Encoding of electrophysiologyand other signalsin MR images
LARS G. HANSON, PHD, TORBEN E. LUND, MSc, CHRISTIAN G. HANSON, BSc

DanishResearctCenterfor MagneticResonance
CopenhageilJniversity HospitalHvidovre

Denmark

Acceptedfor publication in Journal of Magnetic Resonancdmaging, 2006

Running title: Electrophysiologyecordedoy MRI

Correspondingauthor:

LarsG. HansonPhD,

DanishResearciCenterfor MagneticResonance
Copenhagetniversity HospitalHvidovre, dept.340
KettegaardAll € 30

DK-2650Hvidovre, Denmark

Phone:+4536 3228 84
Fax:+4536470302

email: larsh@drcmr.dk



Abstract

Purpose: To developagradientinsensitve, generictechniquefor recordingof non-MR signalsby

useof surplusscannebandwidth.

Materials and Methods: Relatively simple batterydriven hardware is usedto transformone or

moresignalsinto radiowavesdetectabldy the MR scannerSimilarly to the “mag stripe” technique
usedfor encodingof soundtrack$n motion pictures theelectricalsignalsarein this way encodedas
artifactsappearingn the MR imagesor spectraoutsidethe region of interest. The encodedsignals

aresubsequentlyeconstructedrom the signalrecordedby the scanner

Results: Electrophysiologicatye andheartmuscularecording(EOG andECG) during fastecho-
planarimagingis demonstratedavith an expandable modular8-channelprototypeimplementation.

Thegradientartifactsthatwould normallybe dominatingEOG arelargely eliminated.

Conclusion: Themethodprovidesrelatively inexpensve samplingwith inherentmicro-seconayn-
chronizationandit reducegyradientartifactsin physiologicalrecordingssigni cantly. Whenover
samplingis emplo/ed, the methodis compatiblewith all MR reconstructiorand post-processing

techniques.

Keywords: Wirelessrecordingof electrophysiologyMRI, magstripesignalencodingRF modula-

tion



1 INTRODUCTION

Recordingof electricalsignalsin an MRI suiteis generallyproblematicasthe samplingequipment
needsto be MR compatible,meaningsafe, well-functioningat high eld, insensitve to radio fre-
queng waves (RF) andelectromagneticallgilentat MR frequencies.Suchrecordinganay for ex-
amplerepresenbutton-pressesponseto stimuli presentedo a patientin the scannerandthey often
needto be correlatedwith MR imagingor spectroscopthusaddingthe compleity of synchroniza-
tion. Recordingof electrophysiologida(EP) signalsduring MRI posesextra dif culty astherapidly
changingmagnetic elds induceelectrodevoltagesthat are often ordersof magnitudestrongerthan
theweakelectricalsignalsoriginatingfrom neuralactiity.

A particularlydemandingexampleis recordingof electroencephalogphy (EEG)duringfMRI (1).
This combinationhasgreatpotentialrangingfrom patientsupervisionover researchin basicneuro-
logical processet improved diagnosiof epilepsy(2). However, EEGrecordingin anMRI environ-
mentsuffers extremedegradationdueto pulseandimagingartifactsthat are often ordersof magni-
tudelarger thanthe EEG signalof interesteven after minimizing the presencef currentloops. The
imagingartifactsareinducedby the strongandrapidly changinggradientsusedfor fastimaging. In
mary studiesEEG-recordingsverethereforeperformedn silentperiodsbetweenmageacquisition.
However, mostmethodsncludingfunctionalMRI (fMRI) bene tsfrom imagingwith high temporal
resolutionandunnecessargauseshouldnormallybe avoided.

An EEG samplingstratgy of particularinterestin the presentcontext wasintroducedby Anami
and coworkers (3). This techniguecoined“steppingstonesampling” reducesmaging artifactsby
recordingEP signalsonly in periodswheregradientcurrentsare constant.lt wasdemonstratethat
EEG canberecordedwith limited distortionin shortperiodsbetweergradientreversalsduringecho-
planarimaging(EPI). Themethodbene tsfrom synchronizatiotetweerscanneandEEGclocks(4)
whichfacilitates Itering of residualimaginginducednoise(5). Triggered20 kHz samplingwasused
by Anamito recordthe EEG during400 s silentperiodswherealsothe MR signalsweremeasured,
i.e., in the periodsbetweerchange®f directionsof -space-treersalin blippedEPI. This methodis
highly suitedfor fMRI.

Thesetupusedoy Anamiandcoworkersis fairly complicatedandrelieson microseconagynchro-
nizationbetweerscanneand EEG equipmenbbtainedby driving the EEG-systenwith the scanner
clock andusinghigh bandwidthsamplingandtriggeredsample-hold.Also, the MR sequencegen-

erally have to be editedto provide the neededriggering. After acquisition,the problemremainsof



correlatingEEG andMR imagesstoredandtime-stampedlifferentlyin separateomputersystems.

Theseissuesof measuremensynchronizationpandwidthand datamanagementre addressed
in the presenpaperthatintroducesa conceptuallysimple methodfor recordingof electricalsignals
within the MR suite. RF carriersemittedfrom a frequeng generatoare modulatedoy the electrical
signalsthatareto be measurediuringimaging. Thesenon-MR signalsemittedwithin the RF enclo-
surearerecordedby the scannerandcansubsequentiye extractedfrom the MR raw data. Surplus
bandwidthof the MR systemis therebyusedto recordandstorebothMRI andelectricalsignalswith
inherentmicrosecondgynchronization.

Theencodedsignalsappealasstripesin the MR imagessomeavhatsimilarto themagneticstripes
usedfor soundtrack encodingin motion pictures(the “mag stripe” technique). In both casesthe
stripescanbe positionedoutsidethe eld of view (FOV), whichin the caseof MR requiresuseof
readoubversampling Whenusedthis way, themethoddoesnotinterferewith ary imagereconstruc-
tion or postprocessinglgorithmwhethedinearor not.

In additionto providing away of recordingandstoringary signaloriginatingin thescanneroom,
thetechniqueoffersanimplementatiorof Anamis(3) gradientartifactreductiontechnique Heartand
eye musculatureecordingelectrocardiograph(ECG) andelectroocculograph(EOG) duringecho-
planarMRI at 3 teslais demonstrateéh the presenfpaper EOGis normally dominatedby gradient
noiseandrecordingof EOG/ECGsignalsduring rapid EPI is thereforefar from trivial andis well
suitedfor demonstratiomsit canbeveri ed thatthesignalsaremeasuredorrectly Themeasurement
of EOGis alsorelevantin itself, e.g.for limiting confoundingmovementcorrelatedsignalchangesn

fMRI andfor monitoringof eye movementsn visualstudies.

2 MATERIALS AND METHODS

The implementedsetupis schematicallyillustratedin Fig. 1. Electrophysiologicaand known cali-
brationsignalsareampli ed andencodedntodistinctRF carriersin the frequenyg rangedetectable
by the scanner Thesesignalsareemittedasradio wavesinsidethe RF enclosuredy useof a simple
aerial. The signalsarethusdetectecby the scanneruring imaging, andare encodedn the imag-
ing or spectroscop datafrom where, it canbe extractedduring dataprocessing.In orderto reduce
bandwidthrequirementsindto avoid gradientandRF inducedtransientsn themeasuredEP-signals,
gradientactvity triggeredgatingis implementedwith a sensorcoil placednearthe openingof the

scannerThedetailsof thevariouscomponentaredescribedelow.



2.1 AMPLIFIER OF ELECTROPHYSIOLOGICAL ACTIVITY DURING SCANNING

An ampli er for EP-signalswith selectve detection(gating)andshortsettlingtime wasconstructed
to avoid in uence from RF pulsesandmagneticeld changeghatcould saturatehe circuit. During

echoplanarMRI, themagnetiggradienthangebeforeeachsamplingperiod. Thisintroducesashort
but very powerful unwantedsignal, decadestrongerthanthe EP-signal. The EP- and MR signals
weresampledandheldwhentransientdrom the magnetiogradientchangenaddied out.

To trigger the gating circuit, a gradientactiity sensorwas placedat a x ed position nearthe
openingof the scannerlt consistedf loopsof wiring forming a simple,balancechand-wound coil
(60 windings, 5 cm diameter)over which a voltagewasinducedby gradientchanges.A high lter
bandwidthof 1 MHz for the gatingensuredhat alsoabruptgradientchangesvere detected.After
approximatelyl00 s of silencefollowing periodsof actwity (sufcient for the electrodesignalto
settle),the gatingcircuit wasopenedor around20 s. A 10 kHz low-pass lter is associatedvith
the input, and the noiselevel thereforecorrespondd¢o 100 s signal averagingper sampleof the
undistortedsignals. The Iter leaves signalsat frequenciesbelov 625 Hz essentiallyundistorted.
In total, the delay from gradientactiity to samplingwas approximatelyl20 s which is shorter
than the period betweengradientreversalseven for fast EPI with an echospacingof say500 s.
The exacttiming is not critical, aslong asthe ampli er hastime to settle. Consequentlysampling
with practicallyary plateau-samplingPI sequencés feasiblewith no adjustmentf the sequencer
constructedhardvare.

After ampli cation by an adjustablefactor ( 1600-14600allowing input rangesof 300 V to
3 mV, full scale)the signalwasoffsetandscaledto ensurean alwayspositve signfor the dynamic

rangeof interest.This resolessignambiguityin subsequerdemodulatiorsteps.

2.2 RF ENCODING

The RF signalencodingwasperformedusinga speciallydesignednulti-frequeng amplitudemodu-
lator, consistingof a commonreferenceoscillatorandeightoscillatorsproviding differentfrequeng
offsetsfor eachof eightchannels.

The referenceoscillator was madewith a voltage controlled crystal oscillatorand a low jitter
programmablghaselocked loop (PLL). The clock for eachchannelwas obtainedby anotherlow
jitter programmablé@LL. This givestheadwantageof easyadjustmento theMR frequeng rangeand

frequeng drifts well below levels of signi cance. Thedrift betweenchannelss negligible whereas



for the commonfrequeng, a 5 ppm (partsper million) slow temperaturelependendrift limited to
the rst 5 minutesof operationwas obsered. The equipmentworks with scanningbetweenl.5
and 250 MHz with roughly 10 ppm resolution(protonscanningup to 5.8 tesla). The digital output
from eachPLL wasbandpasdtered to avoid problemsfrom higherharmonics.The frequencie®f
operationwere choserwithin the bandwidthof the scannerndits Iters, but outsidethe frequenyg
rangeof the MR signals.

The channelclock andthe Itered signalswere fed to the amplitudemodulators. The outputs
from thesewerejoined in a power combinerandsentto the RF outputwith a transmitterpower of
approximatelf0 nW perchannel.Theaerialwasa simplequarteiwavelength e xible wire extending
horizontallyfrom the modulatorbox.

Any of theeightchannelsanbeindividually switchedto transmitdifferentarti cially generated
step-functiorsignalsratherthanmeasuredignals.Thesesignalsgeneratedéhternallyin themodulator
boxwereusedfor calibration,validationanddemonstratiopurposesbut couldalsobeusedto verify,

e.g.,EPIltiming.

2.3 SAMPLING AND DECODING

Imagesacquiredwhile the modulatoris active in the scanneroomappeamormalexceptfor patterns
alonglines orthogonaltto the frequenyg encoding(readout)direction. Dependingon the chosenfre-
guenciestheselines may only be visible whenthe total bandwidthis increased.With appropriate
adjustmenttheimageof the scannedubjectis undistorted.
Imageacquisitionusingechoplanarimaginginvolveshigh bandwidthsampling typically around
100kHz for approximatelyl00 ms. Often, the samplingperiodis split into shorterperiods,one per
line of theimage.In contrasto theMR signalsthesignalsemittedfrom themodulatorarenotdirectly
in uenced by changingmagnetic elds. With the choserencoding(amplitudemodulationat distinct
frequencies)the encodedsignalscanconsequentlype extractedfrom a spectrogranof the measured
data. It is simpleandfastto calculatea spectrogranfor eachimage,i.e., the frequeng contentas
a functionof time. This is mosteasilydoneby organizingthe measuredlatain a matrix similar to
the -spacedatamatrix usedfor imagereconstructionput with time alongboth axis ("true” time,
andtime from lastbeginning of a sampleperiod). For the caseof EPI, this matrix is identicalto the
-spacedatamatrix exceptfor a reversalof every secondine, andpossiblyanapodization.In order

to calculatethe spectrogramthe matrix is Fourier transformedalongthe "short” time axis, andthe



phasds discarded.

The squaref the offset and encodedsignalswere reconstructedvith time resolutionequalto
the EPI echospacingby averagingof a small numberof neighboringcolumnsof the squaredab-
solutespectrogram.From these,the offset and scaledsignalswere recorered. Comparisono the
simultaneouslyacquirecknown calibrationsignalscanestablistthe original signalincludingsignand
magnitude.

This analysiswas doneon a separaté?C usinglocally developedsoftware implementedn the
programmindanguagdDL (Researctsystemsdnc., Boulder ColoradoUSA). Theraw MR dataand
acquisitionparametersvere automaticallysaved on the MR acquisitioncomputerand were copied
via network to the separatd®>C. The implementedsoftware subsequentlgxtractsa given numberof
embeddedignalsfrom the EPI raw data,and performsbasicanalysis. The timing informationwas
derived from the transferredacquisitionparametersThe carrierfrequenciesvere derved automat-
ically from theraw dataitself by analysisof the power pro le averagedover all EPIreadouts.The
carriersmay not have the mostpower, but sincethey give rise to sharppeaksin the spectraldistri-
bution, they wereconsistentlyfoundto have the mostpronouncegower differencecomparedo the
neighboringfrequencieqpixels). Consequentlythe carrierswere detectedat the distinct positions
with the smallestsecondderivatives (negative) of the averagedpower pro le. Thefrequenyg range
usedfor integration was not critical, but was chosento be kHz (3 pixels on eitherside of the

detectepeak).

2.4 MRI PROTOCOL AND SETUP

For demonstratinghe techniquea simpleandillustrative setupwaschosenThe gradientechoprod-
uct sequenc®f the a 3 Tesla,whole-bodyimagingsystem(SiemensTIrio, Erlangen,Germary) was
usedfor repeatecéchoplanarimagingof threeaxial slicesthroughthe eye region of a healthyvolun-
teerfor 28 seconds.The standardyuadraturéneadcoil wasused. In the middle third of the period,
the subjectpausedwith openeyes, whereasghe remainingtime was spentalternatelylooking right
andleft self-paced.This actvity would normally be visible on both MR images(6) andEOG, and
the correlationbetweerthe two canthereforebe usedto probethe validity of the approach Electro-
physiologicalsignalsweremeasurediuringMRI with MR compatibleelectrodepositionednearthe
heartandeye musculaturéo recordECGandEOG simultaneouslyTheexperimentsvereperformed

afterappraval wasgrantedby thelocal ethicscommitteeandafterinformedconsentvasgivenby the



subject.

The MRI parametersvere asfollows: Slice thickness5 mm with 1 mm interslice gap. The
echoandrepetitiontimes, TE/TR=41ms/235ms, werechoserminimal for the used128x128image
matrix and400 mm quadraticFOV (3 mmis atypical fMRI in-planeresolution).EachEPI gradient
lobe involved rampingup for 130 s,a 300 s plateau,and130 srampingdovn. Samplingwas
performedin themiddle512 s period,thusincluding212 sramp-samplingbeingunproblematic
only dueto the usedgradient-actiity triggering. The usedparametersre representate of studies
whereemphasigs put on fMRI performanceij.e., the gradientartifactsin EP-recordingsvere not

minimizedby sacri cing temporalor spatialresolution.

2.5 ELECTROPHYSIOLOGICAL SIGNAL CHARACTERISTICS AND FILTERING

The EPI echospacingwas 0.56 ms which is thereforealso the time resolutionof the EP signals
measuredluring single-imageacquisitionwhenreconstructeds describedabore. Betweenimage
acquisitions however, thereare periodsof excitation, spoiling and other acquisitionpauses. With
the usedimaging parametersthereare 5 ms periodsbetweenEPI of neighboringslices,wherethe
EP-signalwasnot measuredFor a time domain-analysisthis would normally not requireattention,
but it mustbeconsideredf, e.g.,thealpha-paver of anEEGis to be estimateddiscussedater).

In additionto the 128 readoutsusedfor reconstructiorof eachEPI image, the usedsequence
acquires3 referencdines for the purposeof ghost-correction.Theseare not phase-encodedThey
containencodecEP-signaldut werediscardedrom the EP-signalreconstructiorto avoid potential
transientsn the beginning of the EPI echo-train.The non-sampledntenal thereforeincreasedrom
5to 6.6 mscorrespondingo EP-signaldeingmeasuredn roughly 90% of the availabletime.

Due to eddy-current@ind other differenceshetweensamplingon positve and neggative gradient
lobes(source®f normalEPI-ghosting)modulationof every seconcEP-samplés expectedput easily
removedby ltering or by sacri cing half thebandwidth.Thelatterapproactwaschoserhereasthe
resultingNyquist frequeng, 446 Hz, is still sufcient for samplingof all EP signals. Neighboring
sampleswere simply averagedgiving a time resolutionof ms ms exceptin the
abose-mentionegausedbetweerslices.

There may be additional signal variation with the EPI line number e.g., from transienteddy
currentsfrom phase-encodingr slice selectiongradients.This non-randormoisecanbe estimated

and ltered relatively easily(4, 7) but this wasnot necessaryor the presentapplication.lt is likely to



benecessarjor EEGrecordings.

To avoid possiblemodulationwith theslicenumbeye.g.,comingfrom MR signalleakagento the
EP-signaregion,thedatawere ltered in thefollowing way: TheextractedEP-signalsvereaveraged
over eachimage,sothe time resolutionwastemporarilydecreasedfrom 0.56 msto TR ms
equidistantsampling. With one sampleperimage, it is simpleto remove oscillationin synchroy
with the slice excitation by useof a lter exchangingthe spectralcontentat frequencies TR
with the meansof the neighboringfrequenciesliffering by the reciprocalof the total scanningime.
Subsequent)ythe low-frequeng partof the original high-resolutiortime serieswasexchangedvith
the ltered version,thusremaoving slice selectioneffects occurringat single sharpfrequenciesn a
simpleandeffective way. For recordingof rhythmicelectrophysiologidasignalsfor shortperiodsof
time, thetiming or the Itering approachmayneedto bereconsidere@8) if modulationis obsered.

The MR imageswerereconstructedising2D Fouriertransformatiorafter Gaussiarsmoothingn
the readoutdirection (2 pixel full width at half maximum,sometimeausedin fMRI analysis). This
suppresseghasaliscontinuitiesaattheedgef theacquisitionmatrix, thuseffectively preventingside

lobesof theencodedsignalto leakinto the MRI objectregion.

2.6 OVERSAMPLING

The widely usedfasterthan-necesary recordingof MR-signalsknown asreadoutoversamplingis
particularly importantin the presentcontext, asthis is responsiblgor making the techniqguecom-
patiblewith all reconstructiorand post-processingechniques.It provides a meansfor makingthe
reconstructedR imagescompletelyunafectedby the encodedsignals.

For normal MRI, the adequatesamplingrate is calculatedasthe productof the gyromagnetic
ratio, the maximumreadoutgradientandthe FOV in the readoutdirection. Signalsand noise at
frequenciesutsidethis rangeare Itered to avoid aliasing. The samplingrateis oftenincreasednd
the Iter bandwidthadjustedcorrespondinglya processknown asoversampling. This corresponds
to samplingsignalsat a rate sufcient to reconstrucimageswith a wider FOV thanprescribedand
it hasthe adwvantagethat Iter edgeeffectsresponsibldor imagedistortionsare moved outsidethe
FOV. In theinitial stageof normalimagereconstructionthe extremefrequenciesare discardedand
the FOV therebyreconstructedo the prescribedwidth. The techniqueis not associateavith extra
noiseor otherdravbacks,andthetechniquds thereforeusedroutinely by scannewendors.A factor

of two oversamplings default on theusedscanner



In essenceseadoutoversamplingorovidesa frequeng rangewherethe extra signalscanbe en-
codedwithout affecting the reconstructedmages. With a properchoice of encodingfrequencies,
the signalsareonly re ected in raw data,andareremoved without a chanceto affect e.g. navigator
echoesr ghostcorrection. Potentiallyinterferingedgeeffectsof the Iter canbe mappedusingthe
calibrationsignalandcorrectedor on a perscannebasis.In the presendemonstrationpnesignalis
encodedn theoversampledrequeng range(the ECG),andtwo in thenormalMRI frequeng range

to illustratethedifference.

3 RESULTS

The positioningof the ampli er andmodulatorin the MR room proved to be easyandnon-critical.
Several positionswereused,andno specialattentionto the orientationor positioningof the antenna
wasneededalthoughthoseparametern uence the amplitudeof the measuredion-MR signals.As
the signalsarein uenced equally the samplingof the known calibrationsignalprovidesa reference
thatcanbe usedto make quantitatve measurements.

Thesimpledataextractionalgorithmworkedreliably, evenwhenRF carrierswereweak,or when
they were overlappingwith MR frequencieqin which case,of course,both MR imagesand EP-
recordingsarecorrupted).Consequentlyfor shorteracquisitionperiods(lessthana minute)the MR
imagesand the EP-recordingscould be viewed and correlatedsecondsafter the acquisitionswere

nished with the numberof EP-signalsbeing the only parametemmanually speci ed. For longer
acquisitionsthenetwork copying wasthemosttime-consumingtep.Thefollowing graphsareoutput
from the software.

Figure2 shavs simultaneoudrainimagingand measuremenf threesignalstransmittedwire-
lesslyto the scanner The latter appearaspatternson both sidesof the normalMR image,thathave
relatively low signalto noiseratio (SNR)dueto theshortTR. Oversamplings emplo/edin theread-
outdirectionbut theimageis calculatedrom theraw databeforetruncationof the FOV sothewidth
is twice the heightin contrasto the quadratiomagesreconstructedby the scannerGeometricallis-
tortionsdueto the air- lled sinusesand nasalcavities are seennearthe eyes. Nyquist N/2-ghosts
beingfaint copiesof thewaterimage,arevisible abose andbelaw this. The ghostsesultfrom theuse
of arudimentaryconventional2D Fourierimagereconstructior{i.e. no ghost-correction).

Figure3 shavs the samekind of datareconstructedlifferentlyto revealthe time evolution of the

embeddedsignalsasdescribedn detail earlier Startingfrom the raw datamatrix that was Fourier



transformedo give Fig. 2, every seconchorizontalline washerereversedto switchfrom a
datarepresentatioto arepresentatiowith timealongbothaxis .o« g @S  (the®blip” direction)
is proportionalto time for echoplanarimaging. The shavn imageresultfrom a subsequeniD
Fouriertransformatioralongthe shorttime axis, thusproviding a spectrogranwith frequeng along
the horizontalaxis. In this representationthe MR signal presentin the central50 kHz region is
too faint to be seen. The embeddedsignals,however, appearasstripesasthey aretransmittedvia
amplitudemodulatedcarriersat distinct frequencies. The changingamplitudeis seenas intensity
variations(theEOGhastoo little amplitudevariationfor thisto beclearlyvisible). Theraw datafrom
thewhole 28 secondacquisitionentershegraph,sothedatashavn in Fig. 2 acquiredover afraction
of asecondappearver atiny fractionof thetime axis.

Figure4 shavsthephysiologicalndcalibrationsignalsextractedfrom thespectrogramThehigh

eld givesriseto distortionsin this ECG, but apartfrom this, the quality is high, consideringhetime
resolutionandthatthe signalis virtually un ltered andacquiredduringhigh speedviR imaging.The
middlegraphis thecalibrationsignalthatconsistof superimposedtepfunctionswith smallandlarge
amplitude. The top graphis the EOG shawing large oscillationsin the two periodswith eye motion
andlittle variationin between Again, thequality is goodconsideringhe extremecircumstanceslhe
localvarianceof theEOG correlatesvith theamplitudeof thecalibrationsignal,shaving thatchannel
crosstalk is alimiting factorin the currentimplementationThis s clearlyvisible in the EOG during
the middle periodandis con rmed by examininga high pass Itered versionof the EOG re ecting
clearlytheimmediateamplitudeof the calibrationsignal(not shavn).

It remaingo beshavn, thatthemeasuredignalsareindeedEOGandEEG.Figure5 thusprovides
correlationmapsbetweenthe measuredEP time coursesandthe pixel intensities. High correlation
betweerthe EOG andtheimageintensityis foundin the eye region, andsimilarly, correlationis seen
betweenthe ECG andthe imageintensity nearthe medial cerebralartery andthe Circle of Willis,
demonstratinghe validity of the approach. High correlationis also found in other regions, most
notablyoutsidethe head,asthe signalsareencodedsartifactsthere. The signalsareseento take up
morebandwidththanneededndtheoverallnoisein theMR imageds thereforancreasedln contrast
to Fig. 4, thetime courseshavn areaveragecover eachslice-acquisitiorperiod. They thereforehave

highersignal-to-noiseatio anda quality thatis fully sufcient for e.g.eye motiondetection.



4 DIsCUSSION

As high bandwidthsamplingequipments alreadyavailablein all MR suitesandis reusedn thepro-
posedsetup,the complity is correspondinghflimited: No extra computersor cablinginto the RF
cabinis neededTheequipments smallin size,weightandmaterialprice (lessthan2 kg and$1000).
It is low-poweredandbatterydriven,andis notconnectedo thescanneor otherhigh voltagedevices.
Patientsafetyproblemsarethereforeminimized. Theimageandthe electricalsignalsare storedto-
getherand microsecondynchronizations inherent. The programextractingthe encodecklectrical
signalscanbemadepartof theimagereconstructiorsoftware. Signalsandimagescanthenbe conve-
niently storedtogetherin a commonpicturearchiving system(PACS), asthe DICOM standardused
by mostPACSimplementationsupportboth EP-andMR-imageformats(9).

In the presentmplementationthegradientartifactswerelargely avoidedby useof gradientactiv-
ity triggeredsampling.Thegatingcircuit needgo be openedhtleasttwice over a periodof thefastest
oscillatoryEP signalto avoid aliasingin a frequeng-domainanalysis.This wasensuredy avoiding
long pausedetweersliceacquisitionsThis is normallythe preferredsituationfor fMRI aryway.

A relateddifferenceto traditionaltechniquess thevariationin samplingrateover extendedperi-
ods.Whereasndependensignalvaluescanbeencodedanddecodedsereraltimespermillisecondin
theEPIperiodsasting,e.g. 100ms,therearerelatvely long periodsbetweerEPI measuremer(e.g.,

ms during excitation), wherethe scanneroesnot normally sample. For low-frequeng signals
suchasEOG andECG this is not a major concernasthe imagesamplingrate (e.g. 10 per second)
is adequatelt needdo betakeninto accounthowever, if the signalchangesigni cantly duringthe
pauseg.g.,if thefrequeny exceedsapproximatelylOOHz. In thatcase methodssuchasgridding,
discreteFourier transform,Lomb-Scagle periodogramg10,11), or Bayesianapproache$12) not
requiringequidistansamplesnustbe consideredor estimatinghefrequeng content.

In thedescriptiorof the EP-signakxtraction,it wasimplicitly assumedhattheoriginal EP-signal
andthereforethe amplitudeof the RF carrier did not changesigni cantly duringthe line sampling
time (512 s).However, thespectrograncanbe calculatedrom othergroupingsof thedataalongthe
two time axis,thusallowing atrade-of of time-resolutiorfor spectrakesolution.

Channetross-talkwasfoundto bealimiting factorin thepresentmplementatiowhenthecarrier
frequenciesvere closeaswasthe casefor the EOG and calibrationsignal. This non-fundamental
problemcanbeaddressedly equippingeachchannelwith a Iter.

In contrasto theMR signalthatis normallypealedaroundthecenterof -spacetheextrasignals



are equally distributed over time and thus also over the acquisitionmatrix. Thereis consequently
little or no needfor extra raw datadynamicrangefor the encodedsignals. In contrastthe encoded
signalsappearelatively localizedin imagespaceandthe scalingof pixel intensitiesshouldtherefore
preferablybeadjustedo the MR signalratherthanto theencodedignals.Thisis ensuredy choosing
theRF carriersfor the encodedsignalsat oversampledrequencies.

The imagespresentecherewere processednd Fourier transformedof ine whereasthe corre-
spondingimagesgeneratedrom the scannemwerenot shavn. The mostsigni cant differenceliesin
thewidth of theimageasthescanneemplo/s atleastafactorof two oversamplingo avoid distortions
atthe edgeof the FOV. As describedn section2.6 this impliesthatinterferenceof the extra signals
with e.g.,scaling,ghost-andmotion-correctiorcanbe avoidedaltogetherbut with thepresenthoice
of parametersnly theECGsignalappearedufciently farfromtheMR frequencie§100kHz) to not
in uence thenormalquadratid=OV imagescalculatedby the scannerThis wasveri ed in anumber
of experimentsnvolving a standardignalgenerato(detailsarenotgivenhere).They con rmed that
frequenciesanbe chosersuchthatnormalMR imagesareundistorted . They alsodemonstratethat
neitherSNR, nor dynamicrange arelimitations.

EPI ramp-samplingvas emplo/ed, but the methodneverthelesgprovided EP-recordingsalmost
free of gradientartifacts. This differenceto the Anami paperresultsfrom the useof triggeringthe
sample-holctircuit by a gradient-actiity sensorratherthana controlsignalgeneratedby thescanner
at the begginning of eachsampleperiod. The Anami setupis likely to bene t from useof a similar
triggerminimizing the needfor sequencadaptionandtiming control. Correspondinglythe gradient
actvity triggeris notstrictly requiredwith the presentedechniquejf ramp-samplings avoided.The
implementatiorof Iters removing artifactualsignalvariationwithin eachmillisecondreadoufperiod
is facilitatedby a numberof circumstancesThe distortionsarerelatvely small (3), the signalsare
sampledwith microsecondime-resolutionin perfectsynchroy with gradientactvity, andartifacts
generatedby theoscillatingreadougradientaresimilarfor thelargenumberof -spacdinesacquired
over evenshortintenalsallowing adaptve Iters to becomeaccurataapidly (e.g.100ms).

Two source®f noisewereremovedby simple ltering: Themodulationbetweeralternatingead-
outsacquiredwith oppositegradientdirection,andthe modulationwith slice number Both sources
of noisewereveri ed to be signi cant, but smallerthanthe signalamplitude(dataare not shavn).
This is in sheercontrastto methodswhereperiodswith gradientactiity areusedfor EP recording.

Filtering algorithmshave beendevelopedto remove imagingartifacts,but the shot-to-showariation



thatis effectively proportionalto the noiseamplitudeis limiting for their performanceWith the pre-
sentedtechnique adwanced Itering is thereforeexpectedto give muchimproved resultscompared
to situationswherenoiseis dominantin the raw data. Signaldistortionsotherthanthoseresulting
from imaging(e.g. ballistocardiacontritutions (1)) wereboth expectedandfound. Theirremoval is
outsidethe scopeof this paper Methodsthatappeaiapplicablewith limited adaptionexist (7,13,14).
Again,addedrobustnessesultingfrom the muchreducedmagingartifactis expected.

The numberof independensignalsthatcanbe measuredavith the method,dependsn the band-
width of the signalsand the surplusbandwidthof the scanner 10 kHz is, for example,morethan
sufcient perEP-recordingTheusedscannehasl MHz bandwidthperrecever channelbut partof
thatis usedfor imaging. Usinga maximumgradientstrengthof 40 mT/m andan objectsizeof, say
220mm, amaximumof 60 independenEP signalscanbe measureavhetheror not parallelimaging
is used
(1MHz 42.6MHz/T 40mT/m 220mm kHz). Thissufces for demandingpplications
suchasmulti-channeEEG.If, however, someof therecever channelsareallocatedo EP-recording
only, mary more signalscanbe encoded.The usedscannethasa bandwidthof 1 MHz in eachof
8 channelgmostly usedsimultaneouslyor parallelimaging. If, for example,six of the channelsot
usedfor standardjuadraturéneadcoil imagingwerewired to the modulator600 EP-signalsouldbe
measuredvith this bandwidthalone.

In conclusion,a nev methodfor measuringelectrical signalsoriginating in the scanneroom
hasbeendemonstrated For recordingof electrophysiologythe methodbene ts from samplingin
periodsfree of gradientswitching. Resultsby Anami andcoworkers (3) suggesthat our methodis
promisingfor improving EEG-fMRI in that case. However, the scopeis not limited to sequences
void of ramp-samplingMany relevantsignalsarenotin uenced by gradientsandfor thosethatare,

Itering of artifactsare muchfacilitatedby the inherentperfectsynchronization.Even thoughthe
prototypeimplementatiorieavesroom for improvement,it provides ECG and EOG recordingwith
very limited gradientartifactsduring fastechoplanarimaging. The quality is sufcient for mostin-
scanneapplicationssuchasmotiondetection.Theequipmenneededs limited bothin cost,sizeand

compl«ity assurplusbandwidthandstoragecapacityof the scanners beingused.
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Figure captions

FIG. 1. Theelectrophysiologicasignalsfrom e.g.,eye andheartmusculatureareampli ed with gra-
dientactvity (GA) triggeredsample-holdandareusedio modulatehe amplitudeof carriersignalsat
distinctfrequenciesn the detectiorrangeof the scannerThesignalsareemittedin thescanneroom

by asimpleaerialandarerecordedy thescannealongwith thenormalMR signal.

FIG. 2. Simultaneouscquisitionof EPlimageof a transersalbrainslice throughthe eyesandthree
signals(ECG, EOG and calibration)transmittedwirelesslyto the scanner Patternsappearingsym-
metrically outsidethe brainre ect the encodecklectricalsignals. The symmetricappearanceomes
from every secondline in -spacebeing acquiredwith oppositetime ordering,thusresultingin a

reversalof thefrequeny axis.

FIG. 3. Spectrograntalculatedrom all the EPI line readouts.Arrows over the graphshav the car
rier frequencieof ECG, calibrationand EOG signals(left to right). The horizontalline acrossthe
arrows indicatethe width over which the power wasintegratedto reconstructhe EP-signalsshavn
in subsequengraphs. Exceptfor holesof several millisecondsappearingnear EPI excitations,the

spectrogranmasmillisecondtime resolution.The MR signalis too weakto be seeron this scale.

FIG. 4. Time course®f electrophysiologicaindcalibrationsignalsextractedfrom the MRI raw data.

Thetime resolutionis 1.12msexceptfor 6.6 msperiodsbetweerEPI of neighboringslices.

FIG. 5. Matrix of crosscorrelationmapsbetweerthe measuredime course§ECG,EOGandcalibra-
tion curves,left) andthe pixel intensitiesfor eachslice (bottom). The mapsappeaibrightwherethere
is high absolutecorrelationat zerodelay i.e. in theimageregionswherethe signalsareencodedand
in regionswherethe MR signalis correlatedo the EP-signalge.g.theeye region wherepixel intensi-
tiesarecorrelatedo the EOG).Also edgef theheadappeaslightly bright asthe headinvoluntarily
follows the eye motion. The correlationmapsare scaleddifferently to highlight the physiological

content.
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Figurel:
The electrophysiologicakignalsfrom e.g., eye and heartmusculatureare ampli ed with gradient
actvity (GA) triggeredsample-hold,and are usedto modulatethe amplitudeof carrier signalsat
distinctfrequenciesn the detectiorrangeof the scannerThesignalsareemittedin thescanneroom

by asimpleaerialandarerecordedy thescannealongwith thenormalMR signal.
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Figure 2:
Simultaneousicquisitionof EPlimageof a transwersalbrainslice throughthe eyesandthreesignals
(ECG,EOG andcalibration)transmittedwirelesslyto the scannerPatternsappearingsymmetrically
outsidethe brainre ect theencodeclectricalsignals. The symmetricappearanceomesfrom every
secondine in -spacebeingacquiredwith oppositetime ordering,thusresultingin a reversalof the

frequeng axis.
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Figure 3:

Spectrograntalculatedirom all the EPI line readouts.Arrows over the graphshaw the carrierfre-
quencienf ECG, calibrationand EOG signals(left to right). The horizontalline acrossthe arrons
indicatethe width over which the power wasintegratedto reconstructhe EP-signalshavn in subse-
guentgraphs Exceptfor holesof severalmillisecondsappearingnearEPl excitations thespectrogram

hasmillisecondtime resolution.The MR signalis too weakto be seenon this scale.
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Figure4:
Time coursef electrophysiolog@ andcalibrationsignalsextractedfrom the MRI raw data. The

time resolutionis 1.12msexceptfor 6.6 msperiodsbetweerEPI of neighboringslices.
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Figureb5:
Matrix of crosscorrelationmapsbetweenthe measuredime courses(ECG, EOG and calibration
curnwes, left) andthe pixel intensitiesfor eachslice (bottom). The mapsappearbright wherethereis
high absolutecorrelationatzerodelay i.e. in theimageregionswherethe signalsareencodedandin
regionswherethe MR signalis correlatedo the EP-signalge.g.theeye region wherepixel intensities
arecorrelatedto the EOG). Also edgesof the headappearslightly bright asthe headinvoluntarily
follows the eye motion. The correlationmapsare scaleddifferently to highlight the physiological

content.



