonAll occipital

channelsanbe seento exhibit similar waveforms.
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Figure 4.16: ECG frequeng spectrumin case“Outside”, eyes-closedcondition. The
averagedsegmentsare shavn black and correspondingstandarddeviations (  SD) are
showvn green.

Peak Amplitudes and Frequencies

Figure4.17shows spectraor eyes-closedrersuseyes-operconditions. The peakvalues
chosenfrom the frequeng rangefor alphaactvity (8—13 Hz) are indicatedby dotted
lines. In all other casesbut “Bore”, the maximumamplitudein the whole frequeng

rangecorrespondewith thealphapeak.

The alphapeakamplitudesandfrequenciesareplottedin Figure4.18 In all casesthe
frequeng of the alphapeakwaslower in the eyes-operconditionalthoughthe frequen-
cieswerealmostthe samein the case“Bore”. The amplitudesof the alphapeaksin the

conditioneyes-closedvashigherin all casesut “Bore 2m”.
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Figure4.17: Frequeng spectreof the EEG for eyes-closed/ersuseyes-operconditions
for all casesatOz.
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4.2.4 Amplier Performance

EEG datawererecordedduringthe phantomSNR measuremenis orderto monitorthe
ampli er behaiour andimagingartefaictsin EEG causedy EPI sequences-igure4.19
shavs datawhenthescannetablewastakeninto thebore.Dueto themovementcurrents

wereinducedto the electroddeadsandextensive artefaictscanbe seen.

Figure4.19: Move-to-scarartefacts. Thebold verticallinesdenotel-sintervals.

The EEG electrodesverenot in direct electricalcontactwith the phantomresultingin
poor impedances.Surprisingly only one channelsaturatedvhenan EPI sequencavas
applied. Imagingartefactscausedoy the switchinggradientsareshovn in Figure 4.20

Thecorrespondingaturate&hannels shavn in Figure4.21

70



Figure4.20: Imagingartefactswith phantomandEEG cap. Thethick, blackverticallines
aretheimagingartefactscausedy swithing gradients.Lighter vertical lines denotel-s
intenals.

Figure4.21: Ampli er saturation.ChannelTP10is saturatedafter the switchinggradi-
ents.ChannellTP9shaws theunsaturatedvaveform. Thetime window is 0.1s.
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Chapter 5

Discussion

5.1 Susceptibility Artefacts

The electrodeleads,regardlessof the orientationwith respecto Bg, did notinduceary
visible artefactsto the MR images. The electrodeshaved artefactsextending10 mm
into the phantom.The correspondingesultsfor a copperleadandan Ag/AgCl electrode
at1.5T obtainedby Krakow etal. (2000 were2 and8 mm, respectrely. However, the
componenmanuftcturersverenotthesameand,asstatedby Krakow etal. (2000, there

may be subtledifferencedetweerthe manufcturingprocesses.

Theresistordid notincreasehe sizeof the susceptibilityartefictcausedy anelectrode
only. Apparently the resistormaterialsarechosersothatthe imagequality is not com-
promised. On the other hand, Krakow et al. (2000 reportedthe largestartefactswith

several resistorcomponents.However, the resistormaterialsusedin this study are not

known, andanin-depthcomparisorcannotbe made.

Theelectrolytegel EC2,whichwasthestiffestoneof thethreetestedgels,extendedonly
a few millimetresinto the phantom. On the otherhand,the slice thicknessusedin this
experimentwas3 mm. The EC2gel might have beenontheborderof two slicesresulting

in partialvolumeeffects. Theothertwo gelsweremore uid andwerelikely spreadnore.
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5.1.1 Lead Connectors

The EOG/ECGIleadconnectorsverethe mostsigni cant sourcef artefacts. Artefacts
may arisefrom the alloy underneaththe gold layer. In addition, small amountsof tin,
chromium,or nickel canbe attachedo the connectorduring solderingand othermanu-
facturingprocessedn the caseof tin andchromium,theadwerseeffectscouldbeavoided
usingnon-magneti¢in andchromium-freesolderingiron. Nickel is typically usedunder

neaththe gold layeralthoughit is oftendispensable.

Artefactsproducedby the alternatve connectorsverelimited below the averagescalp-
to-cortex distancgKrakow etal., 2000. Theconnectorsvereoriginally purchasedo be
usedin MEG recordings,but they could also be usedto replacethe currentEOG lead
connectorsn orderto reducetheartefactsizeconsiderablySincethe decreasén artefact
sizewas almostlinear with respectto the distancefrom the phantom,anothersolution
would beto usethe currentconnectorsanddetachthemfrom the skin usingpadding for

examplea spongejn asimilar mannerasdescribedn Mirsattarietal. (2004).

5.1.2 Orientation of By and Phase-Encodédsradient

Krakow et al. (2000 found that artefactswere more pronouncedvhenthe long axis of
an objectwas perpendiculato Bg. Their result could stemfrom a simple but logical
explanation. If axial slicesaretaken, an objectplacedperpendiculato By is in parallel
with theaxial plane.Thus,theartefactswill beconcentrateéh only oneor two slices.On
theotherhand,if theobjectis parallelto B, theartefactwill bedistributedamongsereral
slices. In this experiment,only the EEG leadwastestedwith differentorientations.No

artefactswerevisible, andthusthetheorydescribedtouldnotbe con rmed.

Thedirectionof thephase-encodgradients likely to in uence theextentof theartefacts
becausehe susceptibilityartefactsarisefrom phasedifferencesetweenwo interfaces.
In this experimentthe phase-encodgradientwasin the vertical direction. Accordingly,

thelargestartefactswould be generatean top of the phantomwith objectsplacedalong
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the axial plane,i.e. perpendiculato B, correspondingxactly to the positionwherethe

connectorsvould beplacedin areal EEG experiment.

In Krakow etal. (2000, thedirectionof the phase-encodgradientwasnot stated.How-
ever, it is possiblethattheir artefactscould have beenhigherif the phase-encodgradient

wasnot orientedasdescribedabove.

5.1.3 SNR Measurements

The SNRmeasurementshavedslightly improved SNRwhenthe EEG capwasattached
onthephantom Althoughthevaluest in thenormaleverydayrangeof stability checks,
anotherexplanationis alsofeasible. The emitted RF enegy was presumablyadjusted
beforetheimagingstarted.If the EEG capdiminishedthe signaldetectedy therecever
duringprescanningnoreRF enegy would have beenemittedin theactualmeasurements
to balancethe difference. This could have resultedin a strongersignal (AngeloneLM,

personatommunication).

5.1.4 General

Theresultsshav the relative extent of the susceptibilityartefactsbetweencomponents.
The sizesof susceptibilityartefictsat 3 T arenot directly comparabléo thosemeasured
at1.5T, whichisthe eld strengthusedin bothKrakow etal. (2000 andBonmassaetal.

(200)). The uniformity of the magnetic eld is distortedmoreat higher eld strengths
whichresultan largersusceptibilityartefacts(Huetteletal., 2004). Theeffectof sequence

parametersnthe MR imageartefactswasnot examinedin this study

To improve theresultsobtainedmoreaccuratanethodsouldbeusedto estimatehesize
of theartefcts. Theuncertaintyof visualinspectionrdoneon a pixel-by-pixel basiscould
be4 mm. Bonmassaetal. (2001 have introducedanindex which canbeusedto quantify
theeffectof EEGandothercomponent®n MRI signal. Thismethodcouldbeusedin the

futureif imagequality is compromised.
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5.2 EEG Signal Quality

EEG wasrecordedfrom a humansubjectin four cases:inside an electrically shielded
booth(case'Booth”), outsideMRI scanneroom (case‘Outside”), at 2-m distancefrom

thebore(case‘Bore 2m”), andin strongstaticmagneticeld insidethebore(“Bore”).

Alpha actwvity couldbe detectedn all cases.In the rst three,thetracesof EEG signal
appearsimilar. The small, approximately20 mT, magnetic eld presentn case“Bore
2m” doesnot seemto compromisethe signalin arny way. In fact,channelEOG3looks
morenoisywithin the shieldedbooth,althoughthis could be dueto the electrodehaving

movedslightly whenthe subjectwastakento the MRI scannefacilities.

Within the bore,however, the EEG signalwascontaminatedby large ballistocardiogram
artefacts. Theartefactsareslightly delayedwith respecto the peakof the QRScomple.
Allen etal. (1998 reporteda mediandelayof 0.21s averagedrom sevensubjectswhich

is plausiblewhencomparedvith our EEGdata.

Within the bore,the eye openingcould notberecognizedat all dueto the large artefacts.
Alpha actvity, however, is visible althoughstrongactivity canalsobe seenat approxi-

mately20 Hz in bothconditions.

5.2.1 MRI ScannerBore Artefact

The FFT revealedhigh-amplitudeinterferencecentredaround24 Hz. The artefct ap-
pearedo be of mechanicabrigin asit couldalsobe seenin phantomEEG dataalthough
at slightly differentfrequeng. Unfortunately thesefrequenciesoverlap severely with
the frequeng rangeof humanEEG, andshouldbe eliminatedif possible.On the other
hand theartefictshavedminimal variancewhich suggestshatexisting artefictremoval
methodssuchasthoseusedfor ballistocardiogranandimagingartefacts(e.g.Allen etal.,

1998 2000, couldbemodi ed to createatemplateof this artefact.
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Garrefa et al. (2009 reportedon a magnetrefrigeratorsystemartefact which exhibited
amplitude-modulatedhechanicabscillationsat 48 Hz. Therelatve frequeny distribu-
tion with respecto the highestpeakresembleshatobtainedn this study which suggests
thatthe origin of the interferencdies within the cryogenicpump. However, the artefact

reportedby Garrefa etal. (2004 wasat a higherfrequeng level.

Acousticresonanceand othervibrationsof the scannemwere proposedasliable sources
for the sidebandgGarrefaetal., 2004). Thesearelargely dependenon the dimensions

of thescanneroomandthebore,andon the scannestructures.

The 0.5-Hz differencebetweenthe artefact peaksin the phantomand subjectmeasure-
mentscould be explainedin a similar mannerasthe phantoms weightis signi cantly

lower thanhumans. On the otherhand,it doesnot explain the absencef the sidebands
in the phantommeasurementThe sidebandsould have beenburied by noisebecause

only four imaging-artefctfree sggmentscould be usedin the calculationof the spectra.

Artefactscould arisealsofrom othersourcessuchasfrom the ambientlighting andair
conditioningin thevicinity of the MRI scannerHowever, thesefactorscanbe excluded
becausehe EEG datarecordedin case"Bore 2m” did not shav ary indication of the

artefacts.

The artefact measuredn the scannerbore obviously hasto be tracked down. If it is
causedoy the cryogenicpump,a possiblesolutionwould be to turn off the pumpwhile
simultaneou€£EG andfMRI recordingsarein sessionHowever, this solutionwould not
be applicableif the recordingstake placefor longer periodsof time. If allowedto get
above the absolutezerotemperaturethe cryogen,typically helium, canescapeapidly
andreplacethe oxygenin the air (WestbrookandKaut, 1998. In addition,the magnet

canbedamagegermanently
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5.2.2 FrequencySpectra

The purposeof the alphaactuvity recordingsvasto comparehe EEG signaloutsideand
insidethe MRI scannefrom theviewpoint of signalquality. The subjectshavedintense
alphaactuity throughoutthe study which madethe comparisorstraightforvard. In all

casesa small 20-Hz componentvasobsenred, which waslikely a multiple of the alpha

actwity.

Interestinglythepeakamplitudein thealpharangedid notsubsidenuchwhenthesubject
openechis eyes.In case‘Bore 2m”, theamplitudewasevenslightly higherfor the eyes-
opencondition.Onthe otherhand,the maximalalphaactvity in theeyes-opercondition

wasconsistentlyat alower frequeng thanin theeyes-closeaonditionin all cases.

Thereasongor thealphaactvity in theeyes-operconditionarenot speculatedhere.For
a thoroughdiscussioron alphaactivity andthe underlyinggeneratorsseeNunezet al.
(200)). In future alphastudieshowever, this sameparadigmis readily reproduced.On
the otherhand,the TFRssuggestedhat 30-secondntervals of eyes-operconditionwith

notaskaretoo longfor the subjectbe keptwide awake.

Themostimportantaspecof these ndings wasthe natureof theballistocardiogranseen
in thefrequeng spectraWithin thebore,the peakamplitudeof the alphaactwvity did not
exceedhel Hz ballistocardiogranartefact. In addition,otherlow-frequeny components

wereobseredwhichwerenot presenin othercases.

5.2.3 Amplier Performance

TheperformanceftheEEGampli er in MRI ervironmentwasadequateln thephantom
measuremengnly onechannekaturatedvhentheimagingsequencesereapplied.lt is
reasonabléo expectthatwhenproperskin-electrodempedancesyhichwasnotthecase
with the phantom areattainedthe dynamicrangeof theampli er is sufcient for simul-
taneousEEG and fMRI recordings. Interleaved studiesrequire much smallerdynamic

range.
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5.3 SafetyConsiderations

Before simultaneou€EG andfMRI experimentscanbe initiated with humansubjects,
therelatedsafetyissueshave to be considered.The greatestisk is tissueheatingdueto
focusedRF power. Temperatureneasurementsndsimulationssuggesthatheatingis at
maximumonthesurface,i.e. ontheskin (Merilainen 2002 Angeloneetal., 2004 2005.
However, thehot spotsarenotnecessarilynducedright at, or below, theelectrodesshas

beengenerallybelieved (Angeloneetal., 2004).

Furthermoresimulatedresultsperformedon onesetof electrodesannotbe generalized
to all EEG systemdecauseachEEG caphasa uniqueleadandelectrodecon guration
which canleadto unpredictableoncentrationsf RFenegy. Thus,temperaturenapping

needdo be performedor eachelectrodecapindividually.

Imagingsequencewhich emit moreRF enegy arecharacterizedby high ip anglesand
frequentexcitations. In addition,more power is emittedat higher eld strengthswhich

alsoneeddgo betakeninto account.
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Chapter 6

Conclusion

Two of thethreeimportantaspect®f simultaneou€£EG andfMRI imagingwereexam-
ined,i.e. imagequality andEEG signalquality. The artefactsin MR imagescausedy
mostof theEEGcomponentsverefoundto bebelow theaveragescalp-to-corte distance.
However, the EOGleadsandconnectorswhich producedhelargestartefacts,needto be

optimized.

At presentthe artefaictsdueto the lead connectorsextent several centimetregnto the
phantom. This can be solved either by changingthe connectorgo bettersuitedones,
or by usingpaddingbetweenthemandthe skin. Furthermorethe leadsaretoo long to
go smoothlyalongthe skin, which cancreateartefactsin EEG signaldueto excessve

maovement,or give riseto safetyrisksin termsof loop formation.

The EEG ampli er was functionedadequatelyalthoughone channelwas saturatedoy
imaging artefactsin the phantommeasurementsHowever, the dynamicrangeshould

sufce whenlow electrode-skinmpedancesremaintained.

A strongartefact peakingaround24 Hz wasfound in the EEG signalwithin the MRI
scannebore. The artefactis presumablydueto the cryogenicpumpandthe mechanical
vibrationsassociatedvith it, althoughthis needso beveri ed. It is possibleto turn off

the pumpmomentarilyfor shortrecordingsessiong1-2 hours),or if thisis notfeasible,
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attemptscanbe madeto modelthe artefact.

In conclusion,the MRI scannerandthe EEG systemseemto be mutually compatible
in termsof dataquality if the suggestedmprovementsare followed. However, before
simultaneou€£EG and fMRI recordingswith humansubjectscan be commencedthe

safetyissueselatedto tissueheatingneedto be inspected.Thesecanbe doneeitherby

simulationsor by temperatureneasurementsith phantoms.
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Appendix A

Ampli er Speci cations
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Summary of hardware features:

BrainAmp MR specifications:

Number of channels:

Input Noise:

Common mode
rejection (CMRR):
High pass filter:

Low pass filter:

Resolution:

A/D-Conversion:
A/D rate:

Max DC Offset:
Input impedance:

Impedance measurement
Ground/Reference:

Synchronized Digital
Trigger Input:

Use in fMRI environment:

Safety:

Deblocking Function:

Optional Power Supply:
Interface to computer:

Aux-Channels:

Classification:

Dimensions:
Weight:

Blocking of unused channels:

32-128
1.5 uVpp

90dB

0,016 Hz/ 105 AC
250 Hz

500 nV

16 Bits

5000 Hz

+/- 300 mV

10 MOhm

Yes

Up to 16 bit

Yes

Twin fiber Optical Transmission
Protection class | (EN 60601)
BF, EMC tested

Yes

Yes

100 - 240 Volt, 50/60 Hz

PCl or USB2

8 bipolar with USB2-Adapter
(in development)

EU Directive 93/42/ECC,
class lla, CE 0123

6 x 16 x 19cm (32 channels)
1050 grammes

0123

1SO 9001:2000
1SO 13485
MDD 93/42/EEC
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BrainAmp MR plus specifications:

Number of channels:

Input Noise:

Common mode
rejection (CMRR):
High pass filter:

Low pass filter:

Resolution (nV):

A/D-Conversion:
A/D rate:

Max DC Offset:
Input impedance:

Impedance measurement
Ground/Reference:

Synchronized Digital
Trigger Input:

Use in fMRI environment:

Safety:

Deblocking Function:

Optional Power Supply:
Interface to computer:

Aux-Channels:

Classification:

Dimensions:
Weight:

Blocking of unused channels:

32-256
1uVpp

120 dB

0,016 Hz/ 105 AC or DC switchable
1000 Hz/250 Hz switchable
100/500/10000 NV

16 Bits

5000 Hz

+/- 300 mV

10 MOhm /10 GOhm

Yes

Up to 16 bit

Yes

Twin fiber Optical Transmission
Protection class | (EN 60601)
BF, EMC tested

Yes

Yes

100 - 240 Volt, 50/60 Hz

PCl or USB2

8 bipolar with USB2-Adapter
(in development)

EU Directive 93/42/ECC,
class lla, CE 0123

6 X 16 x 19cm (32 channels)
1150 grammes

BrainAmp MR and BrainAmp MR plus are trademarks of BrainProducts GmbH.

Please visit www.brainproducts.com for updates and new developments.

BRAIN PRODUCTS

Solutions for neurophysiological research

Further information can be obtained from your
local distributor or directly from:

Brain Products GmbH

Stockdorfer StraBe 54 - 81475 Miinchen - Germany
Tel.: 00 49-89-744 244 50

Fax: 00 49-89-744 244 544

E-Mail: sales@brainproducts.com

Web: www.brainproducts.com

BrainAmp MR series - 10-03/1 e



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

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 =1
markerend = []:
for i = 1:Iength(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 existin timepoint
if i==length(eeg.markers.type(;,1)

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

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

end
end

% number of segments
n_segm = length(markerstart);

result_matrix =1
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% for-loop all  segments and call the subfunction

for i = 1l: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, diml is channel, dim2 amplitude and dim3 different segments
% in this case, the new results are concatenated in the 3rd dimension

g result_matrix = cat(3, result_matrix, feval(subfunction, signal, subparam));
en

% 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;

% diml=channels, dim2=different windows, dim3=amplitudes

%

% This function calculates 50% overlap FFT usin? the Hann window
% Returns  a matrix containin% the fft vectors for each window

% Finally the vectors can be averaged wusing 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 > Iength%signal)

fprintf(['The lengt of the Hann window (',num2str(hann_length)," is too big\nT);
fp{mtf‘PIease 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;
E_maé = floor(length(signal)/half_hann-2); % how many windows
% 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);

%h(_:IaIcqute kfft (dim2) for each Hann window and put them into fft_windows matrix
while <= k_max
fft_windows(:,:,k+1) = abs(fft(signal(:,(k*half_hann+1):((k+2)*half_hann)).*hann _matrix,[],2));
= + 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

EAJ@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

Phantom SNR Measurementswith and
without EEG Cap
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C.1 PhantomOnly
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C.2 Phantomand EEG Cap
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