


Introduction
Thespinalcord isanimportant interfacefor reciprocalbrain±bodycommunicationin sen-
sory,motor,andautonomicdomains[1]. Traditionally,it hasbeenportrayedasarelaystation,
yetrecentstudieschallengethis long-heldview,for example,in thesomatosensorydomain,
whereahighdegreeof neuronalcomplexityandcircuit organizationhasbeendelineatedin
animalmodels,suggestiveof extensiveintegrativeprocessing[2±4].Suchadvancesareimpor-
tant in orderto arriveatamechanisticunderstandingof spinalprocessing,especiallyconsider-
ing thespinalcord'scentralrole in numerousneurologicaldisorders[5±7]aswellasin
treatmentapproachesfor spinalcord injury [8,9] or biomarkerdevelopmentfor analgesic
drugdiscovery[10,11].While thereisacontinuousdevelopmentof sophisticatedspinal
recordingtechnologiesin experimentalanimals[12,13],suchprogressismissingin human
neuroscienceandknowledgeon processingin thehumanspinalcord isconsequentlyverylim-
ited,thuspresentingamissinglink in acomprehensiveunderstandingof brain±bodycommu-
nicationin healthanddisease.

Approachessuchasreflexrecordings[14,15]allowfor usefulassessmentsof theprocesses
occurringwithin thehumanspinalcord,yettheyonly provideanindirect pictureandmore
directassessmentsvianeuroimagingtechniquesarehighlydesirable.Severalfactorsmakethe
spinalcordaverychallengingtargetfor noninvasiveneuroimaging,however:It hasasmall
diameter,is locateddeepin thebodyin closeproximity to inner organssuchastheheartand
lungs,andisprotectedby thevertebralcolumnandmusclelayers.Consequently,thereisa
lackof well-establishedandreadilyavailableapproachesto interrogatehumanspinalcord
function.Forexample,functionalmagneticresonanceimaging(fMRI) of thehumanspinal
cord[16] comeswith major technicalchallenges[17] andis fundamentallylimited by its indi-
rectlink to neuronalactivityvianeurovascularcouplingandensuinglow temporalresolution.
Magnetospinography(MSG)on theotherhandisanoninvasivemethodthatdirectlymeasures
themagneticfieldsgeneratedbyneuronalpopulationsin thespinalcordwith high temporal
precision[18], yetno commerciallyavailablesystemshavebeendeveloped[19]. Both
approachesarethereforeonly pursuedbyasmallnumberof researchgroupsandadditionally
requiremajor investmentsin large-scaleequipment,preventingtheir widespreadusein
humanneuroscience.

Here,weintroduceanovelapproachthatovercomestheseissues.It isbasedon anenhance-
mentof methodologyestablishedseveraldecadesagoduring thedevelopmentof noninvasive
electrospinography(ESG)[20±24].Thesestudiesrecordedsomatosensoryevokedpotentials
(SEPs)from thehumanspinalcordviasurfaceelectrodesplacedon theskinoverthevertebral
columnandreportedSEPswith apostsynapticorigin in thedorsalhorn of thespinalcord
[25±30].While usefulin clinicalsettings[31,32],dueto technicalchallenges,this line of
researchhas,however,largelysubsidedin experimentalneuroscience,with only ahandfulof
studiesrecordingsuchspinalSEPsnoninvasivelyin healthyhumanvolunteersin thelast
decade[33±38].

To improveupontheseapproachesandexpandtheinsightsESGcanoffer,weleveragedthe
developmentsthathaveoccurredin recordingcapabilitiesandprocessingtechniquesfor
neurophysiologicaldata[39±41]:Wedevelopedanoninvasiveapproachthatallowsfor record-
ing spinalsignalswith high temporalprecision(10kHz) aswellasextensivespatialcoverage
(multichannelmontageof 39surfaceelectrodesplacedovertheneckandtrunk in two dense
electrodegrids)andcombinedthiswith concurrentrecordingsof theinput to (peripheral
nerveactionpotentials(NAPs))andoutput from thespinalcord(brainstemandcortical
SEPs).Furthermore,wedevelopeddedicatedartifact-correctiontechniquesto enhancethe
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spinalsignal-to-noiseratio (SNR)andemployedmultivariateanalysisapproachesthatallowed
for increasedrobustnessaswellasextractionof spinalcordresponsesat thesingle-triallevel.

Thisapproachthusprovidesadirectandeasilyaccessibleelectrophysiologicalwindowinto
apreviouslymissinglink of brain±bodycommunicationrelevantfor severaldomainsin
humanneuroscience.Here,wechosethedomainof somatosensationastest-bedand
employedthisapproachin two complementarystudies(Fig1), in bothof whichwerecorded
signalsfrom thecervicalandlumbarspinalcord,in orderto allowfor thegeneralizationof our
findingsacrossupperandlowerlimb representations.Most importantly,thisapproach
allowedusto directlyinvestigatewhetherintegrativeprocessesalreadyoccurat thelevelof the
humanspinalcord,i.e.,at thefirst stationof centralnervoussystemprocessing.In afinal
proof-of-principleexperiment,wefurthermoreassessedthepossibilityof usingthisnoninva-
siveapproachto detectnociceptivespinalcordresponsesin humans.

Results

Delineating somatosensory responses along the neural hierarchy

(Experiment 1)

Asafirst objective,weaimedto replicatepreviouslyreportedsomatosensoryresponsesalong
theneuralhierarchy,with aspecialfocuson thespinalcordandthussimultaneouslyrecorded

Fig 1. Overview of experimental conditions and recording setup. (A) In Experiment1,electricalmixednervestimulation wasappliedto theleft mediannerveat the
wrist (hand-mixed)andto theleft tibial nerveat theankle(foot-mixed).Fourhand-mixedandfour foot-mixed blockswerepresentedin alternatingorder.(B) In
Experiment2,electricalmixednervestimulationwasappliedto thesamelocationasin Experiment1,andelectricalsensorynervestimulationwasappliedto theleft index
andmiddlefinger(hand-sensory)andto thefirst andsecondtoe(foot-sensory). Sensorystimulationblockswereseparatedinto four consecutiveblocksof thesame
stimulation type(eitherhand-sensoryor foot-sensory). (C) Acrossbothexperiments,responseswererecordedat thelevelof theperipheralnerves,thespinalcord,andthe
brain.PeripheralNAPswererecordedfrom theipsilateralaxillaandErb'spoint for mediannervestimulation andfrom theipsilateralpoplitealfossa(clusterof 5
electrodes) andthecaudaequinafor tibial nervestimulation. SpinalcordSEPswererecordedwith amontageof 37dorsalandtwo ventralelectrodes, whichhadacervical
andalumbarfocus:Around ananatomical targetelectrode(placedoverthespinousprocessof eitherthesixthcervicalvertebraor thefirst lumbarvertebra),17electrodes
wereplacedin agrid with distancesoptimized for capturingthespatialdistribution of thespinalsignal.Additionally, thefollowingelectrodeswerecontainedin thespinal
montage:oneovertheinion, oneoverthefirst cervicalvertebra,oneoverthespinousprocessof thefourth lumbarvertebra,andtwo ventralelectrodes(AC located
supraglotticallyandAL locatedsupraumbilically).All electrodesof thespinalmontagewerereferencedto anelectrodeplacedoverthespinousprocessof thesixththoracic
vertebra.CorticalSEPswererecordedwith a64-channelEEGsetupin Experiment1 (39channelsin Experiment2).

https://doi.org/10.1371/journal.pbio.3002828.g001
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peripheralNAPsaswellasSEPsfrom thespinalcord,brainstem,andcortexto upperand
lowerlimb stimulation.In thehand-mixedcondition,weextractedtheperipheralN6 (origin:
mediannerve),theperipheralN9 (origin: brachialplexus),thespinalN13(origin: dorsal
horn), thebrainstemN14(likely origin: cuneatenucleus),andthecorticalN20(origin: pri-
marysomatosensorycortex).In thefoot-mixedcondition,weextractedtheperipheralN8 (ori-
gin: tibial nerve),thespinalN22(origin: dorsalhorn), thebrainstemN30(likely origin: gracile
nucleus),andthecorticalP40(origin: primary somatosensorycortex).

Replicationwassuccessfulatall recordingsites,whereweobservedresponseamplitudes
thatwerehighlysignificantat thegrouplevel(N = 36)andexhibitedconsistentlylargeeffect
sizes(Table1); to furthermoreensuretherobustnessof theseresults,wereplicatedthemin
Experiment2 (S1TextandS1Table).Grand-averagetime-coursesat thegrouplevelare
depictedin Fig2anddelineatethetemporalprogressionof theneurophysiologicalsignal
alongtheprocessinghierarchy,providingarobustandcomprehensiveviewon somatosensory
processingfrom peripheryto cortex.

Characterizing spinal SEPs in detail (Experiment 1)

Next,weaimedto provideaspatial,temporal,andspectralcharacterizationof spinal
responses.First,thegrand-averagetime-courseof thepotentialsobtainedfrom single,anatom-
icallydefinedtargetelectrodesexhibitedatriphasicshapewith aninitial positivedeflection,a
mainnegativedeflection(at13msand24ms,respectively),andaslowlydecayinglatepositive
deflection(redtracein Fig3A and3E).Second,our multichannelsetupallowedfor thefirst
time to estimatethepotentials'spatialtopography(Fig3Band3F),whichshowedaradial
dipoleatpeaklatency,with acenteroverthespinalcord,closeto thespinalsegmentstargeted
by theelectricalstimulationatwrist andankle.Importantly, thetopographiesshowthatN13
andN22responsesareconsistentlylimited to therelevantelectrode-grid(cervicalfor upper
limb andlumbarfor lowerlimb stimulation),with no evidencefor responsesin theirrelevant
electrodegrid, thuspresentingaspatialdouble-dissociation. Third, grand-averagetime-fre-
quencyplotsdelineatedresponseswith afrequencybetweenapproximately50and320Hz at
thecervicallevelandbetweenapproximately50and250Hz at thelumbarlevel(Fig3Cand
3G),demonstratingthefastnatureof thesepotentials.

Consideringrecentfindingson thecomplexityof somatosensoryprocessingin thedorsal
horn [2], wethenwentbeyondtheclassicalspinalSEPsandassessedwhetherwecoulddetect
responsesthatoccurlaterthantheearlyN13or N22components.Usingacluster-basedper-
mutationapproach,wedid indeedfind statisticalevidencefor suchlatecomponents:Weiden-
tified apositivecervicalclusterdirectlyaftertheN13component(17to 35ms,p = 0.001;Fig
3D) andtwo lumbarclustersaftertheN22(positive:28to 35ms,p = 0.002;negative:126to
132ms,p = 0.017;Fig3H); two out of thesethreelatepotentialsdid alsoreplicatein theinde-
pendentsamplefrom Experiment2 (seeS1Text).Takentogether,theseresultsprovideacom-
prehensivecharacterizationof spinalSEPs,including responsesthatoccurbeyondtheinitial
processingsweepin thespinalcord.

Enhancing sensitivity via multivariate spatial filtering (Experiment 1)

A mainaimof our approachwasto enhancethesensitivityfor detectingspinalcordSEPsviaa
multichannelsetupandcorrespondingmultivariatespatialfiltering analyses,whichprovide
two important benefits.First,multivariatespatialfiltering approachesareableto enhancethe
SNR[41], which iscritically important in scenariossuchasthelow SNRspinalrecordingscar-
ried out here.Second,by reweightingthemultichannelsignalon aparticipant-specificbasis,
theyareableto accountfor between-participantdifferencesof anatomyandphysiology.This

PLOS BIOLOGY Non-invasive multi-channel electrophysiology of the human spinal cord

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002828 October 31, 2024 4 / 41

https://doi.org/10.1371/journal.pbio.3002828


point isespeciallyrelevantin thespinalcord,whereour resultsdemonstratethatalreadyat the
groupleveltheanatomicallydefinedtargetchannel(reddot in Fig3Band3F)doesnot neces-
sarilycapturethestrongestdeflectionof thecervicalN13(slightrostralshift) or thelumbar
N22(slightcaudalshift).With individual spatialshiftsbeingevenstronger,this indicatesa
necessityof havingagrid of electrodesandcorrespondinglytailoredanalysesin orderto be
ableto accountfor heterogeneityin sourcelocationandorientation.

Weappliedavariantof canonicalcorrelationanalysis(CCA) to thepreprocesseddataof
thecervicalor lumbarESGgrid, which isamultivariatemethodthat takesinformation from
all sensorsof interestinto account[40±42].Byfinding participant-specificspatialfilters that
maximizethecorrelationbetweentwo multivariatedatasets(here:singleSEPtrialsandthe
trial-averagedSEP),it computesmultiple orthogonalprojections,of whichweselectedthe
strongestonewith atemporalpeakat theexpectedlatencyandacorrespondingspatialpattern
with theexpecteddipoleorientation.Theresultinggroup-levelcervicalN13andlumbarN22
weresimilar in shapeandlatencybut clearlyexceededthenoiselevelcomparedto thesingle-
electrodesignal(blacktracesin Fig3Band3G),alsoresultingin asignificantlyhigherSNR
(morethantwo-fold increasein lumbardata;Table1 andFig4A and4E),with alargemajority
of participantsshowingincreasedSNRafterCCA.Most importantly,theCCA-inducedSNR
enhancementof theevokedresponsesallowedfor theextractionof cervicalandlumbarSEPs
at thesingle-triallevelin all participants:Fig4B±4Dand4F±4Hshowssingle-participantSEPs
at thesingle-triallevel,comparingtheCCAprojecteddata(right subpanels)with single-elec-
trodedata(left subpanels),clearlydemonstratingtheincreasein signal-to-noiselevelin CCA-
cleaneddata.This indicatesthat takingtheinformation from manychannelsinto accountpro-
videsafundamentalsensitivityincreasefor detectingevenveryweakÐi.e.,trial-wiseÐspinal
responses.

Table 1. Group-level statistics.

SEP/NAP # Latency [ms] Amplitude

[μV/a.u.]

SNR t p 95% CI Cohen’s d

Mixed median nerve stimulation (hand-mixed)
N6 32 6.22± 0.09 -3.22± 0.55 14.09± 2.3 -5.89 <0.001 [-4.33;-2.11] -0.98

N9 35 10.56± 0.15 -2.41± 0.21 8.8± 1.41 -11.55 <0.001 [-2.83;-1.99] -1.92

N13(tr) 36 13.25± 0.18 -0.85± 0.05 9.48± 1.16 -15.75 <0.001 [-0.96;-0.74] -2.63

N13(vr) 36 13.61± 0.17 -1.40± 0.08 17.38± 3.4 -17.01 <0.001 [-1.56;-1.23] -2.84

N13(CCA) 36 13.28± 0.17 -0.47± 0.03 21.58± 2.93 -16.93 <0.001 [-0.53;-0.42] -2.82

N14 30 14.30± 0.19 -2.34± 0.14 24.19± 3.04 -16.95 <0.001 [-2.62;-2.06] -3.09

N20(CCA) 36 19.81± 0.20 -1.41± 0.06 23.66± 2.41 -21.85 <0.001 [-1.54;-1.28] -3.64

Mixed tibial nerve stimulation (foot-mixed)
N8 34 9.28± 0.16 -1.58± 0.18 10.23± 1.72 -8.64 <0.001 [-1.95;-1.21] -1.44

N22(tr) 36 23.83± 0.29 -0.80± 0.08 9.79± 1.72 -9.54 <0.001 [-0.97;-0.63] -1.59

N22(vr) 36 23.67± 0.35 -0.61± 0.06 14.14± 2.42 -10.42 <0.001 [-0.72;-0.49] -1.74

N22(CCA) 36 23.75± 0.29 -0.62± 0.06 31.28± 5.96 -10.74 <0.001 [-0.73;-0.50] -1.79

N30 30 32.13± 0.43 -0.53± 0.04 6.57± 1.08 -13.29 <0.001 [-0.61;-0.45] -2.43

P40(CCA) 36 40.86± 0.38 1.42± 0.08 21.22± 2.07 18.17 <0.001 [1.26;1.58] 3.03

Descriptivestatisticsfor SEP-andNAP-amplitudes,latencies,andSNR(meanandstandarderror) andone-samplet testof SEP-andNAP-amplitudesin thehand-

mixedandfoot-mixedconditionsof Experiment1.Notethat thebrainstemanalysis(N14/N30) isbasedon 30participantsonly dueto atechnical problem(seeMethods

section).

CCA,canonical correlationanalysis;NAP,nerveactionpotential;SEP,somatosensoryevokedpotential;SNR,signal-to-noiseratio; tr, thoracicreference; vr, ventral

reference;#,numberof participantswith potentialsvisibleat theindividual level.

https://doi.org/10.1371/journal.pbio.3002828.t001
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Furthermore,in orderto demonstratethatCCAisnot creatingartifactualsignaldueto over-
fitting, wecarriedout acontrol analysis.More specifically,in eachparticipantwe(i) trained
CCAon arandomselectionof 50%of thetrials(underlyingdata:band-passfiltered,anterior-
electrodere-referenced,epoched;time windows:8 to 18msfor medianand14.5to 29.5msfor
tibial nervestimulation);(ii) savedthetime-courseof thefirst component;(iii) repeatedthis
procedureathousandtimes;and(iv) thencalculatedall pair-wiseabsolutecorrelationsbetween
theobtainedcomponenttime-courses(in theCCAtraining time-window).Thisprocedurewas
alsocarriedout on resting-statedata,usingidenticaltrial timings.At thegrouplevel,wethen
comparedthecorrelationstrengthbetweentask-baseddataandresting-statedataviaapairedt
test.Themain ideaof thisprocedurewasto demonstratethatcorrelationsbetweensubsampled
CCAcomponentswouldbesubstantiallystrongerin thepresenceof repeatedevokedresponses
comparedto CCAperformedon thedatafrom theresting-statedatawherewedo not expect
repeatedevokedresponses.Formediannervestimulation,weobtainedagroup-averageabso-
lutecorrelationof 0.98(rangeacrossparticipants:0.76to 1) in thetask-baseddataandagroup-
averageabsolutecorrelationof 0.58(rangeacrossparticipants:0.46to 0.73)in theresting-state
data;for tibial nervestimulation,therespectivevalueswere0.96(range:0.61to 1) for taskand
0.50(range:0.37to 0.68)for rest.Importantly,componentcorrelationsweresignificantlyhigher
in task-baseddatathanin resting-statedata(mediannervestimulation:t = 27.80,
p< 9.5× 10−26; tibial nervestimulation:t = 25.06,p< 3.1× 10−24; one-tailed).

Fig 2. Grand-average NAPs and SEPs along the somatosensory processing hierarchy. Group-level responses(N = 36)in thehand-mixed(A) andthefoot-mixed(B)

conditionsof Experiment1,with shadederror-bandsdepicting thestandarderror.Thebottomtwo tracesdepictperipheralNAPs,themiddletracedepictsspinalcord
SEPs(referencedventrally), andthetop two tracesdepictbrainstemandcorticalSEPs.Thegreydashedlinespoint to theelectrodefrom whichthedatawereobtained,the
isopotentialplotsdisplaythecorticaltopography, andthereddashedline depictsthetemporalprogressionof thesignalalongtheneuralhierarchy.Thedataunderlying
this figurecanbefound in S1Data.

https://doi.org/10.1371/journal.pbio.3002828.g002
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Detecting spinal SEPs to sensory nerve stimulation (Experiment 2)

Electricalmixednervestimulationat thewrist or ankleÐasemployedin Experiment1Ðpro-
ducesthestrongestSEPsin thesomatosensorysystembut isnot anecologicallyvalid typeof
stimulation(e.g.,dueto antidromicconduction).To getonestepclosertowardnaturalstimu-
lation, in Experiment2,weadditionallystimulatedpurelysensorynervefibersof thefingers
andtoes(for details,seeFig1).Usingthismorespecifictypeof stimulation,wedid indeed
observeclearspinalSEPs,thoughnowwith anincreasedlatency(4.3and7.6msdelayfor
upperandlowerlimb stimulation,respectively)andreducedamplitude(approximatelytwo-
thirds for bothupperandlowerlimb stimulation)comparedto mixednervestimulation(Fig5
andS1TextandS2Table).Suchapatternof resultswassimilarlyobservedin peripheralNAPs
andcorticalSEPsfor both fingerandtoestimulation(S1TextandS2Table)andwasalsocon-
firmed statistically(S3Table).Similarto theabove-reportedmixednerveresults,applying
CCAto spinaldataresultedin anenhancementof sensorynerveSNR,allowingusto study
characteristicsof thoseresponsesasdetailedin thefollowingsections.

A first suchexampleconcernedatrial-by-trial investigationof our data(basedon fitting
linear-mixed-effects(LME) models),assessingwhetherchangesin responseamplitudeacross
theprocessinghierarchy(from peripheraloverspinalto corticallevels)wouldbefully
explainedby thestimulationcondition or whetheradditionalpredictivelinks betweenthe
hierarchicallevelswouldbedetectable(S1Text).In brief,weobservedthat theeffectsof differ-
entstimulationtypespropagatedthroughthesomatosensoryprocessinghierarchy,jointly
affectingtheamplitudesof peripheralNAPs,spinalcordresponses,andinitial cortical

Fig 3. Spatiotemporal characterization of cervical and lumbar spinal cord potentials. PanelsA-D depictresponsesin thehand-mixed
conditions,andpanelsE-H depictresponsesin thefoot-mixedcondition.(A) and(E) Grand-averageSEPsacrossthegroupobtained
from ananatomically definedelectrode(hand-mixed:sixthcervicalvertebra;foot-mixed: first lumbarvertebra;redtrace;bothwith
thoracicreferenceoverthespinousprocessof thesixththoracicvertebra(TH6)) or afterCCA(blacktrace),with bothsignalsz-scoredfor
comparison. Notetheclearamplitudeenhancementof theN13andN22afterCCA.(B) and(F) Grand-averageisopotentialplots(overall
spinalchannels)in thehand-mixedconditionat thepeakof theN13(B), andin thefoot-mixed conditionat thepeakof theN22(F). (C)

and(G) Grand-averageevokedtime-frequencyplotsin thehand-mixedconditionandthefoot-mixed condition.(D) and(H) Results
from cluster-basedpermutationtestingfor investigatinglatepotentials.Depictedis thegrand-averagetraceoverall participantsin the
stimulationcondition (hand-mixed/foot-mixed; redtrace)andin simulated epochsfrom restdata(blacktrace),averagedoverall channels
thatarepartof theidentifiedcluster(displayed asreddotson thetop left).Thegrayareasdepictthetime-windowswith significant
differencesandthegrayarrowindicatesanadditional significantÐbut not replicableÐpotential(seealsoS1Fig).Thedataunderlying this
figurecanbefound in S2Data.

https://doi.org/10.1371/journal.pbio.3002828.g003
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Fig 4. Comparing single-channel SEPs with CCA SEPs. PanelsA-D depictresponsesin thehand-mixedconditions,andpanelsE-H depictresponsesin the
foot-mixed condition.(A) and(E) SNRfor responsesobtainedfrom singlechannels(sixthcervicalvertebra[upper] andfirst lumbarvertebra[lower]) andvia
CCA;notethat thecoloredlinesreflecttheSNRof thoseparticipantsthataredisplayedin theremainingpanels.Panels(B-D) and(F-H) depict1,000single
trialsof evokedresponses(verticalaxis)from threerepresentativeparticipantswith responsesobtainedfrom ananatomicallydefinedelectrodeshownin the
left subpanelandthosefrom CCAshownin theright subpanel;theredarrowindicatestheexpectedSEPlatency(hand-mixed:N13;foot-mixed: N22).Notethe
clearincreasein thepotentials' single-trialvisibility andconsistencyafterCCA.Thedataunderlyingthis figurecanbefound in S3Data.CCA,canonical
correlation analysis;SEP,somatosensoryevokedpotential;SNR,signal-to-noiseratio.

https://doi.org/10.1371/journal.pbio.3002828.g004

Fig 5. Spinal SEP to mixed and sensory nerve stimulation. Depictedis thegrand-averageoverall participantsof
Experiment2 in (A) thecervicalspinalcordto hand-mixedor fingers1&2stimulation and(B) thelumbarspinalcordto foot-
mixedor toes1&2stimulation.All traceswereobtainedafterCCAandtheshadederror-bandsreflectthestandarderror (the
increasederror-bandaround0msin thelumbardatareflectsremainingstimulusartifactsdueto imperfect interpolation).
Thedataunderlying this figurecanbefound in S4Data.

https://doi.org/10.1371/journal.pbio.3002828.g005
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potentials.Interestingly,however,in thefoot stimulationcondition,additionalcondition-
independenteffectsof spinalamplitudeson corticalamplitudeswereobserved,providing first
evidencefor atrial-by-trial spinocorticallink.

Probing integrative processing along the somatosensory hierarchy

(Experiment 2)

Finally,weaimedto studyawell-knownphenomenonof integrationin sensoryprocessing,
namely,attenuationor gatingeffects,whichare,for example,observedwhenstimulatingtwo
adjacentfingers:A neuronalresponsefollowingsimultaneousstimulationof both fingersis
attenuatedcomparedto thesumof neuronalresponsesto singlefingerstimulation.Thiseffect
of integrativeprocessingiswellstudiedat thecorticallevelandhasbeenhypothesizedto occur
subcortically[43±45],yetunequivocalevidencefor suchintegrationoccurringalreadyat the
spinalleveliscurrentlylacking.Therefore,weinvestigatedattenuationeffectsalongthepro-
cessinghierarchy(i.e.,atperipheral,spinal,andcorticallevels)andexpected(i) thatperipheral
NAPswouldnot showattenuationeffects(consideringthat thereareno synapticrelaysyet);
(ii) thatcorticalSEPswouldshowsucheffects(replicatingpreviousobservations);and,most
importantly,(iii) that theenhancedsensitivityofferedbyour multichannelspatialfiltering
approachwouldallowfor uncoveringsucheffectsalreadyat thespinallevel.

WethereforeobtainedCCA-extractedamplitudesof corticalandspinalSEPsaswellas
peripheralNAPsto single-digitandsimultaneousdigit stimulation.CCAtraining andcompo-
nentselectionwasbasedon mixednervedata(whichhaveahigherSNRthansensorynerve
data),andthechosenspatialfilter wasthenappliedto all sensorynerveconditions,ensuring
independenceof selectionandtesting.Usingtheseunbiasedamplitudes,weassessedtheatten-
uationeffectvia interactionratios(IRs):TheIR isameasurethatquantifiestheamplitude
reductionof thesimultaneousdigit stimulationcomparedto thearithmeticsumof thesingle-
digit stimulationsfor eachparticipant.Consistentacrossbothupperandlowerlimb condi-
tions,weobtainedclearevidencefor attenuationeffectsnot only at thecortical(N20andP40)
but alsoat thespinallevel(N13andN22);importantly,sucheffectswerenot evidentat the
peripherallevel(N6 andN8;Table2andFig6).While corticaleffectsizesof attenuationeffects
werestrongest,spinaleffectsizeswerealreadysubstantial,i.e.,in themediumto largerange
(Cohen'sd of 0.5for lowerlimb and1.1for upperlimb). Takentogether,our resultsindicate
that robustattenuationeffectsin somatosensationarenot anexclusivelycorticalphenomenon
but alreadyoccurat thelevelof thespinalcord,i.e.,afterthefirst synapticrelay.

Table 2. Group-level IR results.

SEP/NAP IR tstat p 95% CI Cohen’s d

Hand sensory
N6 -1.83% -0.60 0.56 [-8.17%;4.50%] 0.13

N13 20.25% 5.16 <0.001 [12.06%;28.43%] 1.13

N20 22.21% 9.03 <0.001 [17.12%;27.30%] 1.84

Foot sensory
N8 6.99% 0.84 0.43 [-11.28%;25.27%] 0.19

N22 10.25% 2.51 0.02 [1.76%;18.75%] 0.54

P40 26.07% 6.56 <0.001 [17.83%;34.32%] 1.37

TestedweretheIRsof SEPsandperipheral NAPswith aone-samplet test.

IR, interactionratio;NAP,nerveactionpotential; SEP,somatosensoryevokedpotential.

https://doi.org/10.1371/journal.pbio.3002828.t002
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Providing a resource for future experiments (Experiments 1 and 2)

Lookingahead,wealsoaimedto providearesourcefor theplanningof futureexperimentsby
establishingtherobustnessof theobtainedspinalresponses.Towardthisend,weinvestigated
howmanytrialsareneededto obtainpeakamplitudessignificantlydifferentfrom zeroat the
single-participantlevel(Fig7A±7H;left panels)anddeterminedthejoint minimal numberof
trialsandparticipantsneededfor asignificanteffectat thegrouplevel(Fig7A±7H;right pan-
els)usingresamplingapproaches.

Themostimmediatelyapparenteffectis thatno matterwhichoutcomeisconsidered,there
isaclearorder in thelevelof robustnessacrossthedifferentstimulationconditions,with
mixednervestimulationgivingmorerobustresultsthansensorynervedouble-stimulation,

Fig 6. Attenuation effects along the processing hierarchy. Potentialsfollowingfingerstimulation (A) andtoestimulation(B) from
top to bottom:cortical (N20/P40), spinal(N13/N22),andperipheral(N6/N8) responses.Thetracesin themiddlecolumnsdisplaythe
grand-averageresponseoverparticipantsto single-digitstimulation(greenandbluetraces)anddouble-digit stimulation (redtrace),
with theerror-banddisplayingthestandarderror.Thebarplotsin theoutercolumnsdisplaythegroup-averageof summedpotential
amplitudesto single-digit stimulation (greenandbluebars)anddouble-digit stimulation (redbar),with greylinesdepictingsingle-
participant data.Notethat (i) slightlydifferentnumbersof participantsenteredanalysesat thedifferent levels(only thosewith
identifiableandunbiasedpotentials);(ii) thelatency-terminologyusedhereisbasedon mixednervelatencies(sensorynerve
potentialsoccurlater);and(iii) thescalingof theverticalaxesisdifferentbetweenbar-plotsandtraces(asbarplotsdepictmagnitude
dataandarebasedon extractedpotentialamplitudesat individuallyoptimized latencies).Thedataunderlying this figurecanbefound
in S5Data.

https://doi.org/10.1371/journal.pbio.3002828.g006
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which,in turn, leadsto morerobustpotentialsthansensorynervesingle-stimulation.Thus,
whereasin themixednervecondition with onetargetchannel,oneisalmostguaranteedto
obtainasignificantgroup-leveleffectwith, e.g.,approximately10participantsandapproxi-
mately200trials(Fig7A and7B),manymoretrialsand/orparticipantswouldberequiredin
thelatterconditionsto obtainasignificanteffect(Fig7C±7H).Despitethisoverarchingtrend,
thereis,however,alsoclearinterindividual variability in responses(cf.participant#1andpar-
ticipant#13in thehand-mixedcondition,whereapproximately100versus1,000trialswere
necessaryto obtainasignificantresultin amajority of repetitions).

Anothereffectthat isclearlyvisibleis thebeneficialeffectof theCCAapproachon the
robustnessof spinalSEPs:In contrastto employingananatomicallydefinedtargetchannel,
employingCCArequiredsmallernumbersof trialsto obtainsignificantresultsfor eachpartic-
ipant in aconsistentmanner(but notethatCCAwastrainedon theentiremixed-nervedata).
While this isalreadyvisibleat theindividual-participantandgrouplevelin themixednerve
conditions(Fig7A and7B),it becomesevenmoreapparentin themoreSNR-limitedsensory
nerveconditions(Fig7C±7H).Forexample,for single-digitstimulationof theindexfinger

Fig 7. Robustness of spinal cord SEPs. Heatmapsdisplaytheproportion of significant repetitionsfor eachparticipantasafunction of trial number,andline plotsdisplay
theproportion of significantrepetitionsasajoint function of trial numberandsamplesize;datafor theanatomically definedtargetchannelarein thetop row andfor
CCAin thebottomrow of eachpanel(insetsfor mixednervestimulation usealogarithmic scaleto providemoredetails).Thedifferentconditionsaredisplayedin the
followingpanels:hand-mixed(A) andfoot-mixed(B) (Experiment 1,N = 36);hand-sensory(Experiment 2,N = 24)with simultaneousfingerstimulation(C), andwith
singlefingerstimulations(E and G); foot-sensory (Experiment 2,N = 24)with simultaneoustoestimulation (D), andwith singletoestimulations(F andH); for visual
clarity,no morethan1,000trialsaredisplayed.

https://doi.org/10.1371/journal.pbio.3002828.g007
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andananatomicallydefinedtargetchannel(Fig7E),theuseof 24participantsand1,000trials
wasnecessaryto obtainasignificantgroup-averagedresultwith aprobabilityof 0.8.In con-
trast,with theuseof CCA(trainedon 2,000trialsof mixed-nervedata),eitherthesamenum-
berof participantswith only approximately200trialsor 15participantswith approximately
500trialswerealreadyenoughto achievesimilar results.Theseresultsthusallowresearchers
to makeaninformeddecisionon howto setup futureexperimentsin termsof within- and
across-participantfactors.

Recording of nociceptive spinal cord responses (Experiment 3)

In afinal proof-of-principleexperiment(N = 7),weaimedto provideanexampleof theusabil-
ity of thisapproachbyrecordingspinalcordÐand simultaneouslyalsocorticalÐresponsesto
nociceptiveheat-painstimulation(inducedviaaCO2-laser).At thegrouplevel,weobserved
thecanonicallaser-evokedpotentials(LEPs),i.e.,thecorticalN1 andN2P2components,with
theexpectedlatency(Fig8A).Most importantly,wealsoobservedadistinctLEPat thespinal
level,consistingof anegativedeflectionat52ms(Fig8B).Thisresponsecouldonly be
obtainedbymakinguseof our multichannelsetupandspatialfiltering approach,sinceit could
not bedetectedin singleelectrodesignals.Notably,thisgroup-levelresponsewasconsistent
acrossdatasplits(four-fold split depictedin Fig8C)andobservedÐwithslightlatencyjitterÐ
in everysingleparticipant(Fig8D).

Discussion
Here,wereport thedevelopmentof amultichannelelectrophysiologyapproachto noninva-
sivelyrecordspinalcordresponseswith highprecisionandsensitivity,incorporatingthese
responseswithin acomprehensivepictureof processingalongthesomatosensoryhierarchy
(from peripheralnervesto somatosensorycortex).Acrosstwo separateexperiments,wepro-
videgeneralizableresultsbyassessingspatiotemporalresponsepropertiesin both thecervical
andlumbarspinalcord,i.e.,thetargetsof upperandlowerlimb projections.A centralaspect
of our approachconcernsareliableextractionandidentificationof spinalresponsesin amulti-
variateway,i.e.,reweightingthemultichannelsignalon aparticipant-by-participant basis
usingCCA,whichenablessingle-trialestimationof spinalcordSEPs.In orderto allow
researchersfrom variousfieldsto seamlesslybuild uponour results,wemakeall dataaswellas
analysiscodeopenlyavailableandalsocarryout replicationandrobustnessanalyses,hoping
to provideastatusquoof whatiscurrentlyfeasiblewith multichannelESG.

Detailed characterization of spinal cord potentials

SpinalcordSEPshavebeenstudiedintensivelyin thelastcentury,startingwith their discovery
in humansin aninvasivestudy[46] andfollowedbynoninvasiverecordings[20±24].Here,we
employedanovelmultichannelapproach(including specificallydesignedmultichannel
arrays)to expanduponfindingsfrom this largebodyof literature,whichencompassesmore
than150publicationsin healthyhumans,but whereresearchhadlargelysubsided.

First,weusedawhole-bodyelectrophysiologyapproachandsimultaneouslyrecorded
peripheral,spinal,brainstem,andcorticalresponsesto electricalstimulationof amixednerve
in theupperandlowerlimbs.Thiscomprehensiverecordingsetupallowedusto embedspinal
responseswithin thetemporalprogressionof theneurophysiologicalsignalalongtheentire
somatosensoryprocessinghierarchy.Second,wecomparedspinalSEPsfollowingsensory
nervestimulationto thosefollowingmixednervestimulationandobservedreducedpeak
amplitudesandincreasedlatencies,likely dueto thelowernumberof activatedfibersandthe
additionaltraveling-distanceof nerveimpulses,respectively[47,48].Reassuringly,evenwith
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single-digitstimulation(whereonly approximately2,000to 5,000nervefiberscanbeexpected
to beactivated[49]), weobservedmostlylargeeffectsizes,hinting at thepotentialof our ESG
approachto alsorecordresponsesto ecologicallymorevalidstimulationsuchastouch,which
wouldbeexpectedto haveanevenlowerSNR.Third, wemadeuseof our multichannelsetup

Fig 8. Cortical and spinal LEPs. (A) Grand-average(N = 7) corticalLEPs,obtainedfrom singleelectrodesandconsisting of N1 (latency:214ms;datareferencedto Cz)in
thetop row andN2P2(latency:256msand356ms;datareferencedto average)in thebottomrow; line colorscorrespondto theelectrodesdepictedschematicallythetop
left of eachpanel,with thick linescorresponding to electrodesof interest(N1:T8,N2P2:Cz).(B) Grand-averagespinalLEP,obtainedfrom CCAandshowingthemost
prominentdeflectionat52ms.Thethick line correspondsto thegroup-averageof thefirst CCAcomponentandtheshadedbandto thestandarderror of themeanacross
participants(amplitudesarein arbitraryunits).Theelectrodepatchof Experiment3 isshownasaninset.(C) A four-fold split of trials(afterhavingappliedthespatial
filter) showsaconsistentresponsein eachsplit at thepreviouslyshownlatency(amplitudesarein arbitraryunitsandline colorsreflectdifferentsplits).(D) Single-
participant(participantsorderedfrom top (1) to bottom(7)) time-coursesof thefirst CCAcomponent, with thetime-courseof participanttwo havingbeenmultipliedby
−1 (dueto thepolarity insensitivityof CCA);amplitudesarein arbitraryunits.Theredline indicatesthetime-point of maximaldeflectionobservedin thegroup-levelplot.
Thedataunderlyingthis figurecanbefound in S6Data.

https://doi.org/10.1371/journal.pbio.3002828.g008
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to investigatethespatialdistribution of cervicalandlumbarSEPs:Bothpresentedasradial
dipoles,slightlyabovethespinousprocessof vertebraC6for theN13andslightlybelowthe
spinousprocessof vertebraL1 for theN22andwith asagittalcenteroverthecord,speaking
againstamyogenicorigin (whichwouldbeexpectedto resultin amorelateralizeddistribu-
tion) [50]. Importantly,our resultsshowahighdegreeof anatomicalplausibilitynot only by
beingcenteredcloseto thespinalsegmentof interestbut alsobyshowingaspatialdouble-dis-
sociation:Theupperlimb N13isclearlylocalizedin cervicalbut not lumbarareas,andthe
lowerlimb N22isclearlylocalizedin lumbarbut not cervicalareas.To our knowledge,sucha
spatialcharacterizationof spinalSEPsisunique,asevenmodernMSG-studiesarelimited to
muchsmallerspatialwindows[51,52](for ESG,see[27]) andwould thusnot allowfor such
insights.Obviously,our datado not allowpinpointing theorigin of thesepotentialswithin the
spinalcordgraymatter,but their postsynapticnaturehasbeenestablished[32,53]andanimal
work suggeststhat theyaregeneratedbydeepdorsalhorn interneurons[54±56],likely aspart
of thepostsynapticdorsalcolumn(PSDC)pathway,whichisaprominentsourceof input to
thedorsalcolumnnuclei[57±59].

Finally,basedon therecentevidencefor extensiveprocessingof afferentsignalswithin the
dorsalhorn [2,3],weinvestigatedtheexistenceof latespinalpotentialsandindeedobserved
suchSEPcomponentsfollowingthecervicalN13(17to 35ms)andthelumbarN22(28to 35
ms).Similarlatespinalpotentialshadbeendescriptivelymentionedaspartof atriphasicwave
in someof theearliestinvasiveandnoninvasivespinalrecordings[20,21,60,61],but herewe
providefirm statisticalevidencefor their existenceat thegrouplevelfor thefirst time.With
respectto theorigin of theselatepotentials,amyogenicsourcehasbeenruledout [61] anda
contribution from latetop-downbrainstempotentials[44] isunlikelygiventheir lumbarpres-
ence,ratherpointing towardalocalspinalorigin, with apossibleneurophysiologicalmecha-
nismbeingprimary afferentdepolarization[56]. Wefurther obtainedtentativeevidencefor an
ultralatenegativelumbarpotentialfollowing lowerlimb stimulationafter>100ms.To our
knowledge,no spinalSEPshavehithertobeenreportedatsuchlatencies,althoughthereare
hints from earlyneuromagneticneckrecordings[62] andrecentspinalrecordingsbasedon
opticallypumpedmagnetometers[63] havealsoshownlatespinalevokedfields.Taken
together,thegeneralpossibilityto detectlatepotentialsopensthedoor for investigatinglocal
spinalprocessinggoingbeyondasimplerelayof information [2] aswellassupraspinalmodu-
latory influenceson processingin thedorsalhorn [64], andherethemillisecondresolutionof
our approachwill beideallysuitedto disentangletop-downfrom bottom-upeffects.

Enhanced SNR and single-trial responses via multivariate spatial filtering

Traditionally,theanalysisof SEPsfrom ESG dataisbasedon acquiringalargenumberof tri-
als,with moststudiesusingsingleor veryfewspinalelectrodes(thoughthereareafewexcep-
tions[21,28,65])andthenanalyzingsingle-channel data.Conversely,methodologicaladvances
in EEG dataacquisitionandanalysisnowallowfor abetterseparationof signalfrom noiseand
usehigh-densitymultichannelmontagesfor constructionof spatialmaps,in whichthedataof
thewholesetof electroencephalography(EEG)electrodesaretreatedasamultivariatesignal
[66±69].

Our high-densityESG-montagethusenabledtheapplicationof methodsthatcombinethe
information from manychannelsviaspatialfilters.Specifically,weusedaCCA-based
approachÐthathaspreviouslybeenappliedfor extractionof earlycorticalSEPs[40±42,70,71]
Ðand showthatspinalSEPextractionismarkedlyimprovedwith suchamultichannelspatial
filtering approach.Webelievethisapproachisespeciallybeneficialfor spinaldatafor two rea-
sons.First,theESGsignalisparticularlyaffectedbyphysiologicalnoisefrom cardiacand
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myogenicsources[21], leadingto alow SNRwith single-trialamplitudesusuallyhiddenin
backgroundnoise.Second,despitesubstantialinterindividualdifferencesin thelocationof spi-
nalsegmentsrelativeto vertebrae[72,73],thelatterareusedasanatomicallandmarksfor elec-
trodeplacement.A spatialfilter thatcompensatesfor suchinterindividual differenceswill be
beneficialfor group-levelanalyses,but alsofor recoveringsignalsin individual participants,
whereanelectrodeplacedon aspecificanatomicallandmarkmight not capturethespatial
peakof theresponse.Finally,becauseof volumeconduction,potentialsfrom theactivationof
spinalsourceswill bereflectedin manyelectrodes,and,thus,asimultaneoususeof thesignals
from manyelectrodesmayalsopotentiallyallowextractionof multiple sourceswhenusing
multivariatemethods.

Byimproving theSNRof ESGdata,our spatialfiltering approachallowsnot only for
extractingmorerobustspinalSEPsbut alsofor studyingthevariability in spinalSEPampli-
tudesat thesingle-triallevel.While therearemanybenefitsto thisapproach(seebelow),here
weemployedit to assesshowtrial-by-trial responseamplitudescofluctuateacrossdifferent
processinglevels.Weobservedthat theeffectsof differentstimulationconditions(i.e.,single-
digit, double-digit,andmixednerve)correspondedto sharedvarianceacrossthesomatosen-
soryprocessinghierarchy,encompassingperipheralNAPs,spinalSEPs,andearlycortical
SEPs.Thiscovariancepresumablyreflectedthenumberof stimulatednervefibers(whichvar-
iedbetweenstimulationconditions)aswellastheinternalstateof theactivatedneuronalpop-
ulations.Yet,additionalcondition-independentvariationsmight beworth further
investigation:During foot stimulation,spinalresponsespredictedcorticalresponses,providing
aneurophysiologicalspinocorticallink on thesingle-triallevel.

Integration effects are present already at the spinal level

Most importantly,weassessedafundamentalquestionof sensoryprocessing,namely,at
whichlevelsof theprocessinghierarchyinformation from thereceptorsis integrated,by test-
ing for integrativeprocessesatperipheral,spinal,andcorticallevels.In orderto do soin a
robustmanner,weusedCCAto extractSEPamplitudesto single-digitanddouble-digitstimu-
lation andquantifiedtheattenuationeffectÐareducedresponseto double-digitstimulation
comparedto thesummed-upresponsesto single-digitstimulationÐasameasureof integra-
tion. Integrationeffectswerenot evidentin theperipheralnervoussystem,whereresponse
amplitudesfaithfully reflectedtheappliedstimulation.Conversely,significantintegration
effectswith mediumto largeeffectsizeswereevidentconsistentlyafterthefirst synapticrelay,
i.e.,not only in cortexbut alreadyin thespinalcord,thefirst processingstationin thecentral
nervoussystem.Thecorticalfindingsarein line with severalpreviousstudies[43,45,74],but
therobustspinalresultsÐwhichwereobservedfor bothupperandlowerlimb stimulationÐ
gofar beyondthepreviousliterature,whereonly anecdotalevidenceof sucheffectsexistedat
thecervicallevel[75,76].While thesimultaneousrecordingandassessmentof integration
effectsatperipheral,spinal,andcorticallevelsisafirst, to our knowledge,theobservedpro-
gressionof increasinglystrongerintegrationeffectsalongtheneuralhierarchyhasbeensug-
gestedto beaconsequenceof increasingreceptivefield size[44].

Two mechanismshavebeendiscussedto underlieintegrationeffects:occlusionandlateral
inhibition [74,76,77].Eithermechanismcouldbeatwork in thespinalcord,consideringthe
integrativenatureof manydeepdorsalhorn interneurons[2,3] aswellasthereceptive-field
organizationof widedynamicrangeneurons[78], bothof whichhavebeensuggestedto con-
tribute to theobservedspinalSEPs[35,36,54,55].Futurework usingexperimentaldesignstai-
loredto dissociatethesetwo mechanisms[74] might helpto shedmorelight on theunderlying
processesat thespinallevel.
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Assessment of nociceptive spinal cord responses

In afinal experiment,wedemonstratedtheversatilityof our noninvasiveapproachbyprovid-
ing corticospinalelectrophysiologicalrecordingsof responsesto nociceptivestimulationin a
heat-painparadigm.While thereisamultitudeof EEGstudiesassessingcorticalresponsesto
variousformsof nociceptivestimuli (e.g.,LEPs[79]; contactheat-evokedpotentials(CHEPs
[80]); pinprick-evokedpotentials(PEPs[81])), anoninvasiveassessmentof spinalresponsesto
anytypeof nociceptivestimulationhashithertonot beenreportedto our knowledge.In afirst
proof-of-principleexperiment,wethereforeleveragedthesensitivityincreaseaffordedbyour
multichannelsetupto demonstrateconcurrentlyrecordedcorticalandspinalLEPs.Thespinal
responseoccurredatatime point consistentwith theactivationof nociceptiveA-deltafibers
(i.e.,in anearlylatency-rangeof whatwouldbeexpectedbasedon microneurographicsingle-
fiber recordings[82]) andwasobservableto varyingdegreesin everysingleparticipantafter
spatialfiltering.

While this first demonstrationof noninvasivelyrecordedspinalLEPsobviouslyawaitsrep-
lication (andmight benefitfrom moresophisticatedtime-windowselectionfor CCAtraining,
possiblyinformedbyrecentcomputationalheat-transfermodels[83]), it isapromisingstepto
investigateentireCNSmechanismsunderlyingtheexperienceof pain in healthanddisease.A
noninvasiveanddirectwindowinto spinalnociceptiveprocessingishighly relevantfor pain
research,consideringthat thespinalcord isnot only thefirst CNSprocessingstationfor noci-
ceptivestimuli [84] but alsoatargetof powerfuldescendingcontrol mechanisms[85] anda
structureoftenimplicatedin painchronification[86].

Insights for future electrospinography experiments

Oneoutstandingquestionishowtheadvancesintroducedbyour approachmight benefit
otherfieldsof humanneuroscience,i.e.,inspirenewwork on spinalcord function outsidethe
domainof somatosensation.An immediateexperimentalimplicationarisesfrom thehere-
developeddenoisingapproach:While it wasrecognizedearlyon thatcardiacartifactsdomi-
natetheESGsignal[21] andthatmassivetrial-averagingor cardiac-gatingwasthusnecessary,
weinsteadachievedadirectremovalof thecardiacartifactviaadenoisingalgorithm[87],
eliminatingthesepreviouslimitations.Thisallows,for example,to deliverstimuli spaced
acrossthecardiaccycle,andwearethusenvisioningtheuseof our approachfor investigating
interoceptiveprocesses,wherespinalpathwaysareof importancefor brain±bodycommunica-
tion but not yetstudied[88,89].In addition,thesensitivityincreaseaffordedbyour multichan-
nelapproachin combinationwith spatialfilters isof benefitfor domainswheremassivetrial-
averagingis impossible(e.g.,in painresearchdueto ethicalandsafetyreasons)or for experi-
mentalparadigmswhereonly afewor evensingletrialsareof interest(e.g.,in deviance-detec-
tion designs).

Our approachcouldalsoprovideclinical insights,consideringthatspinalpathologiesarea
corepartof manyneurologicaldisorders,suchasmultiple sclerosis[6], spinalcord injury [5],
or chronicneuropathicpain [7]. Relatingto this,greatstrideshaverecentlybeenmadein the
recoveryof function afterspinalcord injury andstrokeviaspinalneurostimulation
[8,9,90,91].Here,anoninvasiveandtemporallyresolvedwindowon suchprocessesÐaspro-
videdby theCCA-enabledsingle-trialsensitivityÐmightoffermechanisticinsightsinto pro-
cessesunderlyingsuchrecovery,especiallyconsideringtheroleof afferentinput in the
treatmentof thesemaladies,assuccessfullycharacterizedbyour approach.Similarly,thereare
multiple initiativesaimedatdevelopingbiomarkersfor analgesicdrugdevelopmentto target
chronicpain[10,11,92,93]andconsideringthatalterationsin spinalprocessingareassumedto
beacorefeatureof chronicpaindevelopmentandmaintenance[94±96],sensitivespinal
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recordingswouldbeveryhelpful.In suchendeavors,spinalSEPscouldpotentiallyserveas
objective,noninvasive,andinnocuousbiomarkers[35,36].

In anycase,consideringthatunderpoweredstudiesareatroubling issuein neuroscience
[97], bothexperimentalandclinicalstudiesthatcouldarisefrom thiswork wouldneedto be
wellpowered.In orderto facilitatetheplanningof suchstudies,weprovidegroup-leveleffect
sizes,whichÐreassuringlyÐwere similaracrossbothexperimentsandmostlyin thelarge
range.In addition,weusedresamplingapproacheson bothdatasetsto (i) estimatethemini-
malnumberof stimuli to obtainasignificantresultat theparticipantleveland(ii) jointly esti-
matetheminimal numberof stimuli andparticipantsto obtainasignificantresultat thegroup
level.Simulatingexperimentsthiswayallowsfor givingspecificrecommendations,suchas
that for mixednervestimulationacquiringapproximately200trials in approximately10par-
ticipantswith single-channelrecordingsalmostguaranteesasignificantgroup-leveleffect.

Finally,wehopethatour noninvasiveapproachin humanswill provideamacroscalecom-
plementto researchin animalmodels,whereinvasiverecordingtechniquesÐsuchasmulti-
electroderecordings[98] or calciumimaging[99]Ðallow detailedandmechanisticinsights
into spinalprocessesoccurringat themicro- andmesoscale.It is important to notethatour
approachof not only recordingcervicalbut alsolumbarspinalcordresponsescouldprovidea
uniqueacross-speciesbridge,consideringthat thevastmajority of spinalrecordingsin experi-
mentalanimalmodelsarecarriedout in thelumbarcord.

Limitations and comparison with other CNS-neuroimaging approaches

Thereareseverallimitationsof our approachthatareworth discussing.First,thesupineposi-
tioning of participantsmight haveledto ahighernoiselevelin theESGdatadueto electrode
movements.While thereareseveralalternativepositions,wedecidedto recorddatain supine
positionbasedon extensivepiloting, in whichthispositionwasreportedto offer themost
comfortoverthecourseof theexperimentwithout degradingdataquality(e.g.,dueto tonic
muscleactivity).Second,wehadhopedto reliablyrecordbrainstemSEPsarisingfrom the
cuneatenucleus(N14[100])andgracilenucleus(N30[101]),asthesearedirect recipientsof
output from thespinalcordviathePSDCpathways[58]. Despiteusingoptimalsignalextrac-
tion leads,observingbrainstempotentialswasnot possiblein all conditions,mainlydueto the
limited SNRto digit stimulation.Third, it is important to point out that thisstudyintroduced
anovelmethodologicalapproachandwasthusfocusedon thedetectionof spinalresponsesto
carefullycontrolledstimulationthatgivesriseto astronglysynchronizedhigh-amplitudesig-
nal.Onemight thereforeaskwhetherthismethodwill performwellundermorenaturalistic
conditions,suchasmechanicalor thermalstimulation.Webelievethat thecombinationof
methodologicalimprovementsintroducedhereshouldalsobehelpfulin suchlow-SNRsce-
narios,asalreadydemonstratedexemplarilyfor single-digitstimulation.Finally,it shouldalso
benotedthat thereissomelossof objectivitywhenusingCCA,consideringthatapriori
knowledgeinformedthetime-periodfor training CCAandthechoiceof componentÐthis
might bealleviatedin thefuturebydevelopingautomatedproceduresbasedon predefined
criteria.

In termsof comparisonwith otherneuroimagingmethodsfor assessingtheentireCNS,we
notethatonly fMRI andMEG(basedon opticallypumpedmagnetometers(OPMs)[102,103])
havesofar beenusedfor simultaneousassessmentof corticospinalprocesses.While corticosp-
inal fMRIÐas employedfor studyingtheinteractionsbetweensupraspinalandspinalstruc-
turesthatunderlieresting-stateconnectivity[104,105],motor control [106,107],or top-down
modulationof nociceptiveprocessing[108,109]Ðoffersunparalleledspatialresolution,it isan
indirect measureof neuronalprocesseswith ensuinglow temporalresolution.Here,our
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approachwouldprovideanimportant complementaryassessment,asit would,for example,
allowfor atemporallyprecisedelineationof possibleinteractionsbetweentop-downandbot-
tom-up responsesat thespinalleveldueto its millisecondresolution.OPM-MEGhasrecently
beenemployedin aproof-of-principlestudyto simultaneouslyrecordspinalandcortical
somatosensory-evokedresponsessimilar to thoseinvestigatedherein Experiment1 [63] (see
[110] for corticospinalrecordingsduring amotor task).While thehighcostsandlimited band-
width of manyOPM sensortypescurrentlylimit widespreadadoption(especiallywheninter-
estedin veryfastspinalresponsesasinvestigatedhere),thewearablenatureandflexible
arrangementpossibilitiesof OPM-MEGmakethisaverypromisingmethodologicalapproach
for entireCNSassessmentswith high temporalprecision.

Outlook

In conclusion,weestablishedanapproachfor thenoninvasiverecordingof spinalcord
responsesthatshouldbereadilyaccessibleandwidelyavailable,addressingapreviouslymiss-
ing link in thestudyof reciprocalbrain±bodycommunication.Our methodprovidesdirect
recordingsof electrophysiologicalresponseswith high temporalprecision(allowingto investi-
gatedifferentresponsecomponents,i.e.,earlyandlatepotentials),hasahighsensitivitydueto
themultivariatecombinationof spinalmultichanneldata(enablingsingle-trialestimates),and
is integratedwith therecordingof afferentandefferentsignals(peripheralandsupraspinal
responses).Webelievethat thisapproachcouldbeextendedto othersettingsof naturalstimu-
lationÐsuchassocialtouchor pain(for whichweprovideinitial evidence)Ðandisnot only
suitablefor investigatinghard-wiredbottom-upprocessingbut alsoits modulationbyvarious
factors,suchassignalintegrationasdemonstratedhereto alreadytakeplacein thehumanspi-
nalcord.Wethushopeto haveprovidedacomprehensiveapproachthatallowsfor asensitive
anddirectassessmentof spinalcordresponsesatmillisecondtimescalein variousfields
beyondsomatosensationandanticipateits usein thecontextof interrogatingthespinalcord's
role in theinterplayof bottom-upandtop-downprocessesthat togethergiveriseto our sensa-
tionsin healthanddisease.

Materials and methods

Participants

Experiment 1. A totalof 42healthyright-handedvolunteersparticipatedin thisexperi-
ment.Two participantswerenot ableto successfullycompletetheexperiment(cigarettecrav-
ing in onecase,bathroomusein anothercase),andtheir datawerethusdiscarded.Four
participantswereexcludeddueto absentperipheralpotentials,leadingto afinal samplesizeof
36participants(18female;age:25.5± 3.5years(mean± SD)).All participantsprovidedwrit-
ten informedconsent,andthestudywasapprovedby theEthicsCommitteeat theMedical
Facultyof theUniversityof Leipzig.Pleasenotethat thefinal sample-sizeof 36participants
wasspecifiedin apreregistrationprior to thestartof thestudyandwaschosenin orderto
detectamedium-sizedeffect(Cohen'sd = 0.5)with apowerof 90%(atanalphalevelof 0.05
with one-tailedtesting).

Experiment 2. A totalof 26healthyright-handedvolunteersparticipatedin thisexperi-
ment.Twoparticipantswereexcludeddueto absentperipheralpotentialsin themixednerve
stimulationcondition,leadingto afinal samplesizeof 24participants(12female;age:24± 4.5
years(mean± SD)).All participantsprovidedwritten informedconsent,andthestudywas
approvedby theEthicsCommitteeat theMedicalFacultyof theUniversityof Leipzig.Please
notethat thefinal samplesizeof 24participantswasspecifiedin apreregistrationprior to the
startof thestudy.Thiswasbasedon apowercalculationof datafrom of the36participantsin
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Experiment1,whereweobservedaneffectsizeof d = −0.85for medianmixednervestimula-
tion andof d = −0.62for tibial mixednervestimulation(in 30Hz high-pass±filtered,but other-
wiseuncleaned,data).Takingthesmallerof thesetwo effectsizes,andaimingfor apowerof
90%(atanalphalevelof 0.05with one-tailedtesting)resultedin anecessarysamplesizeof 24
participants.Althoughwewereusingresultsobtainedfrom mixednervestimulationasthe
basisfor our powercalculation(which isknownto resultin strongerresponsesthanthosefrom
stimulationof apurelysensorynerve),weemployedaconservativewayto estimateour effect
size:(i) weusedrawdatathatwereonly preprocessedbyahigh-passfilter; (ii) webasedour
powercalculationon thelumbarpotentialthat ispossiblymoredifficult to detect;and(iii) we
selectedthesameelectrodein eachparticipant(cervical:SC6,lumbar:L1) to calculatethegroup
statistics,whichis ratherconservativeespeciallyfor thelumbarchannels,becausethelocation
of thelumbarsegmentsof thespinalcorddiffersextensivelybetweenparticipants[73].

Experimental design

Weconductedtwo experimentsin whichhumanparticipantsreceivedelectricalstimuli to
mixedor sensorypartsof anarmandof alegnerve.In Experiment1,only mixedfiberswere
stimulated,specificallyof themediannerveat left wrist andof thetibial nerveat theleft ankle.
In Experiment2,thesamemixednervestimulationwasapplied,andadditionallysensory
partsof thenerveswerestimulated(two fingersor two toes).In bothexperiments,electrophys-
iologicalsignalswererecordedatdifferentlevelsof theprocessinghierarchyÐattheperipheral
nerve,thelumbarandcervicalspinalcord,thebrainstem,andthecortex.

Experiment 1. Theexperimenthadarepeated-measuresdesign,meaningthateachpar-
ticipantunderwentall experimentalconditions.Theexperimentconsistedof two conditions,
namedhand-mixedandfoot-mixedin thefollowing.In thehand-mixedcondition,theleft
handof theparticipantwasstimulatedwith electricalpulsesto themediannerveat thewrist.
In thefoot-mixedcondition,theleft foot of theparticipantwasstimulatedwith electrical
pulsesto theposteriortibial nerveat theankle.Wereferto theseconditionsasªmixed,º
becauseat thewrist andtheankle,themedianandtibial nerve,respectively,aremixednerves,
i.e.,containbothsensoryandmotor nervefibers.Fig1A displaystheexperimentaltimelineof
Experiment1.

Experiment 2. Similarto Experiment1,thisexperimentalsohadarepeated-measures
design,thoughnowconsistingof eightconditions,namedhand-mixed,finger1,finger2,fin-
gers1&2,foot-mixed,toe1,toe2,andtoes1&2.Thehand-mixedandfoot-mixedconditions
werethesameasin Experiment1 (exceptfor differencesin theinterstimulusintervaland
beingpresentedcompletelyin oneblockeach).In thefingerstimulationconditions,theindex
andmiddlefingerof theparticipant'sleft handwerestimulatedwith electricalpulses.These
pulsescouldoccurin threedifferentways:to theindexfingeronly (finger1),to themiddlefin-
geronly (finger2),or to both fingerssimultaneously(fingers1&2).In thetoestimulationcon-
ditions,thefirst andsecondtoeof theparticipant'sleft foot werestimulatedwith electrical
pulseseitherto thefirst toeonly (toe1),to thesecondtoeonly (toe2),or to both toessimulta-
neously(toes1&2).Wereferto all fingerandall toestimulationconditionsalsoasªhand-sen-
soryºandªfoot-sensoryºconditions,becauseat thefingersandthetoes,themedianandthe
stimulatedbranchesof theposteriortibial nervecontainonly sensorynervefibers.Fig1Bdis-
playstheexperimentaltimelineof Experiment2.

Electrical stimulation

Experiment 1. Theelectricalstimuluswasa0.2-mssquare-wavepulsedeliveredby2con-
stant-currentstimulators(ªDS7Aº,Digitimer, Hertfordshire,United Kingdom;onestimulator
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for eachnerve)viaabipolarstimulationelectrodewith 25mm electrodedistance(ªreusable
bipolarstimulatingsurfaceelectrode,ºSpesMedica,Genova,Italy) to theleft medianor the
left posteriortibial nerve,respectively.Thestimulationelectrodeswereplaced(with thecath-
odebeingproximal)at thepalmarsideof thewrist (mediannervestimulation)andat the
mediansideof theankle(posteriortibial nervestimulation).Thestimulationintensitywasset
to justabovetheindividual motor threshold,whichwasdefinedastheintensityatwhichapar-
ticipant'sthumb or first toestartedto twitch (visuallydetermined).All participantsperceived
thestimulationintensityasadistinct,but not painful,sensation.

Experiment 2. Equipmentandelectrodeplacementfor mixednervestimulationwasiden-
tical to whatisdescribedabovefor Experiment1.For fingeror toestimulation,ring electrodes
(ªdigital electrodefor recordingandstimulation,ºSpesMedica,Genova,Italy) wereattached
with thecathodebeingproximalto participants'left indexfingerandleft middlefingeraswell
asleft first toeandleft secondtoe.While weintendedto stimulatemixedandsensorypartsof
thesamenerve,whenstimulatingthefingersor toes,it isnot possibleto clearlydifferentiate
whichnerveisstimulated,sincethereisanindividual variability in thespatialdistribution of
thedermatomes[111,112].Therefore,it is important to keepin mind wheninterpretingour
resultsthatduring stimulationof theindexandmiddlefinger,sensoryfibersof themedianas
wellastheulnar andradialnervemight bestimulated(lowerlimb: sensoryfibersof thesuper-
ficial anddeepperonealnerves).Eachof thefingersor toeswerestimulatedbyadifferentstim-
ulator.Thestimulationintensitywassetto threetimesthedetectionthreshold,whichwas
determinedviathemethodof limits. If necessary,i.e.,if participantsreportedto experience
thestimulusaslessintenseovertime, thestimulationintensitywasslightlyincreasedin-
betweenstimulationblocksbasedon experiencefrom pilot experimentsaswellassuggestions
byearlierwork [113].Theappliedintensitywasneverperceivedasbeingpainful.

Electrographic recordings

Experiment 1. All electrographicsignalswererecordedwith TMS-suitableAg/AgClelec-
trodes(ªTMS-compatiblemultitrodes,ºEasycapGmbH,Herrsching,Germany).ForEEG,64
electrodeswerearrangedon anEEGcap(EasycapGmbH) with standardpositionsaccording
to the10±10systemandreferencedto theright mastoid(RM). RecordedEEG-channelswere
thefollowing:Fp1,Fp2,F3,F4,C3,C4,P3,P4,O1,O2,F7,F8,T7,T8,P7,P8,AFz,FCz,Cz,
Pz,FC1,FC2,CP1,CP2,FC5,FC6,CP5,CP6,FT9,FT10,LM (left mastoid),Fz,F1,F2,C1,
C2,AF3,AF4,FC3,FC4,CP3,CP4,PO3,PO4,F5,F6,C5,C6,P5,P6,AF7,AF8,FT7,FT8,
TP7,TP8,PO7,PO8,FPz,CPz,F9,andF10.An activegroundelectrodewasplacedatPOz.

ForESG,39electrodeswereplacedon theupperbody,with thelargestpartof theelectrodes
placedinto onecervicalandonelumbarelectrodepatch.Thesepatcheswerecustom-made
andconsistedof thesamefabricusedfor theEEGcap(kindly providedbyEasycapGmbH).
ESGdatawerereferencedto anelectrodepositionedoverthespinousprocessof thesixththo-
racicvertebra(TH6), andthefollowingelectrodeswerelocatedatanatomicalpositions:elec-
trodeSC1at thefirst cervicalvertebra,electrodeSC6at thespinousprocessof thesixth
cervicalvertebra,electrodeL1at thespinousprocessof thefirst lumbarvertebra,andelectrode
L4at thespinousprocessof thefourth lumbarvertebra.An additional16electrodeswereorga-
nizedin agrid aroundeachoneof thetwo spinaltargetelectrodesSC6andL1(Fig1).The
grid organization,whichwasdevelopedin pilot experiments,aimedatcapturingthespatial
distribution of thespinalsignal.Themidline of thisgrid waspositionedverticallyon thespine
andconsistedof fiveelectrodes(thethird onebeingthespinaltargetelectrode)with avertical
interelectrodedistanceof 2 cm.Two further verticallinesof four electrodeseachwereplaced1
cmto theright andleft of themidline electrodesandanothertwo verticallinesof two
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electrodeseachwereplaced5 cmto theright andleft of themidline. In addition to thesedor-
sallyplacedelectrodes,thereweretwo ventrallyplacedelectrodesÐonesupraglottic(AC) and
onesupraumbilicalelectrode(AL). Suchventralelectrodeshavebeendescribedto bebeneficial
for SEPextractionin theliterature[26,27,114,115].BecausetheEEGandESGmontageused
differentreferences,weaddedFzto bothmontageswith channelnameªFzº in theEEGmon-
tageandªFz-TH6º in theESGmontage,asthisallowsto combinethetwo montagesinto one
byre-referencingatalaterpoint. In sixout of the36participants(sub-001to sub-006),Fz-
TH6 wasmissingin theESGsetupdueto atechnicalerror.Theactivegroundelectrodestabi-
lizedthesignalviatheªdriven right legºprinciple.It wasplacedatPOzin theEEGmontage
andin themiddlebetweenTH6 andS20in theESGmontage.Pleaseseealsoour reasoning
regardingtheplacementof thespinalreferencein S1Text.

In addition to EEGandESG,wealsorecordedseveralothertypesof data.First,electro-
neurographic(ENG)dataÐi.e.,peripheralNAPsÐof themediannervewererecordedat the
levelof theleft axilla(overthebiceps,referenceelectrodeproximal,distance3 cmbetween
electrodes)andtheleft Erb'spoint (referencedto right Erb'spoint). PeripheralNAPsof the
posteriortibial nervewererecordedfrom thepoplitealfossa(with fiveelectrodes:oneelec-
trodewasplacedin thecenterof thefossaandfour electrodesaroundit atadistanceof 1 cm;
all kneechannelswerereferencedto a3-cmproximalelectrode).Second,electrocardiographic
(ECG)datawererecordedfrom anelectrodeplacedat theleft lowercostalarchandreferenced
to aright subclavicularelectrode.Third, electromyographic(EMG) datawererecordedat the
handfrom theabductorpollicisbrevismuscleandat thefoot from theflexorhallucisbrevis
muscle,with theEMGelectrodebeingplacedoverthemusclebellyandthereferenceelectrode
beingproximal(pleasenotethatEMGdataarenot reportedin thismanuscript).Fourth,we
recordedtheparticipants'respiratoryactivity(with arespirationbelt:ªreusablerespiratory
effort sensor,ºSpesMedicaS.r.l.,Genova,Italy;dataalsonot reportedhere).

Weaimedatkeepingimpedancesatall electrodesbelow10kOhm.All electrographicsig-
nalswererecordedwith NeurOneTeslaamplifiersandsoftware(Bittum Corporation,Oulu,
Finland),applyingananti-aliasingfilter at2,500Hz with alowercutoffat0.16Hz andsampled
atarateof 10,000Hz.

Experiment 2. TheemployedrecordingequipmentaswellastheESG,ECG,andENG
electrodeplacementwasidenticalto whatisdescribedabovefor Experiment1.EEGwas
recordedusing39electrodesarrangedon anEEGcapwith standardpositionsaccordingto the
10±10systemandreferencedto theRM.RecordedEEG-channelswerethefollowing:Fp1,
Fp2,F3,F4,C3,C4,P3,P4,O1,O2,F7,F8,T7,T8,P7,P8,AFz,Fz,Cz,Pz,FC1,FC2,CP1,
CP2,FC5,FC6,CP5,CP6,LM, FCz,C1,C2,FC3,FC4,CP3,CP4,C5,C6,andCPz.Theelec-
trooculogramwasplacedlateralto theoutercanthi(EOGH)andin thecenterbelow(EOGV)
theright eyeandusedthesamereferenceasEEG.An activegroundelectrodewasplacedat
POz.EMGwasnot recordedin thisexperiment.

Experimental procedure

Experiment 1. First,theEEG,ESG,ENG,EMG,andECGelectrodeswereattachedto the
participant'sskin.Next,therespirationbeltwasattachedat thelevelof theninth/tenth rib.
Thenparticipantswereaskedto laydownon acushionedbenchon their backin asemidar-
kenedandacousticallyshieldedEEG-cabin.Forparticipantcomfort,theheadsupportof the
benchwasslightlyraisedandacushionroll wasplacedundertheir knees.Next,electricalstim-
ulation locationandintensityweredeterminedandparticipantswereinstructedto look ata
fixation crossduring thestimulationblocks,whichwasattachedto theceiling.Theexperiment
startedwith 5minutesof resting-staterecording(eyesopen)followedbyeightstimulation
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blocks,eachconsistingof 500stimuli. During oneblock,stimuli weredeliveredto onenerve
only, i.e.,eitherthemedianor theposteriortibial nerve(thus,therewerefour medianandfour
posteriortibial nervestimulationblocksin total).Thestimulationblockswerepresentedin
alternatingorder,andtheorderwascounterbalancedacrossparticipants.Anothertwo blocks
of similar lengthfollowedat theendof theexperimentÐthesearenot discussedhereasthey
werepartof anotherprojectandarethusexplainedin further detailelsewhere[71]. Weused
aninterstimulusintervalof 763mswith auniformly distributedjitter of +/± 50msin stepsof
1ms.Takentogether,eachnervereceived2,000stimuli overall.Theexperimenttook approxi-
mately5.5to 6 hours,with thepresentationof theexperimentalstimulationblocks(including
breaks)takingapproximately90minutes.

Experiment 2. Sincetheattachmentof therecordingequipmentto theparticipantsand
theinstructionof theparticipantswereidenticalto Experiment1,in thefollowing,weonly list
detailsspecificto Experiment2.Beforeeachexperimentalblockstarted,theindividual stimu-
lation intensitywasadjustedif necessary.Theexperimentstartedwith 5 minutesof resting-
staterecordingfollowedby10stimulationblocks(with shortbreaksbetweenblocks).There
werefour differenttypesof stimulation:(i) mixednervestimulationof themediannerve(one
block);(ii) mixednervestimulationof thetibial nerve(oneblock);(iii) sensorynervestimula-
tion at thefingers(four blocks);and(iv) sensorynervestimulationat thetoes(four blocks).
All blocksof onestimulationtypewerepresentedin arow (with pausesbetweenblocks),but
theorder in whichthefour stimulationtypeswerepresentedwasbalancedacrossparticipants.
Therewasoneblockfor hand-mixedandoneblockfor foot-mixedstimulation,andeachof
theseblockscontained2,000stimuli. Sensorynervestimulationwasseparatedinto four blocks
(1,500stimuli each)of fingerandfour blocks(1,500stimuli each)of toestimulation.During
eachfingerstimulationblock,finger1,finger2,andfingers1&2werestimulatedin apseudo-
randomorder,suchthateachof thethreestimulationconditionsoccurred500times.The
sameprocedurewasemployedfor thetoestimulationblocks,with theonly differencethat
toe1,toe2,andtoe12werestimulatedin pseudorandomorder.Eachtypeof digit stimulation
(finger1/toe1,finger2/toe2,fingers1&2/toes12)thusconsistedof 2,000stimuli. All stimuli
weredeliveredwith aninterstimulusintervalof 257mswith auniformly distributedjitter of
+/− 20msin stepsof 1ms.Theexperimenttook approximately6 to 6.5hours,with thepresen-
tation of theexperimentalblocks(including breaks)takingapproximately90minutes.

Data processing and statistical analysis (Experiment 1)

Unlessnotedotherwise,all datawereanalyzedusingMATLAB R2019b(TheMathWorks,
Natick,Massachusetts,United Statesof America)andtheEEGlabtoolbox[116].

Stimulation artifact removal. Electricalstimulationof peripheralnervesasemployed
hereinducesanartifactin all channelsat thetime point of stimulationandwasremovedby
interpolation(usingapiecewisecubichermiteinterpolatingpolynomial).Sincethetemporal
spreadof thisartifactdifferedamongparticipants,aswellasin cervicalandlumbarchannels,
wedefinedindividual artifactwindowsfor cervicalandlumbarlevelsby finding thebeginning
andtheendof theartifactin theaverageoverall trialsandall cervicalor lumbarESGchannels.
At thecervicallevel,averageartifactwindowsrangedfrom −1.8ms(SD= 0.8ms)to 4.4ms
(SD= 1.4ms)andat thelumbarlevelfrom −2.9ms(SD= 1.4ms)to 7.1ms(SD= 2.8ms).

EEG data preprocessing. First,thestimulationartifactwasinterpolatedusingtheprevi-
ouslyidentifiedcervicalartifactwindowsandthecontinuousEEGsignalwasdown-sampled
to 1,000Hz (anti-aliasingfilter with cutoffat0.9andtransitionbandwidthat0.2).Second,arti-
factsourceswereidentifiedin thesignalsusingICA. For this,overlynoisychannelswere
removedfrom thesignalÐbasedon visualinspectionof thepowerspectraldensityandthe
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trial-basedroot meansquareactivityin eachchannelÐandinterpolated(this wasthecasefor
onechannelin fiveparticipants).Zero-phaseIIR filtering wasthenappliedto thecontinuous
concatenatedsignalfrom all stimulationblocks(i.e.,medianandtibial nervestimulation),
consistingof ahigh-passfilter at0.5Hz andalow-passfilteredat45Hz (Butterworth,fourth
order).On thefilteredsignal,independentcomponentanalysis(ICA; Infomax[117])wasper-
formedandICsreflectingeyeblink, heart,andmuscleartifactswereidentified.Third, ICs
identifiedasrepresentingartifactualsourceswereremovedfrom theEEGsignalpreprocessed
in thesamewaysasfor ICA, with thedifferencethat it (i) consistedof concatenatedblocksof
eachstimulationcondition only (i.e.,hand-mixedor foot-mixed)and(ii) waszero-phaseIIR
filteredwith anotch(48to 53Hz) andaband-pass(30to 400Hz) Butterworthfilter of fourth
order.Fourth,theICA-cleanedsignalwasre-referencedto averagereference,andremaining
noisytime pointswereidentifiedin lowerfrequencies(1 to 15Hz) usingathresholdof five
standarddeviationsandin higherfrequencies(15to 45Hz) usingathresholdof 60μV. If
morethan50%time pointswereidentifiedin onechannel,thischannelwasremovedfrom the
dataandinterpolated.In oneparticipant,sevenchannelswereremovedfrom thehand-mixed
condition,andin anotherparticipant,18channelswereremovedfrom thefoot-mixedcondi-
tion. Fifth, thecleanedsignalwascut into epochsfrom 200msbeforeto 700msafterstimulus
onsetandbaseline-corrected(with areferenceintervalfrom −110msto −10msbeforestimu-
lusonset).In thehand-mixedcondition,thisprocedureledto anaverageof 97.9%remaining
trials(rangeacrossparticipants:886trials to 2,000trials)andin thefoot-mixedcondition to
anaverageof 97.5%remainingtrials(rangeacrossparticipants:992trialsto 2,000trials).

ESG data preprocessing. After thestimulationartifactwasinterpolatedin theindividu-
allydefinedcervicalandlumbarartifactwindows,theESGdataweredown-sampledto 1,000
Hz.

SinceESGdataareknownto presentwith severecardiacartifacts[21], weaimedto correct
for these.In eachparticipant,wethereforefirst identifiedR-peaksin theECGchannelusing
anautomaticprocedureprovidedby theFMRIBplugin for EEGlab(https://fsl.fmrib.ox.ac.uk/
eeglab/fmribplugin/),whichwasfollowedbyvisualinspectionandmanualcorrectionif neces-
sary.Next,theheartartifactwasremovedfrom eachESGchannelseparately,usingan
approachthat isamodificationof amethodpreviouslydevelopedfor removingballistocardio-
graphicartifactsin simultaneousEEG-fMRIrecordings[87]. First,aprincipalcomponent
analysis(PCA)wasappliedto amatrix of all heartartifacts(artifact× time) in onechannel,
with thetime windowof eachheartartifactrangingfrom −0.5*median(RR)to +0.5*median
(RR)aroundeachR-peak(with RRreferringto theintervalbetweenR-peaks,i.e.,theheart-
period).Then,anoptimalbasisset(OBS)wascreatedbasedon themeanheartartifactandthe
first 4 componentsobtainedfrom thePCA.Finally,thisOBSwasfitted to eachheartartifact
andthenremovedfrom it.

After correctionfor cardiacartifacts,noisychannelswereidentifiedviavisualinspectionof
thepowerspectraldensityandonechannelin fiveparticipantswasremoved(no interpolation
of missingchannelswasperformedat thespinallevel).

Theanalysisstepsdescribedbelowwereperformedin theconcatenatedblocksof onecon-
dition (rest,hand-mixedor foot-mixed)and,becausewewantedto investigateSEPswith dif-
ferentreferences,werecarriedout separatelyfor differentlyreferenceddatasets.In addition to
therecordingreferencelocatedoverthespinousprocessof thesixththoracicvertebra(TH6),
wealsomadeuseof aventrallylocatedreference,becauseit hasbeenreportedthat thiscanbe
beneficialfor SEPextraction[26,114]ÐtheventralreferencewaschannelAC in thehand-
mixedandchannelAL in thefoot-mixedcondition.First,azero-phaseIIR filtering was
appliedto thedatawith anotch(48to 53Hz) andaband-pass(30to 400Hz) Butterworthfilter
(fourth order).Second,time pointswith absoluteESGactivityabove100μV wereremoved
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from thecontinuousdata.If in onechannelmorethan50%of time pointswereidentified,the
wholechannelwasexcludedinstead.No further channelswereremoved,andtogetherwith
thechannelexclusionbasedon thespectrumin thewholesample,anaverageof 0.1channels
wereremoved(SD= 0.4).Third, thesignalwascut into epochswith thesametime rangeas
reportedfor theEEGsignal(from −200msto 700msaroundstimulus)andepochswerebase-
line-corrected(referencewindow−110msto −10msbeforestimulusonset).In thehand-
mixedcondition,93.7%of trialsremainedin thedataseton average(rangeacrossparticipants:
1,210trials to 2,000trials)andin thefoot-mixedcondition,93.6%trialsremained(range:
1,193trials to 1,997trials).

For theinvestigationof latepotentials,thesignalswerepreprocessedin thesamewayas
describedabove,exceptthat thereferencewaskeptat therecordingreference(atTH6) andthe
band-passfilter wassetto 5 to 400Hz.

ENG data preprocessing. TheperipheralNAPsof interesthaveveryshortlatencies(i.e.,
occuralmostimmediatelyaftertheelectricalstimulation),meaningthat in someparticipants,
theinterpolationwindowsdefinedat thecervicalor lumbarlevelmight betoo wideandthus
containtheNAPsof interest.Therefore,in orderto removethestimulationartifact,but retain
theNAPs,theENGdatawereinterpolatedin atime windowfrom 1.5msbeforeto 4msafter
stimulusonset.Datawerethendown-sampledto 1,000Hz,band-passandnotchfilteredin the
samerangeasESGdataandcut into epochsandbaseline-corrected(with thesameepochand
baselinewindowsusedfor ESGdata).

CCA. In orderto enhancetheSNRandalsoallowfor single-trialanalysis,wemadeuseof
our multichannelsetupandappliedCCAto EEGandto theventralreferencedESGdata,sepa-
ratelyfor themixedmedianandtibial nervestimulationconditions.In thecontextof EEG,
CCAhas,for example,beenusedasblind sourceseparationapproachto removenoisesuchas
muscleactivity[118]andasatechniqueto improvesingle-trialclassificationof evokedpoten-
tials[119].In bothcases,thegoalis to obtainaspatialfilter and,consequently,aprojectedcom-
ponentwith thelargestsimilarity betweentwo datamatrices.Invertingaspatialfilter creates
correspondingtopographiesthatcanthenbeinterpretedin aneurophysiologicallymeaningful
manner[120].Weemployedavariantof CCAasusedpreviouslyfor single-trialextractionin
EEGdata[40±42],alsoknownascanonicalcorrelationaverageregression[41]. For two multi-
channelsignalsX andY, CCAfindsthespatialfilterswx andwy thatmaximizethecorrelation

max
wx ;wy

corrðwT
xX;w

T
y YÞ:

While bothmultichannelmatricesX andY havethesamesizewith thestructure
channel× time,X isamultichannelsignalthatcontainsall concatenatedepochsfrom 1 toN,
andY isasignalthatcontainsN timestheaverageoverall epochsconcatenated(with N being
thenumberof all epochsfrom oneparticipant'srecording);in otherwords,Y is thesamesizeas
X, only that insteadof singletrials(asin thecaseofX), it ismadeup of repetitionsof theaverage
of all trials,againusingthesamelatencyrangeasin X. Moreprecisely,bothX andY areof size
[numberof channels× numberof samples]andbothwx andwy areof size[numberof
channels× numberof channels](in thecaseof full rank),with ªnumberof channelsºbeing64
for EEGand17for ESGandªnumberof samplesºbeingN (2,000in caseof no trial rejection)*
11(seebelowfor rationale).Appliedin thisway,theCCAprocedureservesasatemplatematch-
ing betweenthesingle-trialandtheaverageof all trials.Thespatialfilter wx correspondsto a
spatialweightingof themultichannelsignalto separateSEP-relatedactivityfrom background
noise[42]. Sincewewereinterestedin earlycomponentsof theSEP,weonly subjectedashort
time windowto CCA(andnot thewholeepochlength),namely,awindowfrom 5msbeforeto
5msafterthepeakof thecorticalor spinalSEPcomponentof interest(resultingin 11data
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pointspertrial). Theextractedspatialfilter wasthenappliedto thewholelengthof theepochs.
To computethespatialactivitypatternof eachCCAcomponent,thespatialfilterswx weremul-
tiplied by thecovariancematrix ofX in orderto takethedata'snoisestructureinto account
[120].Foreachstimulation(medianor tibial nervestimulation),oneCCAcomponentwas
selectedfor further analyses.Thesecomponentsdifferedin thedifferentdatasetsandin thedif-
ferentstimulationconditions:In EEGdataof mediannervestimulation,thespatialpatternof
theselectedCCAcomponentcorrespondedto thetypicalN20-P35tangentialdipoleoverthe
centralsulcusandin EEGdataof tibial nervestimulation,it correspondedto thetypicalP40
radialdipoleovermedialsomatosensoryareas.In ESGdataof mediannervestimulation,the
spatialpatternof theselectedCCAcomponentcorrespondedto aradialdipole(ventral-dorsal
direction)overcervicalareasastypicalfor N13,andin ESGdataof tibial nervestimulation,it
correspondedto aradialdipoleoverlumbarareasof thespinalcordastypicalfor theN22.As
expected,theselectedcomponentwaspresentin all participantsamongthefirst two CCAcom-
ponents,i.e.,thosewith thelargestcanonicalcorrelationcoefficients:Forspinaldata,we
selectedthefirst componentin everyparticipant(medianfirst component:N = 36;tibial first
component:N = 36),andfor corticaldata,wenearlyalwaysselectedthefirst component
(medianfirst component:N = 32;mediansecondcomponent:N = 4;tibial first component:
N = 35;tibial secondcomponent:N = 1).BecauseCCAisnot sensitiveto thepolarityof thesig-
nal,thespatialfiltersweremultiplied by−1 if necessary,sothat theextractedSEPcomponentof
interestwouldalwaysresultin theexpectedpeakdirection(negativefor thecorticalN20and
thespinalN13in themixed-handcondition,positivefor thecorticalP40andnegativefor the
spinalN22in themixed-footcondition).Notethat for EEG,all channelsweresubjectedto
CCA,whilefor ESG,only channelsfrom theelectrodepatchof interestweresubjectedto CCA
(i.e.,thecervicalpatchin thehand-mixedconditionandthelumbarpatchin thefoot-mixed
condition).Lastbut not least,it is important to notethat for suchamultivariateanalysis,the
numberof samplesshouldin principlebeat least10timesthenumberof variables[121],
thoughmorerecenteffortsalsotakinginto accounttheeffectsizesuggestanevenlargersam-
ple-to-featureratio:e.g.,in thecaseof abetween-setcorrelationof 0.3(closeto theaverage
canonicalcorrelationsweobserved:0.25for medianand0.29for tibial nervestimulation)at
least50samplesperfeature[122].In our case,wefar exceedthesuggestedsample-to-feature
ratio dueto verylargenumberof trialsusedfor training (i.e.,in thecaseof no trial rejections,
2,000trialswith 11datapointseachcomparedto 64(EEG)or 17(ESG)channels).

Brainstem potentials. CleanedandepochedEEGandESGsignals,whichhadbeenre-
referencedduring preprocessingto Fz,werecombinedinto onedatasetandreferencedto a
commonreferenceatFPz,sincefrontal channelshavebeensuggestedfor theinvestigationof
brainstempotentials[27,123,124].TheN14brainstempotentialfollowingmediannervestim-
ulationwasextractedfrom channelSC1andtheN30brainstempotentialsfollowing tibial
nervestimulationwasextractedfrom channelS3(thesepotentialshavealsobeendescribedas
P14andP30in theliterature,whenusingFPzastheactiveelectrode).Pleasenotethatwealso
aimedto applyCCAto brainstempotentialsaswellbut did not succeed.

Potential amplitude and latency. Foreachparticipant,NAP andSEPlatencieswere
definedindividually at thepeakof thepotentialin theaveragetraceoverall trials.At thecorti-
callevel,SEPlatencyandamplitudeweredeterminedin theCCAcomponent[40±42].At the
spinallevel,SEPlatencywasdeterminedin anatomicallydefinedchannels(SC6for cervical
andL1 for lumbarpotentials,both thoracic(TH6) referenced)andin theCCAcomponent.
Spinalamplitudesweredeterminedin thesamechannelswith thoracicor anteriorreferenceas
wellasin thecervicalor lumbarCCAcomponent.Notethatall averagetraceswerevisually
inspected.In caseoneof thepotentialswasnot visiblein aparticipant,its latencywasesti-
matedbasedon theaveragelatencyof thatpotentialoverall participantsandtheamplitude
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wasextractedat theestimatedlatency(Table1 showsin thecolumnª#º thenumberof partici-
pantsin whichpotentialsweredetectedat theindividual level).

Statistical analysis. First,to statisticallycharacterizetheresponsein well-knownearly
potentials,wetestedperipheralNAP andearlySEPpeak-amplitudesagainstzerousingone-
samplet tests.Second,weinvestigatedwhetherwemight alsoobservepossiblelater-occurring
potentials.For thisanalysis,wefollowedthesamepreprocessingsteps,but now filteredwith a
broaderfrequencyband(5 Hz to 400Hz), sincelatercomponentscouldhavelowerfrequency
content.Usingresting-statedatafrom thesameparticipantsobtainedat theverybeginningof
Experiment1,wecreatedasurrogatetime serieswith thesamestimulationsequencethatwe
preprocessedin thesameway.Overaregionof interestconsistingof thethreecentralcolumns
of thecervicalor lumbarelectrodegrid, wesystematicallycomparedthesignalfrom stimula-
tion-runsandfrom rest-runsin thetime windowfrom 0 ms(stimulationonset)to 600ms
usingacluster-basedpermutationtest(in spaceandtime usingtheFieldTrip toolbox[125])
andfocusedon responsesoccurringaftertheabove-reportedearlypotentials(thecluster-
basedpermutationtestalsoidentifiedtheN13andN22,but theseareignoredhere).In all
analyses,significancewasestablishedatp< 0.05.

Time-frequency analysis. Foreachparticipant,time-frequencyanalysiswasperformed
on theaveragedtrial signalusingacontinuousshort-timefastFouriertransformwith awin-
dowlengthof 21msandnormalizedto abaselineintervalfrom 200msto 10msbeforestimu-
lusonset.Theaverageoverall participantswasthendisplayed.

SNR. Forall potentials,theSNRwasquantifiedastheroot-mean-squareof thesignal
(extractedin ain atime windowof +/−1 msaroundtheindividual peaklatency)dividedby
theroot-mean-squareof thenoise(extractedin thesametime windowbeforethestimulus
onset).

Assessing the robustness of spinal SEPs. In orderto aid in theplanningof futureexperi-
ments,weassessedtherobustnessof spinalSEPsasafunction of trial numberandsamplesize.
Towardthisend,weextractedsingle-trialSEPamplitudesfrom eachparticipantat thepeak
latencyidentifiedin theaverageoverall trialsof thatparticipant,both from anatomically
definedchannels(with referenceatTH6) andfrom CCAcomponents(trainedon theentire
data).

Basedon thesedata,wecarriedout two analyses.First,weassessedtheminimum number
of trialsto obtainasignificantresultat thelevelof asingle participant. Foreachparticipant,a
subsetof trials(trial numbervaryingbetween5 and1,000in stepsof 10,including1,000)was
sampledwith replacement,andthesignificanceof amplitudesin thesampledtrialswasdeter-
minedusingaone-samplet test(p< 0.05).Thisprocedurewasrepeated1,000timesfor each
participant,andwereport theproportion of significantresultsfor eachparticipant.Second,
wedeterminedtheminimum numberof trialsandparticipantsto obtainasignificantgroup-
level effect.Therefore,weemployedMonteCarloanalysesandsimulatedalargenumberof
experiments[126].Foreachªexperiment,ºfirst, asubsetof participants(numbervarying
between5,10,15,20,25,30,35,36)wassampledwith replacement,andthenasubsetof trials
(numbervaryingbetween5 to 1,000in stepsof 10,including1,000)wassampledwith replace-
ment.Thetrialswerethenaveraged,andaone-samplet testwasusedto determinethesignifi-
cance.Eachexperimentwasrepeated1,000times,andwereport theproportion of
experimentsthatyieldedasignificantresult(atp< 0.05).It is important to notethatCCAwas
only trainedonceon all trialsof mixed-nervedataandthenspatialfilterswereappliedto the
relevantdata,asre-runningCCAfor eachªexperimentºwasnot feasiblecomputationally.
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Data processing and statistical analysis (Experiment 2)

Dataprocessingandanalysesfollowedwhatisdescribedabovefor Experiment1,exceptthat
in addition to thehand-mixedandfoot-mixedconditions,therewerealsothehand-sensory
(finger1,finger2,fingers1&2)andfoot-sensory(toe1,toe2,toes1&2)conditions.

Stimulation artifact removal. Identicalto Experiment1,wedefinedindividual artifact
windowsin cervicalandlumbarESGchannels.At thecervicallevel,averageartifactwindows
rangedfrom −2.0ms(std= 1.1ms)to 4.2ms(std= 1.8ms)andat thelumbarlevelfrom −2.0
ms(std= 1.1ms)to 4.8ms(std= 2.0ms).

EEG data preprocessing. EEGpreprocessingwasperformedin thesamewayasdescribed
abovefor Experiment1.Onenoisychannelwasidentifiedin eachof sixparticipantsandinter-
polatedbeforeICA. Onedifferenceto theEEGanalysisdescribedin Experiment1wasthat in
stepthree,theICsidentifiedasrepresentingartifactualsourceswereremovedfrom theEEG
signalthat (i) consistedof concatenatedblocksof eachstimulationcondition only (i.e.,hand-
mixed,foot-mixed,handsensory,or foot-sensory)and(ii) hadzero-phaseIIR filtering applied
with a50-Hzcombfilter (40thorder,bandwidth0.003)andaband-pass(30to 400Hz) Butter-
worth filter (fourth order);thechangein filtering wasdueto additionalline noiseandits har-
monicsintroducedbyelectricalstimulationviaring electrodes.Identicalto Experiment1,
noisytime pointswereremoved,but here,thisdid not resultin theexclusionof additional
channels.In Experiment2,epochswerecut from 200msbeforeto 300msafterstimulusonset
andbaseline-corrected(with areferenceintervalfrom −110msto −10msbeforestimulus
onset).Acrossconditions,thisprocedureresultedin thefollowingnumberof trialsremaining
on average:hand-sensory99.5%(rangeacrossparticipants:5,795trials to 6,000trials),hand-
mixed99.4%(rangeacrossparticipants:1,921trials to 2,000trials),foot-sensory99.2%(range
acrossparticipants:5,678trials to 6,000trials),andfoot-mixed99.8%(rangeacrosspartici-
pants:1,978trials to 2,000trials).

ESG data preprocessing. SinceESGdatawerepreprocessedthesamewayasdescribedin
Experiment1,only thedifferencesarelistedin thefollowing.After cardiacartifactcorrection,
anaverageof 1.8channels(std= 1.0)wereremovedin four participants.Dueto theuseof ring
electrodesfor digit stimulation,moreline noiseandits harmonicswerevisiblein thedata.
Therefore,zero-phaseIIR filtering wasappliedwith a50-Hzcombfilter (40thorder,band-
width 0.003)andaband-pass(30to 400Hz) Butterworthfilter (fourth order).Similarto
Experiment1,time pointswith ESGactivityabove100μV wereremovedfrom thecontinuous
data,andif morethan50%of datapointswereremovedfrom achannel,thewholechannel
wasexcludedinstead.In oneparticipant,two additionalchannelswereremoved.Thesignal
wascut into epochswith thesametime rangeasreportedfor theEEGsignal(from −200msto
300msaroundstimulusonset),andepochswerebaseline-corrected(referencewindow−110
msto −10msbeforestimulusonset).On average,91.3%of trialsremainedin thehand-mixed
condition (rangeacrossparticipants:999trials to 2,000trials),90.5%of trialsremainedin the
hand-sensoryconditions(rangeacrossparticipants:3,873trials to 5,993trials),94.2%of trials
remainedin thefoot-mixedcondition (rangeacrossparticipants:1,433trialsto 2,000trials),
and91.4%of trialsremainedin thefoot-sensoryconditions(rangeacrossparticipants:3,751
trialsto 5,988trials).

ENG data preprocessing. ENGdatawereprocessedthesamewayasdescribedfor Experi-
ment1 above.

CCA. CCAwastrainedin thesamewayasexplainedabovefor Experiment1.More spe-
cifically,it wastrainedon datafrom mixednerveconditions(dueto their higherSNR),and
thespatialfilterswerethenappliedto therespectivemixedandsensorynerveconditions.The
selectedcomponentwaspresentin all participantsamongthefirst 2 CCAcomponents,i.e.,
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thosewith thelargestcanonicalcorrelationcoefficients:Forspinaldata,weselectedthefirst
componentin everyparticipant(medianfirst component:N = 24;tibial first component:
N = 24),andfor corticaldata,wenearlyalwaysselectedthefirst component(medianfirst com-
ponent:N = 20;mediansecondcomponent:N = 4;tibial first component:N = 22;tibial second
component:N = 2).

Brainstem potentials. Wedid not investigatebrainstempotentialsin Experiment2due
to thelowerSNRof SEPsaftersensorynervestimulation.

Potential amplitude and latency. Thesemetricswerecalculatedin identicalfashionas
describedfor Experiment1.

Statistical analysis. SEPamplitudesfrom all experimentalconditionswerecompared
againstzerousingone-samplet tests.SEPamplitudesandlatenciesin mixedandsensorycon-
ditionswerecomparedusingpairedt tests.To balancethenumberof stimuli for mixedand
sensoryconditions,only thedoublestimulationconditionsweresubjectedto thisstatistical
comparison.

SNR. Forall potentials,theSNRwasquantifiedastheroot-mean-squareof thesignal
(extractedin ain atime windowof +/−1 msaroundtheindividual peaklatency)dividedby
theroot-mean-squareof thenoise(extractedin thesametime windowbeforethestimulus
onset).

Assessing the robustness of spinal SEPs. In orderto alsoassesstherobustnessof thespi-
nalSEPselicitedbysensorynervestimulation,werepeatedthesameanalysesasoutlinedfor
Experiment1,thoughthis time for theconditionsfinger1,finger2,fingers1&2,toe1,toe2,and
toes1&2).Pleasenotethatweadjustedthenumberof participants(numbervaryingbetween5,
10,15,20,24)accordingto thesmallersamplesizeof Experiment2.

Linear-mixed-effects models across somatosensory processing levels. To examine
whetherelectrophysiologicalsignalscovariedacrossdifferentstagesof somatosensoryprocess-
ing,weemployedLME models.Specifically,wetestedwhethertheeffectof stimulationcondi-
tion (mixednerve,finger/toe1,finger/toe2,fingers/toes1&2)on signalamplitudepropagated
throughthesomatosensoryprocessinghierarchy.For this,weusedrandom-interceptLME
modelswith therandomfactorparticipant,andin- or excludingthefactorstimulationcondi-
tion (with mixednerveasreferencelevel)to theregressionsof peakamplitudeson consecutive
somatosensoryprocessinglevelsin thefollowingway:

spinal cord � 1þ peripheryþ 1jparticipantð Þ

spinal cord � 1þ periphery ∗ conditionþ 1jparticipantð Þ

S1 � 1þ spinal cordþ 1jparticipantð Þ

S1 � 1þ spinal cord ∗ conditionþ 1jparticipantð Þ:

Theseanalyseswereseparatelyperformedfor stimulationconditionsof thehandandthe
foot.Variablesªspinalcordº andªS1ºcorrespondto thesingle-trialpeakamplitudesof the
respectivesignalsextractedusingCCAasexplainedin themethodssectionªCCA,ºand
ªperipheryºto theperipheralsingle-trialNAP peakamplitudemeasuredat theaxillaor popli-
tealfossain handandfoot stimulation,respectively(in foot stimulation,thesignalwasderived
from thekneeelectrodewith thelargestevokedpotential).All amplitudemeasureswerez-
transformedbeforeincluding themin theLME models.Thefixed-effectcoefficientswereesti-
matedbasedon themaximumlikelihood(ML), andp-valuesof thefixed-effectcoefficients
wereobtainedadjustingthedenominatordegreesof freedomaccordingto Satterthwaite's
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method[127].TheLME modelswerecalculatedin R(version4.2.0[128])with thelmer func-
tion of thelme4package(version1.1±30[129]),aswellasincluding thelmerTestpackage(ver-
sion3.1±3[130]) for theimplementationof theSatterthwaitemethod.

IR. If theinformation from thesimultaneousstimulationof 2 digits(fingersor toes)is
integratedatacertainneuralprocessingstage,thentheSEPamplitudefollowing thissimulta-
neousdigit stimulationshouldbereducedcomparedto arithmeticsumof theSEPamplitudes
followingseparatestimulationof thetwo digits.To quantifythisattenuationeffectfor each
participant,wecalculatedanIR assuggestedpreviously[44,45,131].TheIR capturestheampli-
tudeattenuationcausedby thesimultaneousstimulationof two digitsanddescribesthisatten-
uationaspercentageof theexpectedamplitudesumof single-digitstimulations:

IR ¼
X

D1;D2ð Þ � D1D2
� �

=
X

D1;D2ð Þ∗100

where∑(D1,D2)is thesumoverSEP(or NAP) amplitudesfollowingsingle-digit(finger/
toe1or finger/toe2)stimulationandD1D2theSEP(or NAP) amplitudefollowingdouble-
digit stimulation(fingers/toes1&2).A positiveIR wouldreflectthepercentageof SEPampli-
tudeattenuationfrom theexpectedamplitude(i.e.,thesumof SEPamplitudesto single-digit
stimulation),andanIR of 0%wouldsuggestthat thereisno integrationhappening,meaning
SEPamplitudesto double-digitandthesumof single-digitstimulationshavethesamesize(a
negativeIR wouldmeanthat thereisanamplificationeffectof SEPamplitudesto double-digit
stimulation).IR valuesfrom eachparticipantto fingerandtoestimulationweretestedagainst
zerousingone-samplet tests.

Experiment 3: Nociceptive stimulation

Participants. Weacquireddatafrom sevenhealthyvolunteers(five female;meanage:
30.6years,range:23to 36years),all of whomprovidedwritten informedconsent.Thestudy
wasapprovedby theEthicsCommitteeat theMedicalFacultyof theUniversityof Leipzig.

Laser stimulation. Individually calibratedpainfulheatstimuli (duration125ms)were
deliveredto thedorsumof left handusingaCO2-laserwith awavelengthof 10.6μm andabeam
diameterof 6mm (LSD;LaserStimulationDevice,SIFECs.a.,Ferrières,Belgium).TheLSD
containsaclosedlooptemperaturecontrol systemto maintainconstantskin temperaturedur-
ing stimulationbyadjustingtheenergyoutput.Thestimuluspositionwascontrolledbyanelec-
tric motor movingthelaserheadrelativeto aparticipant'shand,allowingfor precisecontrol of
stimulationposition.Throughouttheentireexperiment,participantsworeprotectivegoggles.

Experimental design. Thehere-reporteddataarepartof alargerexperimentalsoinvolv-
ing otherstimulationmodalities,but wesolelyfocuson laserstimulationin this report.Before
anyelectrodeswereattachedto theparticipant,theexperimentstartedwith acalibrationpro-
cedurein orderto find temperaturesthatwouldbeperceivedasclearlypainfulbut tolerable
(meantemperature:55.9ÊC;range:53to 59ÊC).Therewere10blocksof laserstimulation(with
abreakof approximately5 to 10minutesbetweenblocks),with eachblockcontaining36sti-
muli, separatedbyanISI of 1.53secondswith ajitter between+/−100ms(drawnfrom auni-
form distribution). In eachblock,thelaserbeamwasshiftedoverthedorsumof theleft hand
in anS-shapedpatternalonga6× 6grid (size5× 5 cm):Thestartcouldbein anyof thefour
cornersof thegrid, andthelaserwouldalwaysmovealongtherowsin theanterior/posterior
directionbeforemovingto thenextcolumn,until all 36cellshadbeenstimulatedonce.

Electrographic recordings. ECG,EEG,EOG,andESGdatawereacquiredusingthesame
equipmentasdescribedin Experiment1 andExperiment2.ECGdatawererecordedviaan
electrodeplacedon theleft costalarch,referencedto anelectrodeplacedunderneaththeright
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clavicular.EEGdatawererecordedviaastandard32-channelmontageaccordingto the10±20
systemandreferencedto thenose.EOGdatawererecordedviatwo additionalelectrodes
placedon thecanthusof theright eye(referencedto nose)andbelowtheright eye(referenced
to Fp2).ESGrecordingswereagainbasedon acustom-madeelectrodepatch(consistingof the
samefabricastheEEGcap),but nowwith ahigherelectrodenumberthanin Experiment1
andExperiment2andfocusedsolelyon thecervicalspinalcord.Thepatchconsistedof 38
electrodescenteredaroundanelectrodeoverthespinousprocessof theseventhcervicalverte-
bra.Themidline of thiselectrode-gridwaspositionedverticallyalongthespineandconsisted
of sevenelectrodes(thefourth onebeingcenteredon vertebraC7)with averticalinterelec-
trodedistanceof 2 cm.Two further verticallinesof sixelectrodeseachwereplaced1.5cm to
theright andleft of themidline electrodes,anothertwo verticallinesof fiveelectrodeswere
placed3 cmto theright andleft of themidline,andanothertwo verticallinesof two electrodes
eachwereplaced5cmto theright andleft of themidline.Additional electrodeswereplaced
on thefirst cervicalvertebraandon theinion. In addition to thedorsalelectrodes,therewere
alsothreeventralelectrodesat theanteriorneck(onesupraglotticelectrode(CA1),oneabove
thesuprasternalnotch(CA3),andthethird onein themiddlebetweenthesetwo (CA2)).ESG
datawerereferencedto anelectrodepositionedoverthespinousprocessof thesixththoracic
vertebra(Th6).Theactivegroundelectrodestabilizedthesignalviatheªdriven right legºprin-
ciple.It wasplacedatPOzin theEEGmontageandon thespinousprocessof the10ththoracic
vertebrain theESGmontage.

Data analysis—EEG. All analyseswereperformedusingPython3.10andMNE (https://
mne.tools/stable/index.html; version1.6.0).Datafrom the10experimentalblockswere
concatenatedanddown-sampledto 500Hz.Down-sampleddatawerethenhigh-passfiltered
at1Hz (usingafourth orderButterworthfilter, effectiveorder8) andnotchfilteredaround50
Hz andharmonics(usinganeighthorderButterworthfilter, effectiveorder16).Subsequently,
datawereepochedin awindowbetween300msbeforeand1,000msafterstimulusonset.
Invalid trials(i.e.,abortsof thelaser)wereremoved,followedbyamanualremovalof
extremelynoisyepochsasdeterminedbyvisualinspection.Datawerefurther low-passfiltered
with acutoff frequencyof 30Hz (fourth orderButterworthfilter) andeitherre-referencedto
theaverageof all EEGelectrodes(for analysisof theN2P2complex)or to Fz(for analysisof
theN1).

Data analysis—ESG. All analyseswereperformedusingPython3.10andMNE (https://
mne.tools/stable/index.html; version1.6.0).First,in orderto removepossibleartifactsresult-
ing from stimulation,datawerelinearlyinterpolatedbetween−13msand13msrelativeto
stimulusonset.Datawerethendown-sampledto 1 kHz andnotchfilteredto removepower-
line noiseat50Hz andall harmonicsup to 200Hz with anIIR filter. Next,thecardiacartifact
wasremovedusingsignalspaceprojectionwith sixprojectors,andthedatawereband-passfil-
teredfrom 30Hz to 150Hz usingafourth orderButterworth,zero-phasefilter. Thedatawere
thenepochedfrom −100msto 300msrelativeto stimulation,with thebaselineperioddefined
from −100msto −10ms.Finally,CCAwasappliedasdescribedpreviouslyfor Experiment1
andExperiment2,with theonsetanddurationof thetraining windowchangedbasedon the
followingreasoning.

Surfacerecordingsshowthatwith appropriatetask/analysis,onecanobservelaser-evoked
corticalresponsespeakingassoonas83ms(EEGdata;[132])or 98ms(MEG-data;onsetat84
ms;[133])afterstimulationonset,with invasiverecordingsrevealingthat theonsetof cortical
responsesto laserstimulationcanbeearlyasapproximately70msin S1[134].Invasivetha-
lamicrecordingsdemonstratespikesbetween60and70ms[135]andinducedresponsesin
thegammarangeatapproximately90ms[136]afterlaserstimulation(but see[137] for later
responses).fMRI-EEGfusionresultspointstowardthalamicresponsesto laserstimulation
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from 65ms(in alateralnucleus)and89ms(in amedialnucleus)onwards[138].Together,
theseevoked-responsedatasuggestthat initial spinalresponsescouldoccurevenbefore60ms.
With respectto conduction-velocitydata,estimatesof humanspinothalamictractconduction
velocityvarybetweenlaboratoriesandemployedmethods(see[139]andresponsesthereto)
andhavebeenshownto differ in variousspinothalamicpathways[140±142].Wethusdid not
baseour estimationasto whento expectspinalresponseson theseestimatesbut insteadaddi-
tionally reliedon peripheralnerveconductionvelocityestimatesof A-deltafibersmediating
responsesto laserstimulation.Thesehavebeenestimatedto varybetween9 and18m/s ([143]:
9m/s;[144]:11m/s;[145]:13m/s;[146]:16m/s;[135]:18m/s)andthussuggestpossibleini-
tial spinalresponsesto occurroughly45msto 90msafterstimulationwhen(i) consideringan
approximatedistanceof 80cmbetweenhanddorsumandspinalcordand(ii) ignoringany
delaybetweenlaserstimulationonsetandactionpotentialgenerationin theperipheralnerve.
Basedon theaboveconsiderations,wetrainedCCAon atime-windowof 45msto 90msafter
laserstimulationonsetÐthisisonly aheuristicfor this first proof-of-principleexperiment,
andit is likely that futurestudiesinvestigatingelectrophysiologicalspinalresponsesin much
moredetailmight leadto moreoptimizedtraining windows.

Foreachparticipant,thefirst CCAcomponent(asrankedby their canonicalcorrelation
coefficient)wasselected,andtheresultingtime-courseswereaveragedacrossparticipantsto
obtainagroup-averageresponse.SinceCCAisnot sensitiveto thepolarityof thesignaland
sinceweobservedanegativedeflectionatapproximately50msin thecomponenttime-course
in sixout of sevenparticipants(but apositivedeflectionat this time-point in participant2),we
multiplied thisparticipant'stime-courseby -1 andusedthissign-invertedtime-coursein all
further analyses(similar to theprocedureusedin Experiment1 andExperiment2). In order
to demonstratetherobustnessof theobtainedresults,wealsoperformedawithin-participant
four-fold split of thedata(i.e.,first split: trials1,5,9,.. .; secondsplit: trials2,6,10,.. .; third split:
trials3,7,11,.. .; fourth split: trials4,8,12,.. .) afterhavingappliedthespatialfilter andthen
averagedtheresultsof eachfold acrossparticipants.

Open science

Experiment1 andExperiment2werepreregisteredon theOpenScienceFrameworkbefore
thestartof dataacquisitionandthepreregistrationsareopenlyavailable(seehttps://osf.io/
sgptzandhttps://osf.io/mjdha);differencesbetweentheanalysessuggestedin thepreregistra-
tionsandtheanalysescarriedout herearelistedin S1Text.All dataareopenlyavailable
(https://openneuro.org/datasets/ds004388,https://openneuro.org/datasets/ds004389,https://
openneuro.org/datasets/ds005307)in EEG-BIDSformat [147,148].All analysiscodehasbeen
depositedon GitHub andisopenlyavailable(seehttps://github.com/eippertlab/spinal_sep1,
https://doi.org/10.5281/zenodo.13383050;https://github.com/eippertlab/spinal_sep2,https://
doi.org/10.5281/zenodo.13383046;https://github.com/eippertlab/spinal-lep1,https://doi.org/
10.5281/zenodo.13383056).

Supporting information
S1 Text. Thisfile containsdescriptionsregarding(i) analysisdifferencesbetweenpreregistra-
tion andmanuscript;(ii) resultsfor mixednervestimulationfrom Experiment2;(iii) results
for thelaterspinalSEPcomponentsfrom Experiment2;(iv) resultsfrom thesensorynerve
stimulationin Experiment2;(v) resultsfrom theanalysison changesin responseamplitude
acrosstheprocessinghierarchy;and(vi) thechoiceof referenceelectrode.
(PDF)
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S1 Fig. Grand-averageoverall participantsin thefoot-mixedcondition andin simulated
epochsfrom restdata.Theplottedsignalisanaverageoverall channelsthatarepartof the
identifiedcluster(channelsdisplayedasreddotson thetop left).Thegrayareabetween126±
132msidentifiesthetime rangein whichthe2signalsarestatisticallydifferent;notethat this
resultdid not replicatein Experiment2.
(TIF)

S1 Table. Group-leveldescriptivestatisticsfor SEP-andNAP-amplitudes,latenciesandSNR
(meanandstandarderror of themean)andone-samplet testof SEP-andNAP-amplitudesin
thehand-mixedandfoot-mixedconditionsof Experiment2 (N = 24).Notethatweonly
focusedon themajorperipheral,spinal,andcorticalcomponentsherefor replicationpurposes
andthusdo not reportErb'spoint andbrainstempotentials.Abbreviations:vr = ventralrefer-
ence,tr = thoracicreference,CCA±canonicalcorrelationanalysis,SEP= somatosensory
evokedpotential,NAP = nerveactionpotential,# = numberof participantsin whichpotential
wasvisibleat theindividual level,SNR= signal-to-noiseratio).
(PDF)

S2 Table. Group-leveldescriptivestatisticsfor SEP-andNAP-amplitudes,latenciesandSNR
(meanandstandarderror) andone-samplet testof SEP-andNAP-amplitudesin all hand-sen-
soryandfoot-sensoryconditionsof Experiment2 (vr = ventralreference,tr = thoracicrefer-
ence,CCA= canonicalcorrelationanalysis,#= numberof participantswith potentialsvisible
at theindividual level).
(PDF)

S3 Table. Pairedt testfor thecomparisonsbetweenhand-mixedandfingers1&2conditions
or foot-mixedandtoes1&2conditions.Testedweretheamplitudesandthelatenciesof the
SEPsandperipheralNAPs.Datacomeonly from Experiment2 (vr = ventralreference,
tr = thoracicreference,CCA= canonicalcorrelationanalysis).
(PDF)

S1 Data. Eachsheet(5 sheetsfor Figure2A and5 sheetsfor Figure2B)containseverypartici-
pant'selectrophysiologicaldata(ENG,ESG,EEG),whichtogethergiveriseto 1grand-average
tracereportedin thefigure.Eachrow reflects1 time point, andeachcolumnrepresentsthe
amplitudeof 1 participant'saverageevokedresponse.
(XLSX)

S2 Data. SheetsFigure_3AandFigure_3E.Eachsheetcontainseveryparticipant'sESGdata,
whichtogethergiveriseto 1 grand-averagetracereportedin thefigure.Eachrow reflects1
time point, andeachcolumnrepresentstheamplitudeof 1participant'saverageevoked
response,first for single-channeldataandthenfor CCAdata.SheetsFigure_3BandFigure_3F.
Eachsheetcontainseveryparticipant'sESGdata,whichtogethergiveriseto thegrad-average
isopotentialplots.Eachrow correspondsto 1 channel,andeachcolumncorrespondsto 1 par-
ticipant.SheetsFigure_3C_sub-1-18,Figure_3C_sub-19-36,SheetsFigure_3G_sub-1-18, Fig-
ure_3G_sub-19-36.Eachsheetscontainseveryparticipant'sESGdata,whichtogethergiverise
to 1grand-averagetime-frequencyplot.Therowscorrespondto frequencies,andthecolumns
correspondto time pointsperparticipant.Pleasenotethatwehadto create2 sheetsfor each
paneldueto data-sizelimitations.SheetsFigure_3DandFigure_3H.Eachsheetcontainsevery
participant'sESGdata,whichtogethergiveriseto 1 grand-averagetracereportedin thefigure.
Eachrow reflects1 time point, andeachcolumnrepresentstheamplitudeof 1 participant's
averageevokedresponse(averageoverall channelsthatarepartof theidentifiedcluster),first
for stimulationandthenfor resting-statedata.Thelastcolumndepictstime pointsof
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significantdifferenceasestablishedby thecluster-basedpermutationtest.
(XLSX)

S3 Data. SheetsFigure_4AandFigure_4E.EachsheetcontainstheESG-SNRvaluesof each
participant(columns),with single-channeldatabeingrepresentedin theupperrow andCCA
databeingrepresentedin thelowerrow.Remaining6 sheets.Eachsheetcontainstheindivid-
ualparticipantESGdataunderlyingpanelsB-D andF-H (sub-006,sub-014,sub-021),with the
first 3 sheetsdepictingcervicaldataandthelast3 sheetsdepictinglumbardata.Eachrow cor-
respondsto 1 trial, andeachcolumncorrespondsto 1 time point, first presentedfor thesingle-
channeldataandthenfor theCCAdata.
(XLSX)

S4 Data. Eachsheet(1 sheetfor Figure5A and1 sheetfor Figure5B)containseverypartici-
pant'sESGdata,whichtogethergiveriseto 1grand-averagetracereportedin thefigure.Each
row reflects1 time point, andeachcolumnrepresentstheamplitudeof 1participant'saverage
evokedresponseafterCCA,first for mixedandthenfor sensorynervedata.
(XLSX)

S5 Data. Eachsheet(3 sheetsfor Figure6A and3 sheetsfor Figure6B)containseverypartici-
pant'selectrophysiologicaldata(ENG,ESG,EEG),whichtogethergiveriseto 1grand-average
tracereportedin thefigure.Eachrow reflects1 time point, andeachcolumnrepresentsthe
amplitudeof 1 participant'saverageevokedresponseafterCCA,first for digit 1 stimulation,
thenfor digit 2 stimulationandfinally for digit 1&2stimulation.
(XLSX)

S6 Data. SheetsFigure_8A_UpperandFigure_8A_Lower.DepictedareEEGdata,with each
row reflecting1 time point andeachcolumnrepresentingtheamplitudeof 1 participant's
averageevokedresponsefrom 1 electrode.SheetFigure_8B.DepictedareESGdata,with each
row reflecting1 time point andeachcolumnrepresentingtheamplitudeof 1 participant's
averageevokedresponseof component1 afterCCAfor eachgiventime point. SheetFig-
ure_8C.DepictedareESGdata,with eachrow reflecting1 time point andeachcolumnrepre-
sentingtheamplitudeof 1participant'sevokedresponsebasedon thefollowingsubsetsof
trials in component1 afterCCA:_1:everyfourth availabletrial beginningwith trial 1;_2:
everyfourth availabletrial beginningwith trial 2;_3:everyfourth availabletrial beginning
with trial 3;_4:everyfourth availabletrial beginningwith trial 4.SheetFigure_8D.Depicted
areESGdata,with thedatabeingthesameasthosedisplayedin panelB,thoughin thiscase
ratherthanplotting theaverageacrossall participants,eachpaneldepicts1 participant's
evokedresponseacrossall trials.
(XLSX)

S7 Data. Thissheetcontainseveryparticipant'sESGdata,whichtogethergiveriseto 1grand-
averagetracereportedin thefigure.Eachrow reflects1 time point, andeachcolumnrepresents
theamplitudeof 1participant'saverageevokedresponse(averageoverall channelsthatarepart
of theidentifiedcluster),first for stimulationandthenfor resting-statedata.Thelastcolumn
depictstime pointsof significantdifferenceasestablishedby thecluster-basedpermutationtest.
(XLSX)
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