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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 raw recading, yielding a flat
baselineamenableto spike detectionby voltage thr esholding The algorithm,
SALPA, reducesthe period after stimulation during which action potentials cannot
be detectedby an order of magnitude, to lessthan 2 ms. Our implementation is fast
enoughto process0-channel data sampledat 25kHz in realtime on an
inexpensive desktopPC. It performs well on a wide range of artifa ct shapes
without re-tuning any parameters,becauset accountsfor amplifier saturation
explicitly and usesa statistic to verify successfubrtifa ct suppressionimmediately
after the amplifiers becomeoperational. We demonstratethe algorithm’s
effectivenesson recordings fr om densemonolayer cultur esof cortical neurons
obtained from rat embryos. SALPA opensup a previously inaccessiblevindow for
studying transient neural oscillations and preciselytimed dynamicsin

short-latencyresponseso electric stimulation.
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Intr oduction

Micro-electrodearrays (MEAS) (Thomaset al. 1972 Gross1979 Pine 198)) andre-
latedtechnol@iessuchastetroce probes(Grayetal. 1995, silicon probes(Bai andWise
2001 and multi-wire prabes(Nicolelis et al. 198) offer greatpromise to recordac-
tion potertials extracelldarly from alarge nunberof cellssimultaneosly (Meisteretal.
1994 Potter20Q1), in cell culture, in slice or in vivo (Braginet al. 2000. In addition
electricalstimulationthrough sucharrays hasheenrepatedin awide variety of prepaa-
tions, suchasmuiine spinalcord (Grosset al. 1993, rat cortex (Jimboet al. 199), cat
sciaticnerne (Branne andNormann20@) andrablit retina(Grume etal. 2000. Simul-
taneosly stimulatingandrecading through a single MEA is attractve for the studyof
input-outpu relationslips (Novak andWheeler1988 DeAncglis et al. 198), but poses
technicaldifficulties becagethe stimuli employed are oftenfour or five ordes of mag-
nitudegreate thanextracelldarly recodedactionpotentialg(‘spikes’). Thesemaybeas
low as10 uV (shovn below), while stimuli aretypically onthe orderof avolt (Pancraio
etal. 1998 Jimboet al. 199), causingsubstantiaktimulationartifactsthat corruypt the
dataor saturateherecordng electrorics.

Several factorscontribute to theseartifacts (Grumet199). The stimulusinduces
pickup on other electro@ chamels by a combiration of capacitve crosstalkbetween
leadsand conduction through the tissueor recading medium, saturatinghe amplifica-
tion system.Thenondinearbehaior of saturateamplifiers togetter with the properties
of thefilters usedfor noisereductian, malke this artifactlastmuchlonger thanthe stim-
ulusthat causedt, sometimesip to 100 ms (Maedaet al. 1995, evenon channelsot
usedfor stimulation.ln somecaseghis prodem canberedicedby physicallyseparatig
therecoding site from the stimulationsite (Grumet et al. 2000), or circumwentedby us-
ing non-electronicmeandor stimulationor recordng, suchasphotauncagdglutanate
(WangandAugustine19%), opticalrecoding (Obaidet al. 19%; Maheretal. 1999 or
muscletwitch responséBranrer andNormam 20Q). In all othercasescarefu design
of theelectronis is required to minimize pickup of stimulationartifacts.

Onewould like to stoplarge artifactsfrom enteringthe recoding systemin thefirst
place.To do so,JimboandKawana(199) recorced differentiallybetweerpairsof elec-
trodesspacedat 10 pm, while stimulatingbetweena similar, distantpair of electroes.
Sample-ad-hdd circuitry hasalsobeenusedto preventamplifiersaturation(Novak and
Wheeler1988 Jimboet al. 1998; Grumet199), but with mixed results. Jimboet al.

(199) wereableto record5 msafterstimulation evenfrom the stimulatedelectrode put
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the implemertation detailsare not described In contrast, Grumet(1999) repated little
or no reductia of artifactswith a sample-anéhold appoach. Presentlycommerdally
availableelectroplysiology equigmentfor electrodearrays doesnotemgoy this strateyy.

Whenartifactscanrot be entirely preventedin hardware, various forms of digital fil-
tering canbe usedto reducethem. For examge, if artifactsarethe sameacrastrials,
templatesubtration can be emplged: Jimbo and Kawana (1992) estimatedartifacts
by scalingthe artifact recoded under sub-thresholdconditiors. Unfortunately dueto
hysteesisat the electrodeinterfaceor in the electraics, artifact shapeften do vary
betweertrials. Alternatively, Okajimaet al. (19%) manuallysubtracteda linear base-
line from recordngs of muscleactionpoterials, which is too laborintensie for multi-
chanrel recordngs,andcertainlycannd be appliedin realtime asthe datacomein. As
a lastresort,blanking (digitally settingthe signalto zero)canbe usedto eradicateary
artifacts(O’K eefe etal. 200]). Any actionpoterials occuring within thedurationof the
artifactarelost, soif oneis interestedn the earlypartof stimulusresponsethisis notan
option Our solution whichworksin realtime,is SALPA, analgoiithm for Subtration of
Artif actsby Local Polyromial Approximation. We shaw thatits perfamanceis superio
to somepossiblealterndives:two simplehigh pasdfilters andonelinearphasdilter (see
e.g.Jacksorl1996.

Methods

Cell culture and MEA preparation

Denseculturesof dissociatedatcorticalcellsweregrovnonMEA dishesandmaintainel
for severalmorths. Culturemethod have beendetailedelsavhere(PotterandDeMarse
2001. Very briefly, cortex from E18 Wistar ratswasdissectedindersterile condtions
and dissociatedusing papain. MEA dishesfrom MultiChannel Systems(Reutlingen
Germap, http://wwwmultichamelsystems.cojrwith sixty 10 um diameterelectrodes
arran@d in a rectanglar array with 200 pm interelectrale spacingwere coatedwith
polyethyleneimine (PEI) andlaminin. A 15 ul droplet of neuobasalmediumcontain
ing 50,0 cellswasappliedto the electrodearea,andthe dishesweresealedwith FEP
Teflorf® lids (PotterandDeMarse2007). After 30 minutes,1 ml of medium wasadded
andthedishesweretransferredo anincukator (35°C, 5% CO,, 9% O, and65% humid
ity). After oneday, andthereafteievery four days,the mediun wasreplacedentirely by

the mediumadaptedrom Jimboet al. (199). Electricalactvity of thesecultureswas
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recorcedthroghthe MEA, amplifiedandsampledat 12 bitsresolutionat 25 kHz (Multi-
ChanneBystems)Oneelectrodavasusedfor stimulationwhile all theotherswvereused
for recordng. The datapresentedelonv were obtaired by stimulatingfive-math-dd
culturesthroudh oneelectroa with single biphasic voltagepulsesof £600 mV, lasting

400 us perphasepositive phasédirst.

Artifact suppression

SALPA worksby locally fitting a function to therecoradtracethathasenoudy degrees
of freedan to accuratelymodeltheartifact,but notenoud to repesentndividual action
potertials. By subtractinghis fitted function from the recoding, the artifact-free signal
remainsandactionpoterials canbe detectedy settinga voltagethreshdd. We did not
attemptto make assumptiosaboutregularitiesin artifactshapessincewe obsered con-
siderablevariahility in artifactshapedetweerelectrodechamels,andevenonindividual

chanrlsbetweertrials of the samestimulus.

For everytimepointn, in therecodingfrom agivenelectroa, athird degree polyno-
mial is fitted to asegmentof 2N+1 samplesenteredirondn .. Thesggmenthalfdength
N is tunedfor optimal perfomance asdiscussedelov. Thefitted valueat the central
pointn, is subtractedrom theraw recordng atthatpointto yield a cleanedsignal. The
restof thefitted curve is discardd; to estimatethe cleanedsignalatn .+ 1, a new poly-
nomialis fitted to the datain the sggmentof 2V 4+ 1 samplesenterecaronndn .+ 1.

Thefitting processis different for the first N poirts of the raw data,startingwhen
the stimulus-irducedsaturationof the electrorics ends(‘depagng’; saturationof the
electrorics is determired by thedigital signalhaving its minimum or maximum possible
value) A polynomialis fitted to thedatacenterednthe (N+1)-th pointafterdepeging
andtheartifactup to the centerof thatwindow is estimatedisingthatsinglethird-degree

polynomial, asillustratedin figure 1.
[Figurel abouthere]

Theraw electroe signalis represetedasa sequene of sampledvoltages,V,,, where
n is the ordnal numter of the sample.(We sampleat 25 kHz, sothe unit of n is 40 us
in real-time.)We deconposethis raw signalinto anestimatedartifact A ,, anda cleaned
signalv,, by assuminghatin thevicinity of somecentralpointn ., we canapprximate

the artifactby a cubic polynomial expressedn termsof the distance(n — n ) from the



Wagenaag& Potter Simulus artifact suppression 6

centralpoint*:
Alne) = a(()"“) + agn‘:)(n —ne) + agnc)(n —n)? + agnc)(n —n.)3.

Thefit paranetersa;, arefound by minimizing thefunction

ne+N

Xty = 2o (V"_A%HC))Q

n=n.—N
with respecto thoseparametes. We thenestimatethe correctedvoltageat the central
pointn. as:
— _ pAlme) _ (ne)
Ung = Vi, —Apl) =Va, —ag *.

Next, we obtaina new fit centeedarowndn .+ 1 to estimatev,,. 11 = V41 — a(()”C“),

andsoon.
Fitting anew polynomialfor evety singledatapoimmightseento becompuationally
very expersive, but it is not, becausehefit paraméerscanbe calculatedecursvely, as

follows. Let usintroduwcethe shorthads

ne+N
T, = Z (n —mne)k, fork=0...6,

n=n.—N

and
ne+N

Wi = 3 (n=no)* Ve, fork=0...3;

n=n.—N
andthe (4x4)-matrix S with entriesSy; = T4y, (for k,1 = 0...3). The paraméger

valuesthatminimize x2 canthenbewritten as
3
o) =35t wi), fork=0...3,
1=0

Te)

which canbe computed cheafy oncethe Wl( are known, sincethe entriesof §—1!
are constats depenling only on N. The complity is further redicedbecase 7'y, is
identicallyzerofor oddvaluesof k.

A recusionrelationfor W,S"c) is obtainedby straightfoward algelvaic manipulation
of theexpressiongor W™ ™) andw[":

(ne+1) : (DR () k k
W, = Z e W, + N* Vo ynp1 — (-N=1)F Vi _n.
=0

It is the existenceof this closed-fom expressionthat makesthe methal viable for real-

time operatia.

*The notation [-]("<) will be usedthroughout to representthe quantty [-] evaluated for the fit cenered

aroundn,.
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As notedabore, at the beginning of the recading, just after a chamel depegs, we
areforcedto usea fit basedon a window centeredV samplesaheadin time. Sucha
noncentralwindow is likely to give a lessaccuratdit to the artifact, soit is important
to assesshe quality of the fit befae trustingit. This assessmertanbe basedon the

deviation:
(ne—N)+(6-1)

plne) — Z (Vn _ Aglnc)) ,

n=n.—N

wherethe width of the estimator d, canbe choserto be somefixedfractionof N, e.g.
6 = N/10. For godd fits, D("<) is normally distributedwith zeromean,andvariarce
02, = §~'o%, whereo?, is the variarce of the recading. We adwancen . until D<)
attainsanacceptaly smallabsolutevalue.

Thefollowing resultswereobtainedwvith N = 75 (coresponéhg to 3 msat25kHz),
d = 5 andby rejectingfits if |D| exceed threetimesthe RMS noisein the recordng.
Spikeswereidentifiedby threshdding at five timesRMS noise,andvalidaed basedon
a testof their waveform shape:spikeswererejectedif therewere ary peaksof either
polarity largerthan90% of themainpeakwithin +1 ms(P. P. Mitra, personatomnuni-
cation).

Our C++ implemettation of SALPA is capableof processingg0 chamels of MEA
dataat 25 kHz in real-timeon an AMD Athlon 1.33GHz processarusingjust 75% of
CPUtime. This allows online spike detectiorentirelyin softwareon aninexpensve PC

system.The C++ sourcecodeis availableupan request.

Analysis

To assesthequality of thealgoiithm, we comparedits outpu ontypicalartifact-orrupged
datawith the outpu of threealternatve filters: a threepole Butterworth high-passfilter

with 600Hz cutoff (Bw-H), subtractiorof theoutpu of athreepoleButterworthlow-pass
filter with 400Hz cutoff (Bw-L), anda 39 polelinear phasdilter designedisingcosine
exparsion (LPC) (Jacksorl996) Theorderof this filter waschasensuchthatwe coud

computeit in real-timeusinga simpleC++ program.

Two perfaman®@ measuresvereused: Lost time, the lateny afterdepegging of the
electromcs at which the artifactis successfullysuppessedandPNR loss, the reduction
of theratio of actionpoteriial peakamplitudeto noise(PNR)inducedby thefilter. Lost
time was determired by computing 5 ms wide box-car averages of the signal,andre-

jectingdatauntil the box-caraveraye no longerexceededthe RMS noise.PNRlosswas
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measuredelative to raw datafiltered throwgh a single pole high-passfilter at 150 Hz,
whichbefore developingsaLPa, we usedroutirely to cleanthe dataof DC drift andary
low frequengy local field potentialsfor the purposeof spike detectionin recadings of
spontarousactvity. In geneal, artifact supprasionfilters will redue theratio of spike
amplituce to RMS noise,becauséhereis substantiaspectraloverlap betweenartifacts

andspike wavefarms.

Results

Rat cortical cultureswere stimulatedwith 600 mV biphasicpulses.Large dish-widear-
tifactswere obseved in the resultingrecodings. Figure2 shavs how SALPA andthe
otherfilters act on thesestimulationartifactsand on action potentialwaveforms. Aside
from redicing spike amplitudes, filters maydistortspike waveformsin moresubtleways,
exenplified by the positive ‘ghost’ phasesnducedby Bw-L andew-H. Thesemayham-
per subsegentspike sorting and may even leadto spuriousdetectionof nortexistent
upgang actionpotentials Fortundely, SALPA— beinga linearphastfilter (exceptin the

initial N samplesafterdep@ging)— is freeof suchphasedistortions.
[Figure2 abouthere]

All filters usedin this comparisonhave paranetersthatcanbetunedto tradeoff lost
time agairst PNRreduction For SALPA, this is the segmert half-width N; for the other
filtersthecut-off frequeng playsthisrole. Figure3 presentshetradeoff for SALPA. The
optimal chdce of N depenlsonthekind of experimentoneis doing. The perfomance
of saALPA at N = 75 (3 ms)is comparedwith theotherfilters atthefrequenciespecified

aborein figure4.
[Figure3 abouthere]
[Figure4 abouthere]

Onefeatue of SALPA thatgivesit anedgeover the alternatves, is thatit explicitly
recoquizessaturatiorof recading electrorics, outputting zercs whenever thedigital val-
uesof the recoding are at the extreme endsof their range, andthat it incorporatesa
statisticto testgoochessof fit for the earliesttimepoints,asdetailedin Methods. As a

result,sALPA perfomswell onawide rangeof artifactsizesandshapegfigure5s).

[Figure5 abouthere]
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The ultimatetestfor an artifact supprasoris whetherit allows reliable detectionof
spikesatshortlatencies Figure6 shavs detectablespikesonfive electrogsin two MEA
dishescontaining maturerat cortical culturesusingSALPA, or usingonly a 150Hz high-
passfilter. SALPA reveals a structue of oscillationsandvelry preciselytimed spikesin

theearlyrespoisethatwould otherwse go undeteted.

[Figure6 abouthere]

Discussion

We have preseted an algorithmfor stimulusartifact suppressionthat canbe appliedto
sixty chanrel electrodeecodingsin realtime oninexpensive PChardware SALPA does
notcausehasealistortionof spike waveformsunlike simplehigh-pasdilters,andit is less
computationallyintensve thanstraightfawardimplemenation of a generc linearphase
filter of equivdent length. Perhapsnoreimpottantly, the algorithmcovers thefirst few
millisecond of the artifact naturally becage it takes amplifier saturationinto account
explicitly. Otherfilters tendto suffer from ringing asa resultof the sharptransientat the
time of amplifierdepeging.

With currert commecially availablehardware,saLPA is lesswell suitedfor record
ings from the stimulatedelectrode pecausesaturationon that chanrel lastsbeyond the
duration of the early phaseof therespose. Improvemetts in hardvare,for exanple us-
ing sample-ad-hold basedartifactrediction, might bring the stimulatedchamel within
SALPA’s dommain.

SALPA opers up a newv window on very shortlateng multi-neuroral responseso
electrical stimulation. The early post-stimulusneual dynamicscomgise oscillations
andactionpotentialgimedwith a precision not obsevedbefae. We arecurrently using
SALPA to investigatethe natue of theserespoisecompnentsandtheir role in stimulus-
induaed plasticity The preciselytimed respmsescanbe usedto drive ‘behaviors’ in a

neurdly-controlled animat(DeMarseetal. 2001).
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Figure 1: lllustrationof thefitting methodusedby saLPA. Thefirst fit afterdep@ging thathasac-

ceptabledeviation (seetext) is usedto model N+1 samplegbottom-mostune). There-
after, eachfitted polynomialis usedto modelonesampleonly (otherdashedurves). The
thin solid curveis theraw recording.For visualclarity, only onein tenfits is shavn, and
they have beenvertically displaced.The thick solid curve is the resultingmodel of the
artifact. Circlesmark the centersof eachfit. The dottedvertical lines indicatewhich
partsof thefitted polynomialsareusedfor modelingthe artifact.



Voltage (V)

Wagenaag& Potter Simulus artifact suppression 14

40} l ' " SALPA ] 10 SALPA
O N/,
0
_40 L
-10
_80 L
10 BW-L
0
3 -10
(O]
o
S
S 10 BW-H
0
-10
401 10 LPC
0
0
-40
-10
-80¢ , ,
0 5 10 35 40
Time (ms) Time (ms)

Figure 2: An examgde of anartifactin electroderecording with the outputof variousfilters (left)
andthe effect on spike waveforms(right). Notice the differencein scalesbetweenleft
andright: the artifactin the raw datais an order of magnitudelarger thanthe spikes.
Thin curves areraw data;thick curves arefilter output. From top to bottom: SALPA,
subtractiorof low-passButterworth (Bw-L), high-pas$Butterworth (Bw-H), and39 pole
linear phasefilter (LPC). Notice SALPA’s blanking of the output during saturationof
the electronics The Butterworth filters inducesignificantphasedistortionwhile leaving
muchmorelosttime thansaLPA. Eventhelinear phasefilter leavessomeechoof the
artifact. The spike waveformsshavn arefrom the samerecordingasthe artifacts,but at
longerlateng to allow directcomparisorwith non-corrupedraw data.
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Figure 3: Lost time (left, solid; resultsare shavn for 4 dishesseparately)and PNR reduction

(right, dashel) can be tradedoff by varying SALPA’s filter length, measurecherein

milliseconds.(The sampleperiod, 7sample Was40 us.) Artif actsizesanddurationvary

by almostan order of magnitudebetweendishes,depenéhg on electrodeimpedares
(nominally 300kS2). Thisis reflectedin saLPA losttime, shavn herefor four different
dishes.PNRdropsdramaticallywhenthefilter half-width N approatesthe durationof

actionpotentials.The optimal choiceof N mustdepenl on the application,andon the
PNRin theraw recordingsTheresultsin therestof this articlewereobtainedwith filter

half-lengthsof 3 ms. PNR chang is measuredelative to singlepole high-passfiltering

at 150 Hz (seetext). Notethatthe left-handaxis increaseslovnwards, so ‘up’ means
‘better’ for bothaxes.
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Figure 4: Comparisonof variousfilter methods. PNR chang is measuredelative to a single
pole high-pasdilter at 150 Hz (seetext). Notice that the referencel50 Hz filter also
reducel spike amplitudesby a small fraction, so relatve PNR gain resultedin some
cases. RestrictedsALPA is SALPA without the third degreeterm. Lost time doesnot
includethe durationof amplifierand ADC saturation(1.04+ 0.02ms). Chartedvalues
aremeanandstandardieviation of the datacollectedfrom 55 electrodes.
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Figure5: For widely differentartifactwaveforms(shavn in insets),SALPA yieldsusableoutpu as
early as2 mspoststimulus(lessthan1 ms after dep@ging). Faint tracesareraw data
with two differentvertical offsetsaddedto shov details. Bold is SALPA output. Notice
the spikesriding on the slopeof the artifactswhich canrot be detectecby thresholdng

theraw data.
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Figure 6: Evoked activity on two electrodechamelsfrom onedish andthreefrom another Each
pair of rasterplots shavs action potentialsdetectedusing the referencel50 Hz high
passfilter (top) andsaLPA (bottom). Eachrastercontainsresultsfrom 500 consecitive
trials, with eachdot representingone action potential. Stimulationwas on electrodes
200-600 zm away from the recordingsite. Grey barsrepresenthe time andduration
(0.8 ms) of the stimulus. Spikesweredetecteddy thresholdingat five timesRMS noise,
and validatedbasedon their waveform shape. Notice that the lost time was estimated
indepandentlyfor eachindividual trial. This explainsthelimited reliability with which,
e.g.,thespike at 17.5+ 1.5 msin thetop panelis detected.Channelswvere chosento
illustratea variety of shortlateng responseypes.



