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DK-2650Hvidovre,Denmark

Phone:+4536 3228 84

Fax: +453647 03 02

email: larsh@drcmr.dk



Abstract

Purpose: To developa gradientinsensitive, generictechniquefor recordingof non-MRsignalsby

useof surplusscannerbandwidth.

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

moresignalsinto radiowavesdetectableby theMR scanner. Similarly to the“magstripe” technique

usedfor encodingof soundtracksin motionpictures,theelectricalsignalsarein this way encodedas

artifactsappearingin the MR imagesor spectraoutsidethe region of interest.The encodedsignals

aresubsequentlyreconstructedfrom thesignalrecordedby thescanner.

Results: Electrophysiologicaleye andheartmuscularrecording(EOGandECG)duringfastecho-

planarimaging is demonstratedwith an expandable,modular8-channelprototypeimplementation.

Thegradientartifactsthatwould normallybedominatingEOGarelargely eliminated.

Conclusion: Themethodprovidesrelatively inexpensive samplingwith inherentmicro-secondsyn-

chronizationandit reducesgradientartifactsin physiologicalrecordingssigni�cantly. Whenover-

samplingis employed, the methodis compatiblewith all MR reconstructionand post-processing

techniques.

Keywords: Wirelessrecordingof electrophysiology, MRI, magstripesignalencoding,RF modula-

tion



1 INTRODUCTION

Recordingof electricalsignalsin an MRI suiteis generallyproblematicasthesamplingequipment

needsto be MR compatible,meaningsafe,well-functioningat high �eld, insensitive to radio fre-

quency waves(RF) andelectromagneticallysilentat MR frequencies.Suchrecordingsmay for ex-

amplerepresentbutton-pressresponsesto stimuli presentedto apatientin thescanner, andthey often

needto becorrelatedwith MR imagingor spectroscopy thusaddingthecomplexity of synchroniza-

tion. Recordingof electrophysiological (EP)signalsduringMRI posesextra dif�culty astherapidly

changingmagnetic�elds induceelectrodevoltagesthatareoftenordersof magnitudestrongerthan

theweakelectricalsignalsoriginatingfrom neuralactivity.

A particularlydemandingexampleis recordingof electroencephalography (EEG)duringfMRI (1).

This combinationhasgreatpotentialrangingfrom patientsupervision,over researchin basicneuro-

logicalprocessesto improveddiagnosisof epilepsy(2). However, EEGrecordingin anMRI environ-

mentsuffers extremedegradationdueto pulseandimagingartifactsthatareoftenordersof magni-

tudelarger thantheEEGsignalof interestevenafterminimizing thepresenceof currentloops. The

imagingartifactsareinducedby thestrongandrapidly changinggradientsusedfor fastimaging. In

many studiesEEG-recordingswerethereforeperformedin silentperiodsbetweenimageacquisition.

However, mostmethodsincludingfunctionalMRI (fMRI) bene�ts from imagingwith high temporal

resolutionandunnecessarypausesshouldnormallybeavoided.

An EEGsamplingstrategy of particularinterestin thepresentcontext wasintroducedby Anami

andcoworkers (3). This techniquecoined“steppingstonesampling” reducesimagingartifactsby

recordingEPsignalsonly in periodswheregradientcurrentsareconstant.It wasdemonstratedthat

EEGcanberecordedwith limited distortionin shortperiodsbetweengradientreversalsduringecho-

planarimaging(EPI).Themethodbene�tsfrom synchronizationbetweenscannerandEEGclocks(4)

whichfacilitates�ltering of residualimaginginducednoise(5). Triggered20kHz samplingwasused

by Anami to recordtheEEGduring400 � s silentperiodswherealsotheMR signalsweremeasured,

i.e., in theperiodsbetweenchangesof directionsof � -space-traversalin blippedEPI.This methodis

highly suitedfor fMRI.

Thesetupusedby Anamiandcoworkersis fairly complicated,andreliesonmicrosecondsynchro-

nizationbetweenscannerandEEGequipmentobtainedby driving theEEG-systemwith thescanner

clock andusinghigh bandwidthsamplingandtriggeredsample-hold.Also, theMR sequencesgen-

erally have to be editedto provide theneededtriggering. After acquisition,theproblemremainsof



correlatingEEGandMR imagesstoredandtime-stampeddifferentlyin separatecomputersystems.

Theseissuesof measurement,synchronization,bandwidthanddatamanagement,areaddressed

in thepresentpaperthat introducesa conceptuallysimplemethodfor recordingof electricalsignals

within theMR suite.RF carriersemittedfrom a frequency generatoraremodulatedby theelectrical

signalsthatareto bemeasuredduringimaging.Thesenon-MRsignalsemittedwithin theRF enclo-

surearerecordedby thescanner, andcansubsequentlybeextractedfrom theMR raw data.Surplus

bandwidthof theMR systemis therebyusedto recordandstorebothMRI andelectricalsignalswith

inherentmicrosecondsynchronization.

Theencodedsignalsappearasstripesin theMR imagessomewhatsimilar to themagneticstripes

usedfor soundtrack encodingin motion pictures(the “mag stripe” technique). In both cases,the

stripescanbe positionedoutsidethe �eld of view (FOV), which in the caseof MR requiresuseof

readoutoversampling.Whenusedthisway, themethoddoesnot interferewith any imagereconstruc-

tion or postprocessingalgorithmwhetherlinearor not.

In additionto providing awayof recordingandstoringany signaloriginatingin thescannerroom,

thetechniqueoffersanimplementationof Anamis(3) gradientartifactreductiontechnique.Heartand

eye musculaturerecording,electrocardiography (ECG)andelectroocculography (EOG)duringecho-

planarMRI at 3 teslais demonstratedin thepresentpaper. EOGis normallydominatedby gradient

noiseandrecordingof EOG/ECGsignalsduring rapid EPI is thereforefar from trivial andis well

suitedfor demonstrationasit canbeveri�ed thatthesignalsaremeasuredcorrectly. Themeasurement

of EOGis alsorelevantin itself, e.g.for limiting confoundingmovementcorrelatedsignalchangesin

fMRI andfor monitoringof eyemovementsin visualstudies.

2 MATERIALS AND METHODS

The implementedsetupis schematicallyillustratedin Fig. 1. Electrophysiologicalandknown cali-

brationsignalsareampli�ed andencodedontodistinctRF carriersin thefrequency rangedetectable

by thescanner. ThesesignalsareemittedasradiowavesinsidetheRF enclosureby useof a simple

aerial. The signalsarethusdetectedby the scannerduring imaging,andareencodedin the imag-

ing or spectroscopy datafrom where,it canbeextractedduringdataprocessing.In orderto reduce

bandwidthrequirementsandto avoid gradientandRF inducedtransientsin themeasuredEP-signals,

gradientactivity triggeredgatingis implementedwith a sensorcoil placednearthe openingof the

scanner. Thedetailsof thevariouscomponentsaredescribedbelow.



2.1 AMPLIFIER OF ELECTROPHYSIOLOGICAL ACTIVITY DURING SCANNING

An ampli�er for EP-signalswith selective detection(gating)andshortsettlingtime wasconstructed

to avoid in�uence from RF pulsesandmagnetic�eld changesthatcouldsaturatethecircuit. During

echoplanarMRI, themagneticgradientschangebeforeeachsamplingperiod.This introducesashort

but very powerful unwantedsignal,decadesstrongerthanthe EP-signal. The EP- andMR signals

weresampledandheldwhentransientsfrom themagneticgradientchangehaddiedout.

To trigger the gatingcircuit, a gradientactivity sensorwas placedat a �x ed position nearthe

openingof thescanner. It consistedof loopsof wiring forming a simple,balancedhand-woundcoil

(60 windings,5 cm diameter)over which a voltagewasinducedby gradientchanges.A high �lter

bandwidthof 1 MHz for the gatingensuredthat alsoabruptgradientchangesweredetected.After

approximately100 � s of silencefollowing periodsof activity (suf�cient for the electrodesignal to

settle),thegatingcircuit wasopenedfor around20 � s. A 10 kHz low-pass�lter is associatedwith

the input, and the noiselevel thereforecorrespondsto 100 � s signal averagingper sampleof the

undistortedsignals. The �lter leaves signalsat frequenciesbelow 625 Hz essentiallyundistorted.

In total, the delay from gradientactivity to samplingwas approximately120 � s which is shorter

than the period betweengradientreversalseven for fast EPI with an echospacingof say 500 � s.

The exact timing is not critical, as long asthe ampli�er hastime to settle. Consequentlysampling

with practicallyany plateau-samplingEPIsequenceis feasiblewith no adjustmentof thesequenceor

constructedhardware.

After ampli�cation by an adjustablefactor ( � 1600-14600allowing input rangesof 300 � V to

3 mV, full scale),thesignalwasoffsetandscaledto ensureanalwayspositive sign for thedynamic

rangeof interest.This resolvessignambiguityin subsequentdemodulationsteps.

2.2 RF ENCODING

TheRF signalencodingwasperformedusinga speciallydesignedmulti-frequency amplitudemodu-

lator, consistingof a commonreferenceoscillatorandeightoscillatorsproviding differentfrequency

offsetsfor eachof eightchannels.

The referenceoscillator was madewith a voltagecontrolledcrystal oscillator and a low jitter

programmablephaselocked loop (PLL). The clock for eachchannelwasobtainedby anotherlow

jitter programmablePLL. Thisgivestheadvantageof easyadjustmentto theMR frequency rangeand

frequency drifts well below levelsof signi�cance. Thedrift betweenchannelsis negligible whereas



for the commonfrequency, a 5 ppm (partsper million) slow temperaturedependentdrift limited to

the �rst 5 minutesof operationwas observed. The equipmentworks with scanningbetween1.5

and250MHz with roughly10 ppm resolution(protonscanningup to 5.8 tesla). The digital output

from eachPLL wasbandpass�ltered to avoid problemsfrom higherharmonics.Thefrequenciesof

operationwerechosenwithin thebandwidthof thescannerandits �lters, but outsidethe frequency

rangeof theMR signals.

The channelclock and the �ltered signalswere fed to the amplitudemodulators. The outputs

from thesewerejoined in a power combinerandsentto the RF outputwith a transmitterpower of

approximately10nW perchannel.Theaerialwasasimplequarterwavelength�e xible wire extending

horizontallyfrom themodulatorbox.

Any of theeightchannelscanbeindividually switchedto transmitdifferentarti�cially generated

step-functionsignalsratherthanmeasuredsignals.Thesesignalsgeneratedinternallyin themodulator

boxwereusedfor calibration,validationanddemonstrationpurposes,but couldalsobeusedto verify,

e.g.,EPI timing.

2.3 SAMPLING AND DECODING

Imagesacquiredwhile themodulatoris active in thescannerroomappearnormalexceptfor patterns

alonglinesorthogonalto the frequency encoding(readout)direction. Dependingon thechosenfre-

quencies,theselines may only be visible whenthe total bandwidthis increased.With appropriate

adjustment,theimageof thescannedsubjectis undistorted.

Imageacquisitionusingechoplanarimaginginvolveshighbandwidthsampling,typically around

100kHz for approximately100ms. Often,thesamplingperiodis split into shorterperiods,oneper

line of theimage.In contrastto theMR signals,thesignalsemittedfrom themodulatorarenotdirectly

in�uencedby changingmagnetic�elds. With thechosenencoding(amplitudemodulationat distinct

frequencies),theencodedsignalscanconsequentlybeextractedfrom a spectrogramof themeasured

data. It is simpleandfast to calculatea spectrogramfor eachimage,i.e., the frequency contentas

a functionof time. This is mosteasilydoneby organizingthemeasureddatain a matrix similar to

the � -spacedatamatrix usedfor imagereconstruction,but with time alongboth axis (”true” time,

andtime from lastbeginningof a sampleperiod). For thecaseof EPI, this matrix is identicalto the

� -spacedatamatrix exceptfor a reversalof every secondline, andpossiblyanapodization.In order

to calculatethe spectrogram,thematrix is Fourier transformedalongthe ”short” time axis, andthe



phaseis discarded.

The squaresof the offset andencodedsignalswerereconstructedwith time resolutionequalto

the EPI echospacingby averagingof a small numberof neighboringcolumnsof the squaredab-

solutespectrogram.From these,the offset andscaledsignalswere recovered. Comparisonto the

simultaneouslyacquiredknown calibrationsignalscanestablishtheoriginalsignalincludingsignand

magnitude.

This analysiswasdoneon a separatePC using locally developedsoftware implementedin the

programminglanguageIDL (ResearchSystemsInc.,Boulder, Colorado,USA).Theraw MR dataand

acquisitionparameterswereautomaticallysaved on the MR acquisitioncomputerandwerecopied

via network to theseparatePC.The implementedsoftwaresubsequentlyextractsa given numberof

embeddedsignalsfrom theEPI raw data,andperformsbasicanalysis.The timing informationwas

derived from the transferredacquisitionparameters.The carrierfrequencieswerederived automat-

ically from the raw dataitself by analysisof thepower pro�le averagedover all EPI readouts.The

carriersmay not have the mostpower, but sincethey give rise to sharppeaksin the spectraldistri-

bution, they wereconsistentlyfoundto have themostpronouncedpower differencecomparedto the

neighboringfrequencies(pixels). Consequently, the carriersweredetectedat the distinct positions

with the smallestsecondderivatives(negative) of the averagedpower pro�le. The frequency range

usedfor integrationwasnot critical, but waschosento be ��� kHz (3 pixels on eithersideof the

detectedpeak).

2.4 MRI PROTOCOL AND SETUP

For demonstratingthetechnique,a simpleandillustrative setupwaschosen.Thegradientechoprod-

uct sequenceof thea 3 Tesla,whole-bodyimagingsystem(SiemensTrio, Erlangen,Germany) was

usedfor repeatedechoplanarimagingof threeaxial slicesthroughtheeye region of ahealthyvolun-

teerfor 28 seconds.Thestandardquadratureheadcoil wasused. In themiddle third of theperiod,

the subjectpausedwith openeyes,whereasthe remainingtime wasspentalternatelylooking right

andleft self-paced.This activity would normally be visible on both MR images(6) andEOG,and

thecorrelationbetweenthetwo canthereforebeusedto probethevalidity of theapproach.Electro-

physiologicalsignalsweremeasuredduringMRI with MR compatibleelectrodespositionednearthe

heartandeyemusculatureto recordECGandEOGsimultaneously. Theexperimentswereperformed

afterapproval wasgrantedby thelocalethicscommitteeandafterinformedconsentwasgivenby the



subject.

The MRI parameterswere as follows: Slice thickness5 mm with 1 mm inter-slice gap. The

echoandrepetitiontimes,TE/TR=41ms/235ms,werechosenminimal for theused128x128image

matrix and400mm quadraticFOV (3 mm is a typical fMRI in-planeresolution).EachEPI gradient

lobe involved rampingup for 130 � s, a 300 � s plateau,and130 � s rampingdown. Samplingwas

performedin themiddle512 � s period,thusincluding212 � s ramp-sampling,beingunproblematic

only dueto the usedgradient-activity triggering. The usedparametersarerepresentative of studies

whereemphasisis put on fMRI performance,i.e., the gradientartifactsin EP-recordingswerenot

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

measuredduring single-imageacquisitionwhenreconstructedasdescribedabove. Betweenimage

acquisitions,however, thereareperiodsof excitation, spoiling andotheracquisitionpauses.With

the usedimagingparameters,thereare5 ms periodsbetweenEPI of neighboringslices,wherethe

EP-signalwasnot measured.For a time domain-analysis,this would normallynot requireattention,

but it mustbeconsideredif, e.g.,thealpha-power of anEEGis to beestimated(discussedlater).

In addition to the 128 readoutsusedfor reconstructionof eachEPI image,the usedsequence

acquires3 referencelines for the purposeof ghost-correction.Thesearenot phase-encoded.They

containencodedEP-signalsbut werediscardedfrom theEP-signalreconstructionto avoid potential

transientsin thebeginningof theEPI echo-train.Thenon-sampledinterval thereforeincreasedfrom

5 to 6.6mscorrespondingto EP-signalsbeingmeasuredin roughly90%of theavailabletime.

Due to eddy-currentsandotherdifferencesbetweensamplingon positive andnegative gradient

lobes(sourcesof normalEPI-ghosting),modulationof everysecondEP-sampleis expected,but easily

removedby �ltering or by sacri�cing half thebandwidth.Thelatterapproachwaschosenhereasthe

resultingNyquist frequency, 446 Hz, is still suf�cient for samplingof all EP signals. Neighboring

samplesweresimply averagedgiving a time resolutionof ���	��

��� ms ����
���� ms except in the

above-mentionedpausesbetweenslices.

Theremay be additionalsignal variation with the EPI line number, e.g., from transienteddy

currentsfrom phase-encodingor slice selectiongradients.This non-randomnoisecanbe estimated

and�ltered relatively easily(4,7) but thiswasnotnecessaryfor thepresentapplication.It is likely to



benecessaryfor EEGrecordings.

To avoid possiblemodulationwith theslicenumber, e.g.,comingfrom MR signalleakageinto the

EP-signalregion,thedatawere�ltered in thefollowing way: TheextractedEP-signalswereaveraged

over eachimage,so the time resolutionwastemporarilydecreasedfrom 0.56ms to TR��������� ms

equidistantsampling. With onesampleper image,it is simple to remove oscillation in synchrony

with the slice excitation by useof a �lter exchangingthe spectralcontentat frequencies����� TR

with themeansof theneighboringfrequenciesdiffering by thereciprocalof thetotal scanningtime.

Subsequently, thelow-frequency partof theoriginal high-resolutiontime serieswasexchangedwith

the �ltered version,thusremoving slice selectioneffectsoccurringat singlesharpfrequenciesin a

simpleandeffective way. For recordingof rhythmicelectrophysiological signalsfor shortperiodsof

time, thetiming or the�ltering approachmayneedto bereconsidered(8) if modulationis observed.

TheMR imageswerereconstructedusing2D FouriertransformationafterGaussiansmoothingin

the readoutdirection(2 pixel full width at half maximum,sometimesusedin fMRI analysis).This

suppressesphasediscontinuitiesat theedgesof theacquisitionmatrix,thuseffectively preventingside

lobesof theencodedsignalto leakinto theMRI objectregion.

2.6 OVERSAMPLING

The widely usedfaster-than-necessary recordingof MR-signalsknown asreadoutoversamplingis

particularly importantin the presentcontext, as this is responsiblefor making the techniquecom-

patiblewith all reconstructionandpost-processingtechniques.It providesa meansfor makingthe

reconstructedMR imagescompletelyunaffectedby theencodedsignals.

For normalMRI, the adequatesamplingrate is calculatedas the productof the gyromagnetic

ratio, the maximumreadoutgradientand the FOV in the readoutdirection. Signalsand noiseat

frequenciesoutsidethis rangeare�ltered to avoid aliasing.Thesamplingrateis oftenincreasedand

the �lter bandwidthadjustedcorrespondingly, a processknown asoversampling.This corresponds

to samplingsignalsat a ratesuf�cient to reconstructimageswith a wider FOV thanprescribed,and

it hasthe advantagethat �lter edgeeffectsresponsiblefor imagedistortionsaremoved outsidethe

FOV. In the initial stageof normalimagereconstruction,theextremefrequenciesarediscardedand

the FOV therebyreconstructedto the prescribedwidth. The techniqueis not associatedwith extra

noiseor otherdrawbacks,andthetechniqueis thereforeusedroutinelyby scannervendors.A factor

of two oversamplingis default on theusedscanner.



In essence,readoutoversamplingprovidesa frequency rangewheretheextra signalscanbeen-

codedwithout affecting the reconstructedimages. With a properchoiceof encodingfrequencies,

thesignalsareonly re�ected in raw data,andareremovedwithout a chanceto affect e.g. navigator

echoesor ghostcorrection.Potentiallyinterferingedgeeffectsof the �lter canbemappedusingthe

calibrationsignalandcorrectedfor onaperscannerbasis.In thepresentdemonstration,onesignalis

encodedin theoversampledfrequency range(theECG),andtwo in thenormalMRI frequency range

to illustratethedifference.

3 RESULTS

Thepositioningof theampli�er andmodulatorin theMR roomproved to be easyandnon-critical.

Severalpositionswereused,andno specialattentionto theorientationor positioningof theantenna

wasneeded,althoughthoseparametersin�uence theamplitudeof themeasurednon-MRsignals.As

thesignalsarein�uencedequally, thesamplingof theknown calibrationsignalprovidesa reference

thatcanbeusedto make quantitative measurements.

Thesimpledataextractionalgorithmworkedreliably, evenwhenRFcarrierswereweak,or when

they were overlappingwith MR frequencies(in which case,of course,both MR imagesand EP-

recordingsarecorrupted).Consequently, for shorteracquisitionperiods(lessthana minute)theMR

imagesand the EP-recordingscould be viewed and correlatedsecondsafter the acquisitionswere

�nished with the numberof EP-signalsbeing the only parametermanuallyspeci�ed. For longer

acquisitions,thenetwork copying wasthemosttime-consumingstep.Thefollowing graphsareoutput

from thesoftware.

Figure2 shows simultaneousbrain imagingandmeasurementof threesignalstransmittedwire-

lesslyto thescanner. The latterappearaspatternson bothsidesof thenormalMR image,thathave

relatively low signalto noiseratio (SNR)dueto theshortTR. Oversamplingis employedin theread-

out directionbut theimageis calculatedfrom theraw databeforetruncationof theFOV sothewidth

is twice theheightin contrastto thequadraticimagesreconstructedby thescanner. Geometricaldis-

tortionsdueto the air-�lled sinusesandnasalcavities areseennearthe eyes. Nyquist N/2-ghosts

beingfaintcopiesof thewaterimage,arevisibleaboveandbelow this. Theghostsresultfrom theuse

of a rudimentary, conventional2D Fourierimagereconstruction(i.e. no ghost-correction).

Figure3 shows thesamekind of datareconstructeddifferentlyto revealthetime evolution of the

embeddedsignalsasdescribedin detail earlier. Startingfrom the raw datamatrix that wasFourier



transformedto give Fig. 2, every secondhorizontalline washerereversedto switch from a ��� ��!"��#%$
datarepresentationto arepresentationwith timealongbothaxis �'& short !(& long $ as � # (the“blip” direction)

is proportionalto time for echoplanar imaging. The shown imageresult from a subsequent1D

Fouriertransformationalongtheshorttime axis,thusproviding a spectrogramwith frequency along

the horizontalaxis. In this representation,the 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 this to beclearlyvisible). Theraw datafrom

thewhole28secondacquisitionentersthegraph,sothedatashown in Fig. 2 acquiredovera fraction

of a second,appearsovera tiny fractionof thetimeaxis.

Figure4 showsthephysiologicalandcalibrationsignalsextractedfrom thespectrogram.Thehigh

�eld givesriseto distortionsin thisECG,but apartfrom this, thequality is high,consideringthetime

resolutionandthatthesignalis virtually un�ltered andacquiredduringhighspeedMR imaging.The

middlegraphis thecalibrationsignalthatconsistsof superimposedstepfunctionswith smallandlarge

amplitude.Thetop graphis theEOGshowing large oscillationsin the two periodswith eye motion

andlittle variationin between.Again,thequality is goodconsideringtheextremecircumstances.The

localvarianceof theEOGcorrelateswith theamplitudeof thecalibrationsignal,showing thatchannel

crosstalk is a limiting factorin thecurrentimplementation.This is clearlyvisible in theEOGduring

themiddleperiodandis con�rmed by examininga high pass�ltered versionof theEOGre�ecting

clearlytheimmediateamplitudeof thecalibrationsignal(notshown).

It remainsto beshown, thatthemeasuredsignalsareindeedEOGandEEG.Figure5 thusprovides

correlationmapsbetweenthe measuredEP time coursesandthe pixel intensities.High correlation

betweentheEOGandtheimageintensityis foundin theeyeregion,andsimilarly, correlationis seen

betweenthe ECG andthe imageintensitynearthe medialcerebralarteryandthe Circle of Willis,

demonstratingthe validity of the approach. High correlationis also found in other regions, most

notablyoutsidethehead,asthesignalsareencodedasartifactsthere.Thesignalsareseento take up

morebandwidththanneededandtheoverallnoisein theMR imagesis thereforeincreased.In contrast

to Fig. 4, thetimecoursesshown areaveragedovereachslice-acquisitionperiod.They thereforehave

highersignal-to-noiseratioanda quality thatis fully suf�cient for e.g.eyemotiondetection.



4 DISCUSSION

As highbandwidthsamplingequipmentis alreadyavailablein all MR suitesandis reusedin thepro-

posedsetup,the complexity is correspondinglylimited: No extra computersor cablinginto the RF

cabinis needed.Theequipmentis smallin size,weightandmaterialprice(lessthan2 kg and$1000).

It is low-poweredandbatterydriven,andis notconnectedto thescanneror otherhighvoltagedevices.

Patientsafetyproblemsarethereforeminimized. The imageandtheelectricalsignalsarestoredto-

getherandmicrosecondsynchronizationis inherent.The programextractingtheencodedelectrical

signalscanbemadepartof theimagereconstructionsoftware.Signalsandimagescanthenbeconve-

niently storedtogetherin a commonpicturearchiving system(PACS),astheDICOM standardused

by mostPACSimplementationssupportbothEP-andMR-imageformats(9).

In thepresentimplementation,thegradientartifactswerelargelyavoidedby useof gradientactiv-

ity triggeredsampling.Thegatingcircuit needsto beopenedat leasttwiceoveraperiodof thefastest

oscillatoryEPsignalto avoid aliasingin a frequency-domainanalysis.This wasensuredby avoiding

longpausesbetweensliceacquisitions.This is normallythepreferredsituationfor fMRI anyway.

A relateddifferenceto traditionaltechniquesis thevariationin samplingrateover extendedperi-

ods.Whereasindependentsignalvaluescanbeencodedanddecodedseveraltimespermillisecondin

theEPIperiodslasting,e.g.100ms,therearerelatively longperiodsbetweenEPImeasurement(e.g.,

�)� ms during excitation), wherethe scannerdoesnot normally sample. For low-frequency signals

suchasEOGandECGthis is not a majorconcern,asthe imagesamplingrate(e.g. 10 persecond)

is adequate.It needsto betaken into account,however, if thesignalchangessigni�cantly duringthe

pause,e.g.,if thefrequency exceedsapproximately100Hz. In thatcase,methodssuchasgridding,

discreteFourier transform,Lomb-Scargle periodograms(10,11), or Bayesianapproaches(12) not

requiringequidistantsamplesmustbeconsideredfor estimatingthefrequency content.

In thedescriptionof theEP-signalextraction,it wasimplicitly assumedthattheoriginalEP-signal

andthereforethe amplitudeof the RF carrier, did not changesigni�cantly during the line sampling

time(512 � s). However, thespectrogramcanbecalculatedfrom othergroupingsof thedataalongthe

two time axis,thusallowing a trade-off of time-resolutionfor spectralresolution.

Channelcross-talkwasfoundtobealimiting factorin thepresentimplementationwhenthecarrier

frequencieswerecloseaswasthe casefor the EOG andcalibrationsignal. This non-fundamental

problemcanbeaddressedby equippingeachchannelwith a �lter .

In contrastto theMR signalthatis normallypeakedaroundthecenterof � -space,theextrasignals



areequallydistributed over time and thusalsoover the acquisitionmatrix. Thereis consequently

little or no needfor extra raw datadynamicrangefor theencodedsignals. In contrast,theencoded

signalsappearrelatively localizedin imagespace,andthescalingof pixel intensitiesshouldtherefore

preferablybeadjustedto theMR signalratherthanto theencodedsignals.Thisisensuredby choosing

theRFcarriersfor theencodedsignalsat oversampledfrequencies.

The imagespresentedherewereprocessedandFourier transformedof�ine whereasthe corre-

spondingimagesgeneratedfrom thescannerwerenot shown. Themostsigni�cant differencelies in

thewidth of theimageasthescanneremploysatleastafactorof two oversamplingto avoid distortions

at theedgeof theFOV. As describedin section2.6 this implies that interferenceof theextra signals

with e.g.,scaling,ghost-andmotion-correctioncanbeavoidedaltogether, but with thepresentchoice

of parametersonly theECGsignalappearedsuf�ciently far from theMR frequencies(100kHz) to not

in�uence thenormalquadraticFOV imagescalculatedby thescanner. This wasveri�ed in a number

of experimentsinvolving astandardsignalgenerator(detailsarenotgivenhere).They con�rmed that

frequenciescanbechosensuchthatnormalMR imagesareundistorted.They alsodemonstratedthat

neitherSNR,nordynamicrange,arelimitations.

EPI ramp-samplingwasemployed, but the methodneverthelessprovided EP-recordingsalmost

free of gradientartifacts. This differenceto the Anami paperresultsfrom the useof triggeringthe

sample-holdcircuit by agradient-activity sensorratherthanacontrolsignalgeneratedby thescanner

at the beginning of eachsampleperiod. The Anami setupis likely to bene�t from useof a similar

triggerminimizing theneedfor sequenceadaptionandtiming control.Correspondingly, thegradient

activity triggeris not strictly requiredwith thepresentedtechnique,if ramp-samplingis avoided.The

implementationof �lters removing artifactualsignalvariationwithin eachmillisecondreadoutperiod

is facilitatedby a numberof circumstances:The distortionsarerelatively small (3), the signalsare

sampledwith microsecondtime-resolutionin perfectsynchrony with gradientactivity, andartifacts

generatedby theoscillatingreadoutgradientaresimilarfor thelargenumberof � -spacelinesacquired

over evenshortintervalsallowing adaptive �lters to becomeaccuraterapidly (e.g.100ms).

Two sourcesof noisewereremovedby simple�ltering: Themodulationbetweenalternatingread-

outsacquiredwith oppositegradientdirection,andthemodulationwith slicenumber. Both sources

of noisewereveri�ed to be signi�cant, but smallerthanthe signalamplitude(dataarenot shown).

This is in sheercontrastto methodswhereperiodswith gradientactivity areusedfor EPrecording.

Filtering algorithmshave beendevelopedto remove imagingartifacts,but theshot-to-shotvariation



thatis effectively proportionalto thenoiseamplitudeis limiting for their performance.With thepre-

sentedtechnique,advanced�ltering is thereforeexpectedto give muchimproved resultscompared

to situationswherenoiseis dominantin the raw data. Signaldistortionsother thanthoseresulting

from imaging(e.g.ballistocardiaccontributions(1)) werebothexpectedandfound.Their removal is

outsidethescopeof thispaper. Methodsthatappearapplicablewith limited adaptionexist (7,13,14).

Again,addedrobustnessresultingfrom themuchreducedimagingartifact is expected.

Thenumberof independentsignalsthatcanbemeasuredwith themethod,dependson theband-

width of the signalsandthe surplusbandwidthof the scanner. 10 kHz is, for example,morethan

suf�cient perEP-recording.Theusedscannerhas1 MHz bandwidthperreceiver channel,but partof

that is usedfor imaging.Usinga maximumgradientstrengthof 40 mT/m andanobjectsizeof, say,

220mm,a maximumof 60 independentEPsignalscanbemeasuredwhetheror not parallelimaging

is used

(1 MHz * 42.6MHz/T � 40mT/m � 220mm�+���,���)� kHz). Thissuf�ces for demandingapplications

suchasmulti-channelEEG.If, however, someof thereceiver channelsareallocatedto EP-recording

only, many moresignalscanbe encoded.The usedscannerhasa bandwidthof 1 MHz in eachof

8 channelsmostlyusedsimultaneouslyfor parallelimaging. If, for example,six of thechannelsnot

usedfor standardquadratureheadcoil imagingwerewired to themodulator600EP-signalscouldbe

measuredwith this bandwidthalone.

In conclusion,a new methodfor measuringelectricalsignalsoriginating in the scannerroom

hasbeendemonstrated.For recordingof electrophysiology, the methodbene�ts from samplingin

periodsfreeof gradientswitching. Resultsby Anami andcoworkers(3) suggestthat our methodis

promisingfor improving EEG-fMRI in that case. However, the scopeis not limited to sequences

void of ramp-sampling.Many relevantsignalsarenot in�uencedby gradients,andfor thosethatare,

�ltering of artifactsaremuch facilitatedby the inherentperfectsynchronization.Even thoughthe

prototypeimplementationleavesroom for improvement,it providesECG andEOG recordingwith

very limited gradientartifactsduring fastechoplanarimaging. Thequality is suf�cient for mostin-

scannerapplicationssuchasmotiondetection.Theequipmentneededis limited bothin cost,sizeand

complexity assurplusbandwidthandstoragecapacityof thescanneris beingused.
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Figure captions

FIG. 1. Theelectrophysiologicalsignalsfrom e.g.,eye andheartmusculatureareampli�ed with gra-

dientactivity (GA) triggeredsample-hold,andareusedto modulatetheamplitudeof carriersignalsat

distinctfrequenciesin thedetectionrangeof thescanner. Thesignalsareemittedin thescannerroom

by asimpleaerialandarerecordedby thescanneralongwith thenormalMR signal.

FIG. 2. Simultaneousacquisitionof EPI imageof a transversalbrainslicethroughtheeyesandthree

signals(ECG,EOG andcalibration)transmittedwirelesslyto the scanner. Patternsappearingsym-

metricallyoutsidethebrainre�ect theencodedelectricalsignals.Thesymmetricappearancecomes

from every secondline in � -spacebeingacquiredwith oppositetime ordering,thus resultingin a

reversalof thefrequency axis.

FIG. 3. Spectrogramcalculatedfrom all theEPI line readouts.Arrows over thegraphshow thecar-

rier frequenciesof ECG,calibrationandEOG signals(left to right). The horizontalline acrossthe

arrows indicatethe width over which thepower wasintegratedto reconstructtheEP-signalsshown

in subsequentgraphs.Exceptfor holesof several millisecondsappearingnearEPI excitations,the

spectrogramhasmillisecondtimeresolution.TheMR signalis tooweakto beseenon thisscale.

FIG. 4. Timecoursesof electrophysiologicalandcalibrationsignalsextractedfrom theMRI raw data.

Thetimeresolutionis 1.12msexceptfor 6.6msperiodsbetweenEPIof neighboringslices.

FIG. 5. Matrix of crosscorrelationmapsbetweenthemeasuredtimecourses(ECG,EOGandcalibra-

tion curves,left) andthepixel intensitiesfor eachslice(bottom).Themapsappearbrightwherethere

is highabsolutecorrelationatzerodelay, i.e. in theimageregionswherethesignalsareencoded,and

in regionswheretheMR signalis correlatedto theEP-signals(e.g.theeyeregionwherepixel intensi-

tiesarecorrelatedto theEOG).Also edgesof theheadappearslightly brightastheheadinvoluntarily

follows the eye motion. The correlationmapsarescaleddifferently to highlight the physiological

content.
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Figure1:

The electrophysiologicalsignalsfrom e.g., eye and heartmusculatureare ampli�ed with gradient

activity (GA) triggeredsample-hold,and are usedto modulatethe amplitudeof carrier signalsat

distinctfrequenciesin thedetectionrangeof thescanner. Thesignalsareemittedin thescannerroom

by asimpleaerialandarerecordedby thescanneralongwith thenormalMR signal.
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Figure2:

Simultaneousacquisitionof EPI imageof a transversalbrainslicethroughtheeyesandthreesignals

(ECG,EOGandcalibration)transmittedwirelesslyto thescanner. Patternsappearingsymmetrically

outsidethebrainre�ect theencodedelectricalsignals.Thesymmetricappearancecomesfrom every

secondline in � -spacebeingacquiredwith oppositetime ordering,thusresultingin a reversalof the

frequency axis.



-100 -50 0 50 100
Frequency/kHz

0

5

10

15

20

25

T
im

e/
s

bration
Cali−ECG EOG

Figure3:

Spectrogramcalculatedfrom all the EPI line readouts.Arrows over thegraphshow thecarrierfre-

quenciesof ECG,calibrationandEOG signals(left to right). The horizontalline acrossthearrows

indicatethewidth over which thepowerwasintegratedto reconstructtheEP-signalsshown in subse-

quentgraphs.Exceptfor holesof severalmillisecondsappearingnearEPIexcitations,thespectrogram

hasmillisecondtimeresolution.TheMR signalis tooweakto beseenon thisscale.
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Figure4:

Time coursesof electrophysiological andcalibrationsignalsextractedfrom the MRI raw data. The

timeresolutionis 1.12msexceptfor 6.6msperiodsbetweenEPIof neighboringslices.
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Figure5:

Matrix of crosscorrelationmapsbetweenthe measuredtime courses(ECG, EOG and calibration

curves,left) andthepixel intensitiesfor eachslice(bottom). Themapsappearbright wherethereis

highabsolutecorrelationatzerodelay, i.e. in theimageregionswherethesignalsareencoded,andin

regionswheretheMR signalis correlatedto theEP-signals(e.g.theeyeregionwherepixel intensities

arecorrelatedto the EOG).Also edgesof the headappearslightly bright asthe headinvoluntarily

follows the eye motion. The correlationmapsarescaleddifferently to highlight the physiological

content.


