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Abstract

Wedescribean algorithm for suppressionof stimulation artif actsin extracellular

micro-electrodearray (MEA) recordings.A model of the artifa ct basedon locally

fitted cubic polynomials is subtracted fr om the raw recording, yielding a flat

baselineamenableto spike detectionby voltage thr esholding. The algorithm,

SAL PA, reducesthe period after stimulation during which action potentialscannot

bedetectedby an order of magnitude,to lessthan 2 ms. Our implementation is fast

enoughto process60-channel data sampledat 25kHz in real-time on an

inexpensive desktopPC. It performs well on a wide rangeof artifa ct shapes

without re-tuning any parameters,becauseit accountsfor amplifier saturation

explicitly and usesa statistic to verify successfulartifa ct suppressionimmediately

after the amplifiers becomeoperational. Wedemonstratethe algorithm’s

effectivenesson recordings fr om densemonolayer cultur esof cortical neurons

obtained fr om rat embryos.SAL PA opensup a previously inaccessiblewindow for

studying transient neural oscillations and preciselytimed dynamicsin

short-latencyresponsesto electric stimulation.

Keywords
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Intr oduction

Micro-electrodearrays (MEAs) (Thomaset al. 1972; Gross1979; Pine 1980) and re-

latedtechnologiessuchastetrodeprobes(Grayetal. 1995), siliconprobes(Bai andWise

2001) and multi-wire probes(Nicolelis et al. 1998) offer greatpromise to recordac-

tion potentials extracellularly from a large numberof cellssimultaneously (Meisteretal.

1994; Potter2001), in cell culture, in slice or in vivo (Braginet al. 2000). In addition,

electricalstimulationthroughsucharrays hasbeenreportedin a widevarietyof prepara-

tions,suchasmurine spinalcord(Grosset al. 1993), rat cortex (Jimboet al. 1999), cat

sciaticnerve(Branner andNormann2000) andrabbit retina(Grumet etal. 2000). Simul-

taneously stimulatingandrecording througha singleMEA is attractive for thestudyof

input-output relationships (Novak andWheeler1988; DeAngelis et al. 1998), but poses

technicaldifficultiesbecausethestimuli employedareoftenfour or five orders of mag-

nitudegreater thanextracellularly recordedactionpotentials(‘spikes’). Thesemaybeas

low as10 � V (shown below), while stimuli aretypically ontheorderof avolt (Pancrazio

et al. 1998; Jimboet al. 1999), causingsubstantialstimulationartifactsthatcorrupt the

dataor saturatetherecording electronics.

Several factorscontribute to theseartifacts(Grumet1999). The stimulusinduces

pickup on other electrode channels by a combination of capacitive crosstalkbetween

leadsandconduction through the tissueor recording medium, saturatingtheamplifica-

tion system.Thenon-linearbehavior of saturatedamplifiers,togetherwith theproperties

of thefilters usedfor noisereduction, make this artifact lastmuchlonger thanthestim-

ulus that causedit, sometimesup to 100ms (Maedaet al. 1995), evenon channelsnot

usedfor stimulation.In somecasesthisproblemcanbereducedby physicallyseparating

therecording site from thestimulationsite(Grumet et al. 2000), or circumventedby us-

ing non-electronicmeansfor stimulationor recording, suchasphoto-uncagedglutamate

(WangandAugustine1995), opticalrecording (Obaidet al. 1996; Maheret al. 1999) or

muscletwitch response(Branner andNormann 2000). In all othercases,careful design

of theelectronics is required to minimizepickup of stimulationartifacts.

Onewould like to stoplargeartifactsfrom enteringtherecording systemin thefirst

place.To doso,JimboandKawana(1992) recordeddifferentiallybetweenpairsof elec-

trodesspacedat 10 � m, while stimulatingbetweena similar, distantpair of electrodes.

Sample-and-hold circuitry hasalsobeenusedto preventamplifiersaturation(Novakand

Wheeler1988; Jimboet al. 1998; Grumet1999), but with mixed results. Jimboet al.

(1999) wereableto record5 msafterstimulation, evenfrom thestimulatedelectrode,but
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the implementationdetailsarenot described. In contrast, Grumet(1999) reported little

or no reduction of artifactswith a sample-and-hold approach. Presentlycommercially

availableelectrophysiology equipmentfor electrodearraysdoesnotemploy thisstrategy.

Whenartifactscannot beentirelypreventedin hardware,various forms of digital fil-

tering canbe usedto reducethem. For example, if artifactsarethe sameacrosstrials,

templatesubtraction can be employed: Jimbo and Kawana(1992) estimatedartifacts

by scalingthe artifact recordedunder sub-thresholdconditions. Unfortunately, dueto

hysteresisat the electrodeinterfaceor in the electronics, artifact shapesoften do vary

betweentrials. Alternatively, Okajimaet al. (1995) manuallysubtracteda linear base-

line from recordingsof muscleactionpotentials, which is too labor intensive for multi-

channel recordings,andcertainlycannot beappliedin realtime asthedatacomein. As

a last resort,blanking (digitally settingthe signalto zero)canbe usedto eradicateany

artifacts(O’Keeffeetal.2001). Any actionpotentialsoccurring within thedurationof the

artifactarelost,soif oneis interestedin theearlypartof stimulusresponse,this is notan

option. Oursolution, whichworks in realtime,is SALPA, analgorithm for Subtraction of

Artif actsby LocalPolynomialApproximation.We show thatits performanceis superior

to somepossiblealternatives:two simplehighpassfilters andonelinearphasefilter (see

e.g.Jackson1996).

Methods

Cell culture and MEA preparation

Denseculturesof dissociatedratcorticalcellsweregrownonMEA dishesandmaintained

for severalmonths. Culturemethods have beendetailedelsewhere(PotterandDeMarse

2001). Very briefly, cortex from E18Wistar ratswasdissectedundersterileconditions

and dissociatedusing papain. MEA dishesfrom MultiChannelSystems(Reutlingen,

Germany, http://www.multichannelsystems.com) with sixty 10 � m diameterelectrodes

arranged in a rectangular arraywith 200 � m interelectrode spacingwere coatedwith

polyethyleneimine (PEI) andlaminin. A 15 � l droplet of neurobasalmediumcontain-

ing 50,000 cellswasappliedto theelectrodearea,andthedishesweresealedwith FEP

Teflon
�
R lids (PotterandDeMarse2001). After 30 minutes,1 ml of medium wasadded,

andthedishesweretransferredto anincubator(35 � C, 5� CO� , 9� O� and65� humid-

ity). After oneday, andthereafterevery four days,themedium wasreplacedentirelyby

the mediumadaptedfrom Jimboet al. (1999). Electricalactivity of thesecultureswas
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recordedthroughtheMEA, amplifiedandsampledat12bitsresolutionat25kHz (Multi-

ChannelSystems).Oneelectrodewasusedfor stimulation,while all theotherswereused

for recording. The datapresentedbelow wereobtained by stimulatingfive-month-old

culturesthrough oneelectrode with singlebiphasic voltagepulsesof ���	�
� mV, lasting

400 � s perphase,positivephasefirst.

Artifact suppression

SALPA worksby locally fitting a function to therecordedtracethathasenough degrees

of freedom to accuratelymodeltheartifact,but notenough to representindividualaction

potentials. By subtractingthis fitted function from therecording, theartifact-freesignal

remains,andactionpotentials canbedetectedby settinga voltagethreshold. We did not

attemptto makeassumptionsaboutregularitiesin artifactshapes,sinceweobserved con-

siderablevariability in artifactshapesbetweenelectrodechannels,andevenonindividual

channelsbetweentrialsof thesamestimulus.

For everytimepoint �
� in therecordingfrom agivenelectrode,athird degreepolyno-

mial is fittedto asegmentof �
����� samplescenteredaround ��� . Thesegmenthalf-length� is tunedfor optimal performance,asdiscussedbelow. Thefitted valueat thecentral

point ��� is subtractedfrom theraw recording at thatpoint to yield a cleanedsignal.The

restof thefitted curve is discarded; to estimatethecleanedsignalat ������� , a new poly-

nomialis fitted to thedatain thesegmentof ������� samplescenteredaround � � ��� .
The fitting processis different for the first � points of the raw data,startingwhen

the stimulus-inducedsaturationof the electronics ends(‘depegging’; saturationof the

electronics is determinedby thedigital signalhaving its minimum or maximum possible

value). A polynomial is fittedto thedatacenteredonthe ��������� -th pointafterdepegging,

andtheartifactupto thecenterof thatwindow is estimatedusingthatsinglethird-degree

polynomial,asillustratedin figure1.

[Figure1 abouthere.]

Theraw electrodesignalis representedasasequenceof sampledvoltages,  "! , where� is theordinal number of thesample.(We sampleat 25 kHz, so theunit of � is 40 � s

in real-time.)We decomposethis raw signalinto anestimatedartifact #$! anda cleaned

signal % ! by assumingthat in thevicinity of somecentralpoint � � , we canapproximate

theartifactby a cubicpolynomial expressedin termsof thedistance�&�(')� � � from the
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centralpoint * :
#,+ !
-/.! 021 + !
-3.4 � 1 + !
-5.6 �&��'7�8�9�8� 1 + !	-/.� �:�;'7�8�<� � � 1 + !	-/.= �:�;'7�8�>� =
?

Thefit parameters1A@ arefoundby minimizing thefunction

B � + !	-/. 0 ! -/CEDF!�GE! -<HID J  K!L'M#N+ !
-3.! O �
with respectto thoseparameters. We thenestimatethe correctedvoltageat the central

point �P� as: %�!	-�QR K!	-"'7#,+ !
-/.!�GE!
-�0  S!
-T' 1 + !	-5.4 ?
Next, we obtaina new fit centeredaround � � ��� to estimate% ! -/C 6 0  ! -5C 6 ' 1 + ! -/C 6 .4 ,

andsoon.

Fitting anew polynomialfor every singledatapoint mightseemto becomputationally

very expensive, but it is not, becausethefit parameterscanbecalculatedrecursively, as

follows. Let usintroducetheshorthandsU @ 0 !
- C8DF!�GE!
- HID �:�;'V� � � @XW for Y 0 � ?Z?[? � W
and \ + !
-5.@ 0 ! -5CEDF!�GE! -9HID �:�;'7�8�>� @  K! W for Y 0 � ?Z?Z?>]_^
andthe (4 ` 4)-matrix a with entries a @9bc0 U @ C b , (for Y W<d 0 � ?Z?Z?>] ). The parameter

valuesthatminimize B � canthenbewrittenas

1 + ! - .@ 0 =F b G 4 a H 6@eb
\ + ! - .b W for Y 0 � ?Z?[?3] W

which canbe computedcheaply oncethe

\ + !
-/.b areknown, sincethe entriesof a H 6
areconstants depending only on � . The complexity is further reducedbecause

U @ is

identicallyzerofor oddvaluesof Y .

A recursionrelationfor

\ + !
-/.@ is obtainedby straightforwardalgebraicmanipulation

of theexpressionsfor

\ + !
- C 6 .@ and

\ + !
-5.@ :\ + !	- C 6 .@ 0 @F b G 4 �5'N���
@ H b Ygfd fh��Yc' d �ef

\ + !
-5.b �i� @  S!
- CED�C 6 'j�5'k�2'l��� @  S!
- HgD ?
It is theexistenceof this closed-form expressionthatmakesthemethod viable for real-

timeoperation.m
The notation n o prqts -5u will be usedthroughout to representthe quantity n o p evaluated for the fit centered

aroundv
w .
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As notedabove, at the beginning of the recording, just after a channel depegs, we

are forced to usea fit basedon a window centered� samplesaheadin time. Sucha

non-centralwindow is likely to give a lessaccuratefit to the artifact, so it is important

to assessthe quality of the fit before trusting it. This assessmentcanbe basedon the

deviation: x + !
-5. 0 + !
- HgD . C +zy H 6 .F!
GE!
- HgD J  ! '7# + !
-/.! O W
wherethewidth of theestimator, { , canbechosento besomefixedfractionof � , e.g.{ 0 �$|X��� . For good fits,

x + !
-5. is normally distributedwith zeromean,andvariance} �~ 0 { H 6 } �� , where } �� is the variance of the recording. We advance� � until

x + !	-5.
attainsanacceptably smallabsolutevalue.

Thefollowing resultswereobtainedwith � 0���� (corresponding to 3 msat25kHz),{ 0�� andby rejectingfits if � x � exceeds threetimesthe RMS noisein the recording.

Spikeswereidentifiedby thresholding at five timesRMS noise,andvalidatedbasedon

a testof their waveform shape:spikeswererejectedif therewereany peaksof either

polarity largerthan90� of themainpeakwithin � 1 ms(P. P. Mitra, personalcommuni-

cation).

Our C++ implementation of SALPA is capableof processing60 channelsof MEA

dataat 25 kHz in real-timeon anAMD Athlon 1.33GHz processor, usingjust 75� of

CPUtime. This allows online spike detectionentirelyin softwareon aninexpensive PC

system.TheC++ sourcecodeis availableupon request.

Analysis

Toassessthequalityof thealgorithm,wecompareditsoutput ontypicalartifact-corrupted

datawith theoutput of threealternative filters: a threepoleButterworth high-passfilter

with 600Hz cutoff (BW-H), subtractionof theoutput of athreepoleButterworthlow-pass

filter with 400Hz cutoff (BW-L), anda 39 polelinearphasefilter designedusingcosine

expansion(LPC) (Jackson1996). Theorderof this filter waschosensuchthatwe could

computeit in real-timeusinga simpleC++ program.

Two performance measureswereused:Lost time, the latency afterdepeggingof the

electronics at which theartifact is successfullysuppressed,andPNR loss, thereduction

of theratio of actionpotential peakamplitudeto noise(PNR)inducedby thefilter. Lost

time wasdetermined by computing 5 ms wide box-car averagesof the signal,andre-

jectingdatauntil thebox-caraverageno longerexceededtheRMS noise.PNRlosswas
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measuredrelative to raw datafiltered through a singlepole high-passfilter at 150 Hz,

whichbefore developingSALPA, we usedroutinely to cleanthedataof DC drift andany

low frequency local field potentialsfor the purposeof spike detectionin recordingsof

spontaneousactivity. In general, artifactsuppressionfilters will reduce theratio of spike

amplitude to RMS noise,becausethereis substantialspectraloverlap betweenartifacts

andspikewaveforms.

Results

Ratcorticalcultureswerestimulatedwith 600mV biphasicpulses.Large dish-widear-

tifactswereobserved in the resultingrecordings. Figure2 shows how SALPA andthe

otherfilters acton thesestimulationartifactsandon actionpotentialwaveforms. Aside

from reducingspikeamplitudes,filtersmaydistortspikewaveforms in moresubtleways,

exemplified by thepositive ‘ghost’ phasesinducedby BW-L andBW-H. Thesemayham-

per subsequentspike sorting, andmay even leadto spuriousdetectionof non-existent

upgoing actionpotentials.Fortunately, SALPA— beinga linearphasefilter (exceptin the

initial � samplesafterdepegging)— is freeof suchphasedistortions.

[Figure2 abouthere.]

All filters usedin this comparisonhave parametersthatcanbetunedto tradeoff lost

time against PNRreduction. For SALPA, this is thesegment half-width � ; for theother

filtersthecut-off frequency playsthisrole.Figure3presentsthetrade-off for SALPA. The

optimalchoice of � dependson thekind of experimentoneis doing. Theperformance

of SALPA at � 0���� (3 ms)is comparedwith theotherfiltersat thefrequenciesspecified

above in figure4.

[Figure3 abouthere.]

[Figure4 abouthere.]

Onefeature of SALPA thatgivesit anedgeover thealternatives,is that it explicitly

recognizessaturationof recordingelectronics,outputting zeros whenever thedigital val-

uesof the recording areat the extreme endsof their range, and that it incorporatesa

statisticto testgoodnessof fit for the earliesttimepoints,asdetailedin Methods. As a

result,SALPA performswell ona widerangeof artifactsizesandshapes(figure5).

[Figure5 abouthere.]
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Theultimatetestfor anartifactsuppressoris whetherit allows reliabledetectionof

spikesatshortlatencies.Figure6 showsdetectablespikesonfiveelectrodesin two MEA

dishescontaining maturerat corticalculturesusingSALPA, or usingonly a 150Hz high-

passfilter. SALPA reveals a structure of oscillationsandvery preciselytimedspikesin

theearlyresponsethatwouldotherwisegoundetected.

[Figure6 abouthere.]

Discussion

We have presentedanalgorithmfor stimulusartifactsuppressionthatcanbeappliedto

sixty channel electroderecordingsin realtimeoninexpensivePChardware. SALPA does

notcausephasedistortionof spikewaveformsunlikesimplehigh-passfilters,andit is less

computationallyintensive thanstraightforwardimplementationof a generic linearphase

filter of equivalent length. Perhapsmoreimportantly, thealgorithmcovers thefirst few

milliseconds of the artifact naturally, because it takesamplifier saturationinto account

explicitly. Otherfilters tendto suffer from ringing asa resultof thesharptransientat the

timeof amplifierdepegging.

With current commercially availablehardware,SALPA is lesswell suitedfor record-

ings from the stimulatedelectrode,becausesaturationon that channel lastsbeyond the

duration of theearlyphaseof theresponse. Improvements in hardware,for example us-

ing sample-and-holdbasedartifact reduction,might bring thestimulatedchannel within

SALPA ’s domain.

SALPA opens up a new window on very short latency multi-neuronal responsesto

electricalstimulation. The early post-stimulusneural dynamicscomprise oscillations

andactionpotentialstimedwith a precision not observedbefore. We arecurrently using

SALPA to investigatethenature of theseresponsecomponentsandtheir role in stimulus-

induced plasticity. The preciselytimed responsescanbe usedto drive ‘behaviors’ in a

neurally-controlledanimat(DeMarseetal. 2001).
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Figure1: Illustrationof thefittingmethodusedby SALPA. Thefirst fit afterdepegging thathasac-
ceptabledeviation(seetext) is usedto model �N�T� samples(bottom-mostcurve). There-
after, eachfittedpolynomial is usedto modelonesampleonly (otherdashedcurves).The
thin solidcurve is theraw recording.For visualclarity, only onein tenfits is shown, and
they have beenvertically displaced.The thick solid curve is the resultingmodelof the
artifact. Circlesmark the centersof eachfit. The dottedvertical lines indicatewhich
partsof thefitted polynomialsareusedfor modelingtheartifact.
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andthe effect on spike waveforms(right). Notice the differencein scalesbetweenleft
and right: the artifact in the raw datais an orderof magnitudelarger than the spikes.
Thin curvesareraw data; thick curvesarefilter output. From top to bottom: SALPA,
subtractionof low-passButterworth(BW-L), high-passButterworth (BW-H), and39pole
linear phasefilter (LPC). Notice SALPA ’s blanking of the output during saturationof
theelectronics.TheButterworth filters inducesignificantphasedistortionwhile leaving
muchmorelost time thanSALPA. Even the linear phasefilter leavessomeechoof the
artifact.Thespike waveformsshown arefrom thesamerecordingastheartifacts,but at
longerlatency to allow directcomparisonwith non-corruptedraw data.
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Figure3: Lost time (left, solid; resultsare shown for 4 dishesseparately)and PNR reduction
(right, dashed) can be tradedoff by varying SALPA’s filter length, measuredhere in
milliseconds.(Thesampleperiod, � sample, was40 � s.) Artif actsizesanddurationvary
by almostan orderof magnitudebetweendishes,depending on electrodeimpedances
(nominally300k � ). This is reflectedin SALPA lost time, shown herefor four different
dishes.PNRdropsdramaticallywhenthefilter half-width � approachesthedurationof
actionpotentials.Theoptimalchoiceof � mustdepend on theapplication,andon the
PNRin theraw recordings.Theresultsin therestof thisarticlewereobtainedwith filter
half-lengthsof 3 ms. PNRchange is measuredrelative to singlepolehigh-passfiltering
at 150 Hz (seetext). Note that the left-handaxis increasesdownwards,so ‘up’ means
‘better’ for bothaxes.
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Figure4: Comparisonof variousfilter methods. PNR change is measuredrelative to a single
pole high-passfilter at 150 Hz (seetext). Notice that the reference150 Hz filter also
reduced spike amplitudesby a small fraction, so relative PNR gain resultedin some
cases.RestrictedSALPA is SALPA without the third degreeterm. Lost time doesnot
includethedurationof amplifierandADC saturation(1.04 � 0.02ms). Chartedvalues
aremeanandstandarddeviation of thedatacollectedfrom 55 electrodes.
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Figure5: For widely differentartifactwaveforms(shown in insets),SALPA yieldsusableoutput as
early as2 ms poststimulus(lessthan1 ms afterdepegging). Faint tracesareraw data
with two differentverticaloffsetsaddedto show details.Bold is SALPA output. Notice
thespikesriding on theslopeof theartifactswhich cannot bedetectedby thresholding
theraw data.
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Figure6: Evoked activity on two electrodechannelsfrom onedishandthreefrom another. Each
pair of rasterplots shows action potentialsdetectedusing the reference150 Hz high
passfilter (top) andSALPA (bottom).Eachrastercontainsresultsfrom 500consecutive
trials, with eachdot representingoneactionpotential. Stimulationwason electrodes
200–600 � m away from the recordingsite. Grey barsrepresentthe time andduration
(0.8ms)of thestimulus.Spikesweredetectedby thresholdingat five timesRMS noise,
andvalidatedbasedon their waveform shape.Notice that the lost time wasestimated
independentlyfor eachindividual trial. This explainsthelimited reliability with which,
e.g.,the spike at 17.5 � 1.5 ms in the top panelis detected.Channelswerechosento
illustrateavarietyof shortlatency responsetypes.


