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Abstract

We describean algarithm for suppressionof stimulation artif actsin extracellular
micro-dectrodearray (MEA) recordings.A model of the artifa ct basedon locally
fitted cubic polynomialsis subtracted fr om the recading, yielding aflat baseline
amenableto spike detectionby voltage thr esholding The algorithm, saLPA, reduces
the period after stimulation during which action potentials cannotbe detectedby an
order of magnitude, to lessthan 2 ms. Our implementation is fast enoughto process
60-chanel data sampledat 25kHz in realtime on an inexpensie desktopPC. It
performs well on a wide range of artifa ct shapeswithout re-tuning any parameters,
becauset accountsfor amplifier saturation explicitly and usesa statistic to verify
successfubrtifact suppressionimmediately after the amplifiers becomeoperational.
We demonstratethe algorithm’s effectivenesson recordingsfr om densemonolayer
cultur esof cortical neuronsobtained from rat embryos. SALPA opensup a
previously inaccessiblevindow for studying transient neural oscillationsand
preciselytimed dynamicsin short-latencyresponseso electric stimulation.

Keywords

Artifact suppressionmicro-electrodearray, stimulation, real-time,
local regressionmulti-electrode array, MEA, spikes.

Intr oduction

Micro-electrodearrays(MEAS) (Thomaset al. 1972 Gross1979 Pine1980 andrelated
techndogiessuchastetroce prokes(Grayetal. 19%), silicon probegBai andWise 2001
andmulti-wire prokes(Nicolelis etal. 19B) offer greatpromiseto recad actionpotentials
extracdlularly from a large numter of cells simultaneasly (Meisteret al. 19%; Potter
2001, in cell culture,in sliceor in vivo (Braginetal. 2000. In additian, electricalstimula-
tion through sucharrays hasbeenrepatedin awide varietyof preprationssuchasmurine
spinalcord (Grosset al. 199B), rat cortex (Jimboet al. 1999, catsciatic nene (Branrer
and Normam 2000) andrabbitretina (Grume et al. 200). Simultaneosly stimulating
andrecordng throughasingleMEA is attractve for thestudyof input-outpu relatiorships
(Novak andWheeler1988 DeAngelisetal. 1998, but posegechnicadifficultiesbecause
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the stimuli employedareoftenfour or five ordersof magnitue greatetthanextracellularly

recoraedactionpoteriials (‘spikes’). Thesemaybeaslow as10 .V (shavn below), while

stimuli aretypically ontheorde of avolt (Pancrazicetal. 1998; Jimboetal. 1999, causing
substantiastimulationartifactsthatcorrupt the dataor saturateherecoding electroiics.

Several factorscontibuteto theseartifacts(Grunet 199). Thestimulusinducespickup
on otherelectrodechanrels by a combiration of capacitve crosstalkbetweenleadsand
conduction through the tissueor recoding medium saturatingthe amplificationsystem.
The nonlinear behaior of saturatecamplifiers,togetrer with the propertiesof the filters
usedfor noiserediction, male this artifactlast muchlongerthanthe stimulusthatcaused
it, sometimeaipto 100ms(Maeda etal. 1995, evenon chanrels notusedfor stimulation
In somecasesthis prodem can be redu@d by physically separatinghe recoding site
from the stimulationsite (Grumet et al. 2000) or circumentedby usingnon-ele&tronic
meansfor either stimulationor recoding, suchas photeuncagd glutamate(Wang and
Augustine19%), opticalrecordirg (Obaidetal. 199; Maheretal. 199) or muscletwitch
respose(BranrerandNormann20@0). In all othercasescarefu designof theelectronics
is requiredto minimize pickupof stimulationartifacts.

Onewould like to stoplarge artifactsfrom enterirg the recordirg systemin the first
place. To do so, JimboandKawana(1992) recodeddifferentially betweernpairsof elec-
trodesspacedat 10 pm, while stimulatingbetweena similar, distantpair of electroes.
Sample-ad-hdd circuitry hasalsobeenusedto preventamplifier saturation(Novak and
Wheeler1988; Jimboet al. 1998 Grumet1999) but with mixed results. Jimbo et al.
(199) wereableto record5 msafter stimulation evenfrom the stimulatedelectroa, but
theimplemenationdetailsarenotdescribedIn contrastGrume (1999 repatslittle or no
redudion of artifactswith a sample-ad-hold appoach. Presentlicommecially available
electrofysiolagy equipnentfor electrodearraysdoesnotemploy this strateyy.

Whenartifactscannotbe entirely preventedin hardware various forms of digital fil-
tering can be usedto redwce them. For exanple, if artifactsare the sameacrosstrials,
templatesubtractioncan be emgoyed: Jimboand Kawana(1992) estimatedartifactsin
stimulusresposesby scalingthe artifactrecoraed under sub-thesholdcorditions. Unfor-
tunately dueto hysteesisat the electroa interfaceor in the electronics artifact shapes
oftendo vary betweertrials. Alternatively, Okajimaet al. (1995) manwally subtracteda
linearbaselindrom recordngs of muscleactionpotertials. Thisis too laborintensie for
multi-channelrecodings,andcertainlycannotbe appliedin realtime asthe datacomein.
As alastresort,blankirg (digitally settingthe signalto zero)canbe usedto eradicateary
artifacts(O’K edfe etal. 2001) Any actionpotentialsoccuring within the durationof the
artifactarelost, soif oneis interestedn the early partof stimulusrespmse,thisis notan
option Our solution,which works in realtime, is SALPA, analgoilithm for Subtration of
Artif actsby Local Polynamial Approximation. We show thatits perfamanceds supeior to
somepossiblealternatves: two simplehigh pasdfilters andonelinearphasefilter (seee.qg.
Jacksorl99%).
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Methods

Cell culture and MEA preparation

Denseculturesof dissociatedat corticalcellsweregronn on MEA dishesandmaintainel
for several morths. Culture method have beendetailedelsavhere(Potterand DeMarse
2001). Very briefly, cortex from E18Wistarratswasdissectedincer sterilecondtions and
dissociatedisingpapain MEA dishesrom MultiChanné SystemgReutlingen Germayry,
http://www.multichanrelsystems.comyith sixty 10 um diameterelectrodesrrangdin a
rectanglar arraywith 200 um interelectodespacingverecoatedwith polyethylere imine
(PEI) andlaminin. A 15 ul drodet of neuobasalmediumcortaining 50,0 cells was
appliedto the electrale area,and the disheswere sealedwith FEP Teflon® lids (Potter
andDeMarse2001). After 30 minutes,1 ml of medium wasaddel, andthe disheswere
transfered to anincubdor (35°C, 5% CO,, 9% O, and 65% humidty). After oneday;
andthereaftervely four days,the mediumwasreplacedentirely by the mediumadapte
from Jimboet al. (199). Electricalactiity of thesecultures wasrecoded through the
MEA, amplifiedandsampledwith 12 bits resolution at 25 kHz (MultiChanrel Systems).
Oneelectrale wasusedfor stimulation,while all the othess wereusedfor recoding. The
datapreseted belov were obtaired by stimulatingfive-math-old culturesthrough one
electroe with singlebiphasicvoltagepulsesof £600 mV, lasting4d00us perphase,positive
phaséfirst.

Artifact suppression

SAaLPA workshby locally fitting (HastieandLoacder 1998) a functionto therecorddtrace
thathasenowgh degrees of freecbomto accuréely modé theartifact,but notenoud to rep-
resentindividual actionpotentials.By subtractinghis fitted function from the recordng,

the artifact-freesignalremairs, andactionpoterials canbe detectedy settinga voltage
threshdd. We obsened considrablevariability in artifactshapedbetweerelectrod chanr

nels,andeven on individual channeldbetweertrials of the samestimulus. Therebre we
chosenotto make assumptioaabou regulaitiesin artifactshapesandinsteadit indepen-
dentfunctionsto eachindividual artifact.

For every timepoirt n.. in therecoding from a givenelectroa, a third degree polyno-
mial is fitted to a segmen of 2N + 1 samplesenteredarourd n .. The sggment halflength
N is expeimentallytunedfor optimal perfamance asdiscussedbelon (seeResulty. The
fitted valueatthe centralpoirt n . is subtratedfrom theraw recoding atthatpoirt to yield
acleanedsignal. Therestof thefitted curveis discarad; to estimatethe cleanedsignalat
n.+1, anew polynomialis fitted to the datain the segmentof 2NV 4+ 1 samplescenterd
arourdn.+1.

Thefitting processs differentfor thefirst N pointsof the raw data,startingwhenthe
stimulus-indicedsaturatiorof theelectronicends(‘depegging’; saturatiorof theelectron
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Figure 1: lllustration of thefitting methodusedby saLPA. Thefirst fit after depegging thathasac-
ceptabledeviation (seetext) is usedto model N +1 samplegbottom-mosturwe). There-
after, eachfitted polynamial is usedto modelonesampleonly (otherdashecturves). The
thin solid curve is theraw recording.For visual clarity, only onein tenfits is shavn, and
they have beenvertically displaced. The thick solid curve is the resultingmodel of the
artifact. Circlesmarkthe centersof eachfit. The dottedverticallinesindicatewhich parts
of thefitted polynomialsareusedfor modelingthe artifact.

icsis deterninedby thedigital signalhaving its minimum or maximun possiblevalue).A
polynomialis fitted to thedatacenterednthe (N+1)-th pointafterdepeging,andthearti-
factupto thecenterof thatwindow is estimatedisingthatsinglethird-degreepolynomial,
asillustratedin figure 1.

Theraw electrodesignalis representedsa sequeneof sampledroltagesyV,,, wheren
is theordind numter of thesample (We sampleat 25 kHz, sotheunit of n is 40 usin real
time.) We decanposethis raw signalinto anestimatedartifact A,, andacleanedsignalv,,
by assuminghatin thevicinity of somecentralpointr ., we canappoximatethe artifact
by a cubicpolynomial expressedn termsof thedistancgn — n ) from the centralpoint*:

Alne) = a(()"“) + agnc)(n —ne) + aé"“)(n —ne)? + aé"“)(n —n.)3.

Thefit paranetersa;, arefound by minimizing thefunction

) ne+N (ne) 9
X(ne) = n:nZ_N (Vo - a0)

with respecto thoseparaneters.We thenestimatghecorrectedvoltageatthecentralpoint

*Thenotaion [-]("<) will beusedthrouchoutto represet thequantty [-] evaluatedfor thefit certeredaround

Ne-
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ne as:
Un, =V, — AllS) =V, - al").

Next, we obtaina new fit centeredarourd n.+1 to estimatev,,,. 1 = Vi 41 — a(()"C“),

andsoon.

Fitting a new polynomialfor every singledatapoin might seemto be compuationally
very expersive, but it is not, becasgethe fit paraneterscanbe calculatedrecursvely, as
follows. Let usintrodiwce the shorthads

Nne+N
Ty, = Z (n —mne)k, fork=0...6,

n=n.—N

and
ne+N

W,gn“)= Z (n —nc)* Vo, fork=0...3;
n=n.—N
andthe (4x4)-matrix S with entriesSy; = Ty, (for k,I = 0...3). Theparanetervalues
thatminimizex? canthenbewritten as

3
=3 W, tork =0,
=0

which canbe computedcheagy oncethe Wl("“) areknown, sincethe entriesof S~ are
constantslependingonlyon N. Thecomgexity is furtherredwcedbecausé, isidentically
zerofor oddvaluesof k.

A recursionrelationfor W,i"“) is obtainedby straightfoward algelvaic manipulation
of theexpressiongor W™ and "

Wt Z g~ CUR e ey N-1)}V,
k —;m - netN+1 — (=N=1)"V, _n.
It is theexistenceof this closedform expressiornthatmalkesthe methal viablefor real-time
operdion.

As notedabore, at the beginning of the recoding, just aftera chanrel depegs, we are
forcedto usea fit basedon a window centeredNV samplesaheadin time. Sucha non
centralwindow is likely to give alessaccuatefit to theartifact,soit is importtantto assess
thequality of thefit befae trustingit. This assessmemtanbe basednthedeviation:

Dlne) — (nc—Ni(ﬁ—l) <Vn _ A’Eln‘:)) ,

n=n.—N

wherethe width of the estimator §, canbe chosento be somefixed fraction of N, e.g.
§ = N/10. For godd fits, D(") is normally distributed with zero mean,and variarce
0% = B%5oi,, whereo}, is thevarian@ of therecordng, andg is a correctionfactorlarger
thanunity if the noisein the recoding is not white. For our equipment, 32 ~ 5. We
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adwarcen, until D("<) attainsan acceptaly small (seebelow) absolutevaluerelative to
op, befae declaringtheartifactsuccessfullysuppessed.

Thefollowing resultswere obtairedwith N = 75 (correspondig to 3 msat 25 kHz
samplingrate),d = 5 andby rejectingfits after depeging until D2 no longer exceeds
3? x 5 x o%,. Spikeswereidentifiedby thresholéhg at five timesRMS noise andvalidated
basedon a test of their waveform shape: spikes were rejectedif therewere ary peaks
of eitherpolarity larger than90% of the main peakwithin +1 ms (P. P. Mitra, persoml
communication)

Our C++implemertationof SALPA is capableof processing0 chanmels of MEA data
at 25 kHz in real-time on an AMD Athlon 1.33 GHz processaqrusingjust 75% of CPU
time. This allows online spike detectiorentirelyin softwareon aninexpensve PC system.
The C++ soure codeis availableuponrequest.

Analysis

To assesshequality of thealgoiithm, we compaedits outputon typical artifact-carupted
datawith theoutput of threealternatvefilters: athreepole Butterworth high-pasdfilter with
400Hz cutoff (Bw-H), subtractiorof the outpu of athreepole Butterworth low-passfilter
with 600Hz cutoff (Bw-L), anda 39 polelinear phasehigh-passfilter with 500Hz cutoff,
designedusingcosineexparsion(LPC) (Jacksorl9%). Theorder of thisfilter waschosen
suchthatwe could computeit in real-time usinga simple C++ progam. The Butterworth
filters werechoserbecaus¢hey area computationallyinexpensive simplealternatve.

Two perfomancemeasuresvere used: Losttime the lateng after depegging of the
electromcs at which the artifactis successfullysuppressedand PNR loss the reductio
of the ratio of actionpoterial peakamplitudeto noise(PNR)inducel by the filter. Lost
timewasdeterninedby computing 5 mswide box-car average of the signal,andrejectirg
datauntil thebox-caraverag nolongerexceededthe RMS noise.PNRIosswasmeasurd
relative to raw datafilteredthrough a single pole high-passfilter at 150Hz, which, befae
developing SALPA, we usedroutinely to cleanthe dataof DC drift andary low frequency
localfield poteriials for the purposeof spike detectionn recodingsof spontaneusactiv-
ity. In gereral, artifact suppessionfilters will reducethe ratio of spike amgitude to RMS
noise,becasethereis substantiabpectrabverlap betweerartifactsandspike wavefarms.

Results

Rat cortical cultureswerestimulatedwith 600 mV biphasicpulses.Large dish-wice arti-
factswereobseredin theresultingrecodings. Figure2 shavs how saLpPA andthe other
filters act on thesestimulationartifactsand on action potentialwavefarms. Aside from
redudng spike amplitudes,filters may distort spike waveforms in more subtleways, ex-
emplifiedby the positive ‘ghost’ phasesnducel by Bw-L andBw-H. Thesemayhamger
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Figure2: An exampleof an artifactin electroderecording with the outputof variousfilters (left)
andthe effect on spike waveforms(right). Notice thedifferencein scaledbetweeneft and
right: the artifactin the raw datais an orderof magnituce larger than the spikes. Thin
curvesareraw data;thick curvesarefilter output. Fromtop to bottom: SALPA, subtraction
of low-passButterworth (Bw-L), high-passButterworth (Bw-H), and39 polelinearphase
filter (LPC). Notice SALPA’s blanking of the outputduring saturationof the electronics.
The Butterworth filters inducesignificantphasedistortion while leaving much more lost
time thansaLPA. Eventhe linear phasefilter leavessomeechoof the artifact. The spike
waveformsshavn are from the samerecordingasthe artifacts,but at longer lateny to
allow directcomparisorwith non-corriptedraw data.

subsegantspike sorting,andmayevenleadto spuriousdetectionof non-existentupgoing
actionpotentials.Forturately, saLPA— beinga linear phasefilter (excep in theinitial N
samplesafterdepeging) — is free of suchphasedistortions.

All filters usedin this comparisonhave paranetersthat canbe tunedto tradeoff lost
time againstPNR reductian. For SALPA, this is the sgmert half-width NV; for the other
filters the cut-off frequeng playsthisrole. Figure3 presentshetrade-df for SALPA. The
optimal choiceof N deperls on the kind of expeimentoneis doing. The perfomance
of saLPA at N = 75 (3 ms)is compaedwith the otherfilters at the frequenciesspecified
aborein figure4.

Onefeatue of saLPA thatgivesit an edgeover the alternaties, is that it explicitly
recoquizessaturatiorof recading electrorics, outputtirg zeroswhenever thedigital values
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Figure 3: Losttime (left, solid; resultsareshavn for 4 dishesseparatelypndPNR reduction(right,
dashel) canbetradedoff by varying saLPA’sfilter length,measuredherein milliseconds.
Notethattheleft-handaxisincreaseslovnwards,so‘up’ meansbetter’ for bothaxes. Ar-
tifactsizesanddurationvary by almostan orderof magnitudebetweendishes depenihg
onelectrodémpedanes(nominally300k2 at1 kHz). Thisis reflectedn SaLPA losttime,
shavn herefor four differentdishes.PNR dropsdramaticallywhenthefilter half-width v
appracheghedurationof actionpotentials.Theoptimalchoiceof V. mustdepem onthe
application,and on the PNRin the raw recordings. The resultsin the restof this article
wereobtainedwith filter half-lengthsof 3 ms. PNR changeis measuredelative to single
pole high-pasdiltering at 150 Hz (seetext). The sampleperiod, 7sample Was40 us.

of therecordirg areatthe extreme endsof theirrange, andthatit incorporatesa statisticto
testgoadnessof fit for the earliesttimepants, asdetailedin Method. As aresult,SALPA
perfamswell on awide range of artifactsizesandshapegfigure 5).

The ultimate testfor an artifact suppessoris whetherit allows reliable detectim of
spikes at shortlatencies. Figure 6 shavs detectale spikes on two electroes in differ-
entMEA dishescontainirg matue cultures,usingsAaLPA, usingonly a 150Hz high-pass
filter, and using eachof the otherfilters mentimedabore. SALPA revealsa structureof
oscillationsandvery preciselytimed spikesin the early respoisethatwould otherwisego
undeected.

Discussion

We have presentedan algoiithm for stimulusartifact suppressiornthat canbe appliedto
sixty channé electroderecadingsin realtime on inexpensive PC hardware. SALPA does
not causephasedistortionof spike waveformsunlike simplehigh-pasdfilters, andit is less
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Figure 4: Comparisorof variousfilter methods.PNR changeis measuredelative to a single pole
high-passfilter at 150 Hz (seetext). Notice thatthe referencel50 Hz filter alsoreduced
spike amplitudesby a small fraction, so relative PNR gain resultedin somecases.Re-
stricted SALPA is SALPA without the third degreeterm. Lost time doesnot include the
durationof amplifierand ADC saturation(1.04+ 0.02ms). Chartedvaluesaremeanand
standardieviation of the datacollectedfrom 55 electrodes.

computationally intensive than straightfaward implementationof a geneic linear phase
filter of equivalentlength Perhapsnore importantly, the algoithm coversthe first few

millisecond of the artifactnaturally becageit takesamplifier saturatiorinto account ex-

plicitly. Otherfilters tendto suffer from ringing asaresultof thesharptransientat thetime

of amplifierdepaging.

In thebulk of the data,local regressionof theform usedin SALPA is justaspecialcase
of linearphasdiltering. SAaLPA effectively functionsasahigh pasdilter with -3 dB cut-off
frequeny fo = 0.6f5/N, i.e. fo = 200 Hz for N = 75 andsamplingfrequeny f; =
25 kHz. This is sufiicient, sincea spectrogam of the stimulationartifactswould reveal
thathigh frequengy power is mostly corcentratedn the first few milliseconds— beyond
that, the tail of the artifactis reasonaly well spectrallyseparatedrom spike waveforms.
Simplefilters would have to find a difficult compramise betweerpreventingringing from
theinitial sharptransientof artifacts,andpresering signalshape.SALPA surmauntsthis
prodemby notusingary samplegromtheshargtransientn its estimateof theshapeof the
tail, throwgh the useof asymmetriditting windows shortly after depegging (asillustrated
in Figurel).

Onecouldattemptto improve the performane of thealgorithmby increasiig theorder
of thepolynomialsused.Thecomputationalexpenseof thealgorithmwouldincreasemore
dramaically thanonemight expect,becaus¢hehigherpowersof (n —n .) in theequatios
would make representatiorof thesenumtersas32 bit integersimpossible Themaineffect
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Figure5: For widely differentartifactwaveforms(shawvn in insets),SALPA yields usableoutpu as
early as2 ms poststimulus(lessthan 1 ms after depgging). Faint tracesare raw data
with two differentvertical offsetsaddedto showv details.Bold is SALPA output.Noticethe
spikesriding ontheslopeof theartifactswhich cannotbe detectedy thresholdingheraw
data.

of increasingpolynomial orderis anincreaseof cut-df frequengy, which canbe achiesed
moreecononically by decreasingV. In ary evert, it remainsdesiralie to useodd order
becausehis givesthefit at the beginning of the traceonemoredegreeof freedan thanin
the bulk, further improving the respomseto sharptransientsvithout compomisingsignal
shapes.

With current commecially available hardware, saALPA is lesswell suitedfor record
ings from the stimulatedelectro@, becausesaturationon that channé lasts beyond the
duratio of the early phaseof the respamse. Improvementsin hardvare,for exanple us-
ing sample-ad-hdd basedartifact reductian, might bring the stimulatedchamel within
SALPA’s domain.

SALPA opers upanew window onvely shortlateng multi-neuronalrespomsesto elec-
trical stimulation The early post-stimulg neual dynanics compise oscillationsandac-
tion potertials timed with a precisionnot obseredbefae. We arecurrerily usingsaLpPA
to investigatethe natureof theseresponse&ompnentsandtheir role in stimulus-indiced
plasticity The predsely timed respmsescanbe usedto drive ‘behariors’ in a neurally
contrdled animat(DeMarseetal. 2001).
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Figure 6: Evoked activity on two electrodegfrom differentdishes).Eachsetof rasterplots shavs
actionpotentialsdetectedusingthe referencel 50 Hz high passfilter (‘raw’) andeachof
the filters tested. Eachrastercontainsresultsfrom 500 consecutie trials, with eachdot
representingne action potential. Stimulationwas on electrode280 and 450 um away
from therecordingsite. Grey barsrepresenthetime andduration(0.8 ms) of the stimulus.
Spikes were detectedby thresholdingat five times RMS noise, and validatedbasedon
their waveform shape(seetext). Notice that the lost time was estimatedndepenently
for eachindividual trial. This explainsthe limited reliability with which, e.g.,the spike at
5 4+ 0.5msin the bottompane is detectecby Bw-H. Electrodesverechoserto illustrate
avariety of shortlateng responseypes.
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