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Introduction

Thespinalcordis animportant interfacefor reciprocalbraintbodycommunicationin sen-
sory,motor, andautonomicdomains[1]. Traditionally,it hasbeenportrayedasarelaystation,
yetrecentstudieschallengehis long-heldview,for examplejn the somatosensorgilomain,
wherea high degreeof neuronalcomplexityandcircuit organizationhasbeendelineatedn
animalmodels suggestivef extensivéntegrativeprocessing2+4]. Suchadvancesreimpor-
tantin orderto arriveatamechanistiaunderstandingpf spinalprocessingespeciallgonsider-
ing the spinalcord'scentralrole in numerousneurologicadisorderg5+7] aswellasin
treatmentapproache$or spinalcordinjury [8,9] or biomarkerdevelopmentor analgesic
drugdiscoven|10,11].While thereis acontinuousdevelopmenbf sophisticatedpinal
recordingtechnologiesn experimentahnimals[12,13],suchprogresss missingin human
neurosciencandknowledgeon processingn the humanspinalcordis consequentlyerylim-
ited, thuspresentingamissinglink in acomprehensiveinderstandingpf braintbodycommu-
nicationin healthanddisease.

Approachesuchasreflexrecordingq14,15]allowfor usefulassessmentd the processes
occurringwithin the humanspinalcord, yettheyonly provideanindirect pictureandmore
directassessmentga neuroimagingtechniquesarehighly desirableSeveratactorsmakethe
spinalcord averychallengingargetfor noninvasiveneuroimaginghoweverit hasasmall
diameter,slocateddeepin the bodyin closeproximity to inner organssuchasthe heartand
lungs,andis protectedby the vertebralcolumnand musclelayers Consequentlythereis a
lackof well-establishedndreadilyavailableapproacheto interrogatehumanspinalcord
function. For examplefunctionalmagneticesonancémaging(fMRI) of the humanspinal
cord[16] comeswith majortechnicalchallenge$§l 7] andis fundamentallylimited by its indi-
rectlink to neuronalactivity vianeurovasculacouplingand ensuinglow temporalresolution.
Magnetospinograph{MSG)on the otherhandis anoninvasivemethodthat directly measures
themagnetidieldsgeneratedy neuronalpopulationsin the spinalcord with hightemporal
precision[18], yetno commerciallyavailablesystem$iavebeendeveloped19]. Both
approachesrethereforeonly pursuedoy asmallnumberof researctgroupsandadditionally
requiremajor investmentsn large-scalequipmentpreventingtheir widespreadisein
humanneuroscience.

Here,weintroduceanovelapproachtthat overcomeshesdssueslt is basedn anenhance-
mentof methodologyestablishedeveratlecadesgoduring the developmenbf noninvasive
electrospinograph{fESG)[20£24].Thesestudiesrecordedsomatosensorgvokedpotentials
(SEPsjrom the humanspinalcord via surfaceelectrodeplacedon the skin overthe vertebral
columnandreportedSEPwith apostsynaptiorigin in thedorsalhorn of the spinalcord
[25+30].While usefulin clinical settingg31,32],dueto technicalchallengesghis line of
researcthas however)argelysubsidedn experimentaheuroscienceyith only ahandful of
studiesrecordingsuchspinalSEPsoninvasivelyin healthyhumanvolunteersn thelast
decadd33+38].

To improveupontheseapproacheandexpandtheinsightsESGcanoffer,weleveragedhe
developmentshat haveoccurredin recordingcapabilitiesand processingechniquedor
neurophysiologicadlata[39+41]:We developednoninvasiveapproactthat allowsfor record-
ing spinalsignalswith hightemporalprecision(10kHz) aswell asextensivespatialcoverage
(multichannelmontageof 39surfaceelectrodeplacedoverthe neckandtrunk in two dense
electrodggrids) and combinedthis with concurrentrecordingsof theinput to (peripheral
nerveactionpotentialstNAPs))and output from the spinalcord (brainstemand cortical
SEPs)Furthermore wedevelopediedicatedartifact-correctiontechniqguego enhancehe
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spinalsignal-to-noiseatio (SNR)andemployedmultivariateanalysisapproacheghat allowed
for increasedobustnessiswell asextractionof spinalcord responseat the single-triallevel.

This approachthusprovidesadirectandeasilyaccessiblelectrophysiologicaindow into
apreviouslymissinglink of braintbodycommunicationrelevantfor severaomainsin
humanneuroscience-ere,wechosehe domainof somatosensatioastest-bedand
employedhis approachin two complementanstudiegFig 1), in both of whichwerecorded
signaldrom thecervicalandlumbarspinalcord,in orderto allowfor the generalizatiorof our
findingsacrossupperandlowerlimb representationdvlostimportantly, this approach
allowedusto directly investigatavhetherintegrativeprocessealreadyoccurat the levelof the
humanspinalcord,i.e.,atthefirst stationof centralnervoussystenprocessingln afinal
proof-of-principleexperimentwefurthermoreassessetie possibilityof usingthis noninva-
siveapproacho detectnociceptivespinalcord responses humans.

Results

Delineating somatosensory responses along the neural hierarchy
(Experiment 1)

Asafirst objective weaimedto replicatepreviouslyreportedsomatosensoresponsealong
the neuralhierarchy with aspeciafocuson the spinalcord andthussimultaneouslyecorded

A Experiment 1: hand-mixed and foot-mixed conditions C

alternating order of blocks (starting condition pseudo-randomized)
I T T T T T T 1

hand-mixed foot-mixed hand-mixed foot-mixed hand-mixed foot-mixed hand-mixed foot-mixed

W i i o

500 stimuli 500 stimuli 500 stimuli 500 stimuli 500 stimuli 500 stimuli 500 stimuli 500 stimuli

Total number of stimuli in each condition: 2000

B Experiment 2: hand/foot-mixed and hand/foot-sensory conditions

pseudo-randomized order
I T T 1

foot-mixed hand-sensory hand-sensory hand-sensory hand-sensory hand-mixed fi f y f fc y

i I i

2000 stimuli 1500 stimuli " 1500 stimuli ““\_1500 stimuli 1500 stimuli 2000 stimuli 1500 stimuli 1500 stimuli ‘"‘n_]SOD stimuli 1500 stimuli

pseudo-randomized order -, /~___pseudo-randomized order ..
7

&Y | [

Fingerl Finger2 Fingers182 Toel Toe2 Toes182

Total number of stimuli in each condition: 2000

Fig 1. Overview of experimental conditions and recording setup. (A) In Experinent 1, electricamixednervestimulation wasappliedto the left mediannerveatthe
wrist (hand-mixed)andto thelefttibial nerveatthe ankle(foot-mixed).Four hand-mixedandfour foot-mixed blockswerepresetiedin alternatirg order.(B) In
Experiment2, electricaimixednervestimulationwasappliedto the samdocationasin Experimentl,andelectricasensonnervestimulationwasappliedto the leftindex
andmiddlefinger (hand-sasory)andto thefirst and secondoe (foot-sensory. Sensonstimulationblockswereseparateéhto four consecutivélocksof the same
stimulation type (eitherhand-sesoryor foot-sensoy). (C) Acrossboth experimets,responsewererecordedatthelevelof the peripheralnervesthe spinalcord,andthe
brain. PeripheraNAPswererecordedrom theipsilateralaxillaand Erb'spoint for mediannervestimulation andfrom theipsilateralpoplitealfossgclusterof 5
electrodesandthe caudaequinafor tibial nervestimulation Spinalcord SEPsvererecordedwith amontage of 37 dorsalandtwo ventralelectrodeswhich hadacervical
andalumbarfocus:Around ananatomicéatargetelectrodgplacedoverthe spinousproces®f eitherthe sixth cervicaiertebraor thefirst lumbarvertebra) 17 electrods
wereplacedn agrid with distance®ptimized for capturingthe spatialdistribution of the spinalsignal Additionally, the following electrodesverecontainedin the spinal
montageoneovertheinion, oneoverthefirst cervicaivertebrapneoverthe spinousproces®f thefourth lumbarvertebraandtwo ventralelectrode¢AC located
supragloticallyand AL locatedsupraumliiically). All electrode®f the spinalmontagewerereferencedo anelectrodeplacedoverthe spinousproces®f the sixththoracic
vertebraCortical SEPsvererecordedwith a64-channeEEGsetupin Experimentl (39channelsn Experinent2).

https://da.org/10.1371durnal.pbic3002828.g001
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peripheralNAPsaswellasSEP$rom the spinalcord, brainstemand cortexto upperand
lowerlimb stimulation.In the hand-mixedcondition, weextractedthe peripheralN6 (origin:
mediannerve),the peripheralN9 (origin: brachialplexus)the spinalN13 (origin: dorsal
horn), the brainstemN14 (likely origin: cuneatenucleus) andthe corticalN20 (origin: pri-
mary somatosensorgortex).In thefoot-mixedcondition, weextractedhe peripheralN8 (ori-
gin:tibial nerve) thespinalN22 (origin: dorsalhorn), the brainstemN30 (likely origin: gracile
nucleus)andthe corticalP40(origin: primary somatosensorgortex).

Replicatiorwassuccessfut all recordingsites wherewe observedesponsamplitudes
thatwerehighly significantatthe grouplevel(N = 36)and exhibitedconsistentlytargeeffect
sizeqTablel);to furthermoreensuretherobustnes®f theseresultswereplicatedthemin
Experiment2 (S1Textand S1Table).Grand-averagéme-coursesitthegrouplevelare
depictedn Fig 2 anddelineatehe temporalprogressiorof the neurophysiologicasignal
alongthe processindnierarchy providing arobustand comprehensiveiewon somatosensory
processindrom peripheryto cortex.

Characterizing spinal SEPs in detail (Experiment 1)

Next,weaimedto provideaspatial temporal,andspectratharacterizatiorof spinal
responsed-irst,the grand-averagéme-courseof the potentialsobtainedfrom single anatom-
ically definedtargetelectrode®xhibitedatriphasicshapewith aninitial positivedeflection,a
main negativedeflection(at 13msand24ms,respectively)andaslowlydecayindatepositive
deflection(red tracein Fig 3A and 3E).Secondpur multichannelsetupallowedfor thefirst
time to estimatethe potentials'spatiattopography(Fig 3Band 3F),which showedaradial
dipoleat peakiatencywith acenteroverthe spinalcord, closeto the spinalsegmentsargeted
by the electricalstimulationatwrist andankle.Importantly, the topographieshowthat N13
andN22responseareconsistentifimited to therelevantelectrode-gridcervicalfor upper
limb andlumbarfor lowerlimb stimulation),with no evidencdor responsem theirrelevant
electrodgyrid, thuspresentinga spatialdouble-dissociationThird, grand-averagéme-fre-
quencyplotsdelineatedesponsewith afrequencybetweerapproximatelys0and 320Hz at
the cervicallevelandbetweerapproximatelys0and 250Hz atthelumbarlevel(Fig 3Cand
3G),demonstratinghe fastnatureof thesepotentials.

Consideringrecentfindings on the complexityof somatosensorgrocessingn the dorsal
horn [2], wethenwentbeyondthe classicaspinal SEPsand assesseahetherwe coulddetect
responsethat occurlaterthanthe earlyN13or N22 componentsUsinga cluster-baseger-
mutation approachwedid indeedfind statisticakevidencdor suchlatecomponentsWeiden-
tified apositivecervicalclusterdirectly afterthe N13component(17to 35ms,p = 0.001Fig
3D) andtwo lumbar clustersafterthe N22 (positive:28to 35ms,p = 0.002negative126to
132ms,p = 0.017Fig 3H); two out of thesethreelatepotentialsdid alsoreplicatein theinde-
pendentsampldrom Experiment2 (seeS1Text). Takentogethertheseresultsprovideacom-
prehensiveharacterizatiorf spinal SEPsincluding responsethat occurbeyondtheinitial
processingweepn the spinalcord.

Enhancing sensitivity via multivariate spatial filtering (Experiment 1)

A main aim of our approachwasto enhancehe sensitivityfor detectingspinalcord SEPwviaa
multichannelsetupand correspondingmultivariatespatiaffiltering analysesyhich provide
two important benefits First, multivariatespatialffiltering approachesareableto enhancehe
SNRJ[41], whichis criticallyimportantin scenariosuchasthe low SNRspinalrecordingscar-
ried out here.Secondby reweightingthe multichannelsignalon a participant-specifibasis,
theyareableto accountfor between-participandifferenceof anatomyandphysiology This
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Table 1. Group-level statistics.

SEP/NAP

N6
N9
N13(tr)
N13(vr)
N13(CCA)
N14
N20(CCA)

N8
N22(tr)
N22 (vr)

N22(CCA)

N30

P40(CCA)

# Latency [ms] Amplitude SNR t P 95% CI Cohen’sd
[uV/au]
Mixed median nerve stimulation (hand-mixed)
32 6.22+ 0.09 -3.22+ 0.55 14.09+ 2.3 -5.89 <0.001 [-4.33;-2.11] -0.98
35 10.56+ 0.15 -2.41+0.21 8.8+ 1.41 -11.55 <0.001 [-2.83;-1.99] -1.92
36 13.25+0.18 -0.85+ 0.05 9.48+1.16 -15.75 <0.001 [-0.96;-0.74] -2.63
36 13.61+ 0.17 -1.40+ 0.08 17.38+ 3.4 -17.01 <0.001 [-1.56;-1.23] -2.84
36 13.28+0.17 -0.47+0.03 21.58+2.93 -16.93 <0.001 [-0.53;-0.42] -2.82
30 14.30£ 0.19 -2.34£0.14 24.19+ 3.04 -16.95 <0.001 [-2.62;-2.06] -3.09
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)
34 9.28+0.16 -1.58+0.18 10.23+1.72 -8.64 <0.001 [-1.95;-1.21] -1.44
36 23.83+0.29 -0.80+ 0.08 9.79+1.72 -9.54 <0.001 [-0.97;-0.63] -1.59
36 23.67+0.35 -0.61+ 0.06 14.14+ 2.42 -10.42 <0.001 [-0.72;-0.49] -1.74
36 23.75+0.29 -0.62+ 0.06 31.28+5.96 -10.74 <0.001 [-0.73;-0.50] -1.79
30 32.13+0.43 -0.53+ 0.04 6.57+1.08 -13.29 <0.001 [-0.61;-0.45] -2.43
36 40.86+ 0.38 1.42+0.08 21.22+ 2.07 18.17 <0.001 [1.26;1.58] 3.03

Descriptivestatisticfor SEP-and NAP-amgitudes,latenciesand SNR(meanand standarderror) and one-sample testof SEP-and NAP-amgitudesin the hand-
mixedandfoot-mixedconditionsof Experiment 1. Note that the brainstemanalysigN14/N30) is basedbn 30 participantsonly dueto atechnicd problem(seeMethods

section).

CCA, canonicacorrelationanalysisNAP, nerveactionpotential; SEP somatosesoryevokedpotential;SNR signal-to-naseratio; tr, thoracicreferencevr, ventral
reference#, numberof participanswith potentialsvisibleat theindividual level.

https://da.org/10.1371¢urnal.pbi®002828.t00

point is especiallyelevantin the spinalcord, whereour resultsdemonstrateéhat alreadyatthe
grouplevelthe anatomicallydefinedtargetchannel(red dot in Fig 3Band 3F)doesnot neces-
sarilycapturethe strongestleflectionof the cervicalN13 (slightrostralshift) or the lumbar
N22 (slightcaudalshift). With individual spatialshiftsbeingevenstronger this indicatesa
necessityf havingagrid of electrodesndcorrespondinglytailoredanalyse orderto be
ableto accountfor heterogeneityn sourceocationandorientation.

We appliedavariantof canonicalkorrelationanalysifCCA) to the preprocessedataof
thecervicalor lumbar ESGgrid, which is amultivariatemethodthat takesinformation from
all sensor®f interestinto accoun40+42].Byfinding participant-specificspatialfilters that
maximizethe correlationbetweertwo multivariatedatasetghere:singleSERrialsandthe
trial-average®&EP)jt computesnultiple orthogonalprojections of whichwe selectedhe
strongesbnewith atemporalpeakat the expectedatencyandacorrespondingspatialpattern
with the expectedlipoleorientation. Theresultinggroup-levekervicalN13andlumbar N22
weresimilarin shapeandlatencybut clearlyexceedethe noiselevelcomparedo the single-
electrodesignal(blacktracesn Fig 3Band 3G),alsoresultingin asignificantlyhigherSNR
(morethantwo-fold increasen lumbardata;Tablel andFig4A and4E),with alargemajority
of participantsshowingincreasecdSNRafter CCA. Mostimportantly,the CCA-inducedSNR
enhancemenof the evokedresponseallowedfor the extractionof cervicalandlumbar SEPs
atthesingle-triallevelin all participantsFig 4B+4Dand 4F+4Hshowssingle-participanSEPS
atthesingle-triallevel,comparingthe CCA projecteddata(right subpanelsjvith single-elec-
trode data(left subpanels)learlydemonstratingheincreasen signal-to-noisdevelin CCA-
cleaneddata.Thisindicatesthat takingtheinformation from manychannelsnto accountpro-
videsafundamentakensitivityincreasdor detectingevenveryweakbi.e. trial-wisebspinal
responses.
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Fig 2. Grand-average NAPs and SEPs along the somatosensory processing hierarchy. Group-levéresponsg(N = 36)in thehand-mixed(A) andthe foot-mixed(B)
conditionsof Experimentl, with shadederror-bandsdepictng the standarderror. Thebottom two tracesdepictperipheralNAPs the middle tracedepictsspinalcord
SEPgreferenedventrally), andthe top two tracesdepictbrainstemandcortical SEPsThe greydashedinespoint to the electrod€rom which the datawereobtained the
isopotentiaplotsdisplaythe corticaltopographyandthe red dashedine depictsthe temporalprogressiorof the signalalongthe neuralhierarchy Thedataunderlying

thisfigurecanbefoundin S1Data.
https://doiorg/10.1371furnal.pbio.802828.g002
Furthermorejin orderto demonstratehat CCA is not creatingartifactualsignaldueto over-
fitting, wecarriedout acontrol analysisMore specificallyin eachparticipantwe (i) trained
CCA on arandomselectiorof 50%o0f thetrials (underlyingdata:band-paséiltered, anterior-
electrodee-referencedepochedtime windows:8 to 18 msfor medianand14.5to 29.5msfor
tibial nervestimulation);(ii) savedhetime-courseof thefirst componentyiii) repeatedhis
procedureathousandimes;and(iv) thencalculatedll pair-wiseabsolutecorrelationsbetween
the obtainedcomponenttime-coursegin the CCA training time-window). This procedurewas
alsocarriedout on resting-statelata,usingidenticaltrial timings. At the grouplevelwethen
comparedhe correlationstrengthbetweertask-basedataandresting-statelataviaa pairedt
test.Themainideaof this procedurewasto demonstratehat correlationshetweersubsampled
CCA componentsvould besubstantiallystrongerin the presencef repeatedvokedresponses
comparedo CCA performedon the datafrom the resting-statelatawherewe do not expect
repeatecevokedresponsed-or mediannervestimulation,weobtainedagroup-averagabso-
lute correlationof 0.98(rangeacrosgarticipants0.76to 1) in thetask-basedataandagroup-
averag@bsolutecorrelationof 0.58(rangeacrosgarticipants0.46to 0.73)in theresting-state
data;for tibial nervestimulation,the respectiveraluesvere0.96(range:0.61to 1) for taskand
0.50(range0.37to 0.68)for rest.Importantly, componentcorrelationsweresignificantlyhigher
in task-basedatathanin resting-statelata(mediannervestimulation:t = 27.80,
p < 9.5x 107% tibial nervestimulation:¢ = 25.06p < 3.1x 1024 one-tailed).
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Fig 3. Spatiotemporal characterization of cervical and lumbar spinal cord potentials. PanelsA-D depictresponses thehand-mixed
conditions,andpanelsE-H depictresponseB thefoot-mixedcondition. (A) and (E) Grand-aveageSEPscrosshegroupobtained
from ananatomicdly definedelectrodghand-mixed:sixth cervicalvertebrafoot-mixed: first lumbarvertebraredtrace;both with
thoracicreferenceverthe spinousproces®f the sixththoracicvertebra(TH6)) or after CCA (blacktrace),with both signalsz-scoredor
comparisonNotethe clearamplitudeenhancemenof the N13andN22afterCCA. (B) and (F) Grand-aveageisopotentialplots(overall
spinalchannels)n the hand-mixedcondition atthe peakof the N13(B), andin the foot-mixed condition atthe peakof the N22 (F). (C)
and(G) Grand-averagevokedime-frequency plotsin the hand-mixed condition andthe foot-mixed condition. (D) and (H) Results
from cluster-basdpermutation testingfor investigatindatepotentials Depictedis the grand-aveagetraceoverall participantsin the
stimulationcondition (hand-mixed/foot-mixed; redtrace)andin simulatel epochdrom restdata(blacktrace),averageaverall channels
thatarepart of theidentified cluster(displaye asred dotson thetop left). Thegrayareaglepictthe time-windowswith significant
differencesindthe grayarrowindicatesan additiond significartbbut not replicabébpotential (seealsoS1Fig). Thedataunderlying this
figurecanbefoundin S2Data.

https://doi.0g/10.1371Hurnal.pbio.302828.9g003

Detecting spinal SEPs to sensory nerve stimulation (Experiment 2)

Electricalmixednervestimulationatthewrist or ankleBasemployedn ExperimentlDpro-
ducesghe strongesSEPs$n the somatosensorgystenbut is not anecologicallyalid typeof
stimulation(e.g.dueto antidromic conduction).To getonestepclosertowardnaturalstimu-
lation,in Experiment2, weadditionallystimulatedpurely sensorynervefibersof the fingers
andtoes(for details see~ig 1). Usingthis more specifictype of stimulation,wedid indeed
observeclearspinal SEPsthoughnow with anincreasedatency(4.3and7.6msdelayfor
upperandlowerlimb stimulation,respectivelyandreducedamplitude(approximatelytwo-
thirds for both upperandlowerlimb stimulation)comparedo mixednervestimulation(Fig 5
andS1Textand S2Table).Suchapatternof resultswassimilarly observedn peripheralNAPs
andcortical SEPgor both fingerandtoestimulation(S1Textand S2Table)andwasalsocon-
firmed statistically(S3Table).Similarto the above-reportednixed nerveresults applying
CCAto spinaldataresultedin anenhancemenof sensorynerveSNR allowingusto study
characteristicef thoseresponseasdetailedin the following sections.

A first suchexampleconcernedatrial-by-trial investigationof our data(basedn fitting
linear-mixed-effect§LME) models) assessinghetherchangesn responseamplitudeacross
the processindnierarchy(from peripheraloverspinalto corticallevels)vould befully
explainedoy the stimulationcondition or whetheradditionalpredictivelinks betweerthe
hierarchicalevelsvould bedetectabl¢S1Text).In brief, weobservedhat the effectsof differ-
entstimulationtypespropagatedhroughthe somatosensorgrocessindnierarchy jointly
affectingthe amplitudesof peripheralNAPs,spinalcord responsesandinitial cortical
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Table 2. Group-level IR results.

SEP/NAP

Hand sensory
N6
N13
N20

Foot sensory
N8
N22
P40

IR

-1.83%
20.25%
22.21%

6.99%
10.25%
26.07%

potentialsinterestingly howeverjn thefoot stimulationcondition, additionalcondition-
independenteffectof spinalamplitudeson corticalamplitudeswvereobservedproviding first
evidencdor atrial-by-trial spinocorticalink.

Probing integrative processing along the somatosensory hierarchy
(Experiment 2)

Finally,weaimedto studyawell-knownphenomenorof integrationin sensornyprocessing,
namely attenuationor gatingeffectswhich are,for examplepbservedvhenstimulatingtwo
adjacenfingers:A neuronalresponséollowing simultaneoustimulationof both fingersis
attenuateccomparedo the sumof neuronalresponseto singlefinger stimulation. This effect
of integrativeprocessings well studiedat the corticalleveland hasbeenhypothesizedo occur
subcorticallyf43+45],yetunequivocakvidencdor suchintegrationoccurringalreadyat the
spinallevelis currentlylacking.Therefore weinvestigatedttenuationeffectsaalongthe pro-
cessindnierarchy(i.e.,at peripheral spinal,andcorticallevelsland expectedi) thatperipheral
NAPswould not showattenuationeffectqconsideringthat thereareno synapticrelaysyet);
(ii) that cortical SEPsvould showsucheffectgreplicatingpreviousobservations)and,most
importantly, (i) thatthe enhancedensitivityofferedby our multichannelspatiaffiltering
approachwould allowfor uncoveringsucheffectsalreadyat the spinallevel.

WethereforeobtainedCCA-extractecamplitudesof corticalandspinalSEPsswell as
peripheralNAPsto single-digitand simultaneoudligit stimulation. CCA training and compo-
nentselectionwasbasedn mixed nervedata(which havea higher SNRthansensorynerve
data),andthe choserspatialffilter wasthenappliedto all sensorynerveconditions,ensuring
independencef selectiorandtesting.Usingtheseunbiasecamplitudesweassessdthe atten-
uationeffectviainteractionratios(IRs): TheIR is ameasurehat quantifiesthe amplitude
reductionof the simultaneougligit stimulationcomparedo the arithmeticsumof the single-
digit stimulationsfor eachparticipant.Consistentacrosoth upperandlowerlimb condi-
tions,weobtainedclearevidenceor attenuationeffectaot only atthe cortical(N20and P40)
but alsoatthe spinallevel(N13andN22);importantly, sucheffectaverenot evidentat the
peripherallevel(N6 andN8; Table2 andFig 6). While corticaleffectsizef attenuationeffects
werestrongestspinaleffectsizesverealreadysubstantiali.e.,in the mediumto largerange
(Cohen'sd of 0.5for lowerlimb and1.1for upperlimb). Takentogetherour resultsindicate
thatrobustattenuationeffectdn somatosensatioarenot anexclusivelycorticalphenomenon
but alreadyoccuratthe levelof the spinalcord, i.e.,afterthefirst synapticrelay.

tstat P 95% CI Cohen’s d
-0.60 0.56 [-8.17%#4.50%)] 0.13
5.16 <0.001 [12.06%28.43%)] 1.13
9.03 <0.001 [17.12%27.30%)] 1.84
0.84 0.43 [-11.28%25.27%] 0.19
2.51 0.02 [1.76%:18.75%] 0.54
6.56 <0.001 [17.83%34.32%] 1.37

Testedwerethe IRsof SEPsand peripherd NAPswith aone-sample test.
IR, interactionratio; NAP, nerveactionpotential SEP somatosesoryevokedpotential.

https://da.org/10.1371durnal.pbic3002828.t02
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https://abi.org/10.137Aournal.pbio.802828.g006

Providing a resource for future experiments (Experiments 1 and 2)

Lookingaheadwe alsoaimedto providearesourceor the planningof future experimentsy
establishindhe robustnes®f the obtainedspinalresponseslowardthis end,weinvestigated
howmanytrials areneededo obtain peakamplitudessignificantlydifferentfrom zeroatthe
single-participantevel(Fig 7A+7H;left panels)and determinedthe joint minimal numberof
trialsand participantsneededor asignificanteffectatthe grouplevel(Fig 7A+7H;right pan-
els)usingresamplingapproaches.

Themostimmediatelyapparenteffectis that no matterwhich outcomeis consideredthere
isaclearorderin thelevelof robustnesscrosshe differentstimulationconditions,with
mixed nervestimulationgiving morerobustresultsthan sensorynervedouble-stimulation,
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https://da.org/10.137 1§urnal.pbid®002828.g007

which,in turn, leadso morerobustpotentialsthan sensorynervesingle-stimulationThus,
whereasn the mixednervecondition with onetargetchanneloneis almostguaranteedo
obtainasignificantgroup-levekffectwith, e.g. approximatelylOparticipantsand approxi-
mately200trials (Fig 7A and 7B),manymoretrials and/or participantswould berequiredin
thelatterconditionsto obtainasignificanteffect(Fig 7C+7H).Despitethis overarchingrend,
thereis, howeveralsoclearinterindividual variability in responsecf. participant#1and par-
ticipant#13in the hand-mixedcondition, whereapproximatelylOOversusl,00Qtrials were
necessarno obtainasignificantresultin amajority of repetitions).

Another effectthatis clearlyvisibleis the beneficiakffectof the CCA approacton the
robustnes®f spinalSEPsIn contrastto employingananatomicallydefinedtargetchannel,
employingCCA requiredsmallemumbersof trials to obtain significantresultsfor eachpartic-
ipantin aconsistentmanner(but notethat CCAwastrained on the entire mixed-nervedata).
While thisis alreadyvisibleatthe individual-participantand grouplevelin the mixednerve
conditions(Fig 7A and 7B),it become®venmoreapparentin themore SNR-limitedsensory
nerveconditions(Fig 7C+7H).For examplefor single-digitstimulationof theindexfinger
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andananatomicallydefinedtargetchannel(Fig 7E),the useof 24 participantsand 1,000trials
wasnecessario obtainasignificantgroup-averagedesultwith aprobabilityof 0.8.In con-
trast,with the useof CCA (trainedon 2,000trials of mixed-nervedata),eitherthe samenum-
ber of participantswith only approximately?200trials or 15 participantswith approximately
500trials werealreadyenoughto achievesimilar results Theseesultsthusallowresearchers
to makeaninformed decisionon howto setup future experimentsn termsof within- and
across-participanfactors.

Recording of nociceptive spinal cord responses (Experiment 3)

In afinal proof-of-principle experiment(N = 7), weaimedto providean exampleof the usabil-
ity of this approachby recordingspinalcordband simultaneouslalsocorticalbresponseso
nociceptiveheat-painstimulation (inducedviaa CO.-laser).At the grouplevel, weobserved
the canonicalaser-evokegotentials(LEPS),.e.,the corticalN1 andN2P2componentswith
theexpectedatency(Fig 8A). Mostimportantly, wealsoobserveddistinct LEPat the spinal
level,consistingof anegativedeflectionat 52ms (Fig 8B). Thisresponseould only be
obtainedby makinguseof our multichannelsetupand spatialffiltering approachsinceit could
not bedetectedn singleelectrodesignalsNotably,this group-leveresponsevasconsistent
acrosglatasplits(four-fold split depictedin Fig 8C)andobservedbwithslightlatencyjitterb
in everysingleparticipant(Fig 8D).

Discussion

Here,wereportthe developmenbdf amultichannelelectrophysiologgpproacho noninva-
sivelyrecordspinalcord responsewith high precisionand sensitivity incorporatingthese
responsewithin acomprehensiv@icture of processinglongthe somatosensorlierarchy
(from peripheralnerveso somatosensorgortex).Acrosstwo separatexperimentsyepro-
videgeneralizableesultsby assessingpatiotemporatesponsgropertiesn boththe cervical
andlumbarspinalcord,i.e.,thetargetsof upperandlowerlimb projections A centralaspect
of our approachconcernsareliableextractionandidentification of spinalresponses amulti-
variateway,i.e.,reweightingthe multichannelsignalon a participant-by-paticipant basis
usingCCA, whichenablesingle-trialestimationof spinalcord SEPsln orderto allow
researcherom variousfieldsto seamlesslguild upon our resultswemakeall dataaswell as
analysicodeopenlyavailableandalsocarryout replicationandrobustnessnalysedhoping
to provideastatusquo of whatis currently feasiblevith multichannelESG.

Detailed characterization of spinal cord potentials

Spinalcord SEP$avebeenstudiedintensivelyin thelastcentury,startingwith their discovery
in humansin aninvasivestudy[46] andfollowedby noninvasivaecordingg20+24].Here,we
employedanovelmultichannelapproach(including specificallydesignednultichannel
arrays)to expanduponfindingsfrom this largebodyof literature,which encompasseanore
than 150publicationsin healthyhumans but whereresearcthadlargelysubsided.
First,weusedawhole-bodyelectrophysiologgpproachandsimultaneouslyecorded
peripheral spinal,brainstemandcorticalresponseto electricaktimulationof amixednerve
in the upperandlowerlimbs. This comprehensiveecordingsetupallowedusto embedspinal
responsewithin thetemporalprogressiorof the neurophysiologicasignalalongthe entire
somatosensorprocessindnierarchy.Secondye comparedspinalSEPg$ollowing sensory
nervestimulationto thosefollowing mixednervestimulationand observededucedpeak
amplitudesandincreasedatencieslikely dueto the lower numberof activatedibersandthe
additionaltraveling-distancef nerveimpulsesrespectively47,48].Reassuringlygvenwith
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Fig 8. Cortical and spinal LEPs. (A) Grand-aveage(N = 7) corticalLEPs pbtainedfrom singleelectrodesindconsiging of N1 (latency214ms;datareferencedo Cz)in
thetop row andN2P2(latency256msand 356ms;datareferencedo averagein the bottomrow; line colorscorrespondo the electrodeslepictedschematallythetop
left of eachpanelwith thick linescorresponihg to electrodesf interest(N1: T8, N2P2:Cz).(B) Grand-aeragespinalLEP,obtainedfrom CCA andshowingthe most
prominentdeflectionat 52ms.Thethick line correspondto the group-averagef thefirst CCA componentandthe shadedandto the standarderror of themeanacross
participants(amplitudesarein arbitrary units). Theelectrodepatchof Experinent 3is shownasaninset.(C) A four-fold split of trials (afterhavingappliedthe spatial
filter) showsaconsistentesponsén eachsplit atthe previouslyshownlatency(amplitudesarein arbitraryunits andline colorsreflectdifferentsplits).(D) Single-
participant(participantsorderedfrom top (1) to bottom (7)) time-coursesof the first CCA componeniwith the time-courseof participanttwo havingbeenmultiplied by
-1 (dueto the polarity insensitivityof CCA); amplitudesarein arbitrary units. Theredline indicatesthe time-point of maximaldeflectionobservedn the group-leveplot.
Thedataunderlyingthis figure canbefoundin SéData.

https://doi.0g/10.1371Hurnal.pbio.302828.g008

single-digitstimulation (whereonly approximately2,000to 5,000nervefiberscanbeexpected
to beactivated49]), weobservednostlylargeeffectsizeshinting atthe potentialof our ESG
approachto alsorecordresponset ecologicallymore valid stimulationsuchastouch,which
would beexpectedo havean evenlower SNR.Third, wemadeuseof our multichannelsetup

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

13/41


https://doi.org/10.1371/journal.pbio.3002828.g008
https://doi.org/10.1371/journal.pbio.3002828

PLOS BIOLOGY

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

to investigateahe spatialdistribution of cervicalandlumbar SEPsBoth presentedasradial
dipoles slightlyabovethe spinousproces®f vertebraCé for the N13andslightly belowthe
spinousproces®f vertebral 1 for the N22andwith asagittalcenteroverthe cord, speaking
againsiamyogenicorigin (which would beexpectedo resultin amorelateralizedlistribu-
tion) [50]. Importantly, our resultsshowa high degreeof anatomicaplausibilitynot only by
beingcenteredtloseto the spinalsegmenbdf interestbut alsoby showinga spatialdouble-dis-
sociation:Theupperlimb N13is clearlylocalizedn cervicalbut not lumbarareasandthe
lowerlimb N22is clearlylocalizedn lumbarbut not cervicalareasTo our knowledgesucha
spatialcharacterizatiorof spinal SEPSs unique,asevenmodernMSG-studiesrelimited to
muchsmallerspatialwindows[51,52](for ESG seq27]) andwould thusnot allowfor such
insights.Obviously,our datado not allowpinpointing the origin of thesepotentialswithin the
spinalcord graymatter,but their postsynapticmaturehasbeenestablished32,53Jandanimal
work suggestthattheyaregeneratedby deepdorsalhorn interneurons[54+56] likely aspart
of the postsynapticorsalcolumn (PSDC)pathwaywhichis aprominent sourceof input to
thedorsalcolumnnuclei[57+59].

Finally,baseddn therecentevidencdor extensivgrocessingf afferentsignalawithin the
dorsalhorn [2,3], weinvestigatedhe existencef latespinalpotentialsandindeedobserved
suchSEPcomponentdollowing the cervicalN13(17to 35ms)andthelumbarN22 (28to 35
ms).Similarlatespinalpotentialshadbeendescriptivelynentionedaspart of atriphasicwave
in someof the earliesinvasiveandnoninvasivespinalrecordingg20,21,60,61hut herewe
providefirm statisticakvidencdor their existencetthe grouplevelfor thefirst time. With
respecto theorigin of thesdatepotentialsamyogenicsourcehasbeenruled out [61] anda
contribution from latetop-downbrainstempotentialg44] is unlikely giventheir lumbarpres-
enceratherpointing towardalocalspinalorigin, with apossibleneurophysiologicamecha-
nism beingprimary afferentdepolarizatior{56]. We further obtainedtentativeevidencdor an
ultralatenegativdumbar potentialfollowing lowerlimb stimulationafter>100ms.To our
knowledgeno spinalSEP$avehitherto beenreportedat suchlatenciesalthoughthereare
hints from earlyneuromagneticeckrecordingg62] andrecentspinalrecordingshasecn
opticallypumpedmagnetometerfs3] havealsoshownlatespinalevokedields.Taken
togetherthe generapossibilityto detectlatepotentialsopensthe door for investigatingocal
spinalprocessingjoingbeyondasimplerelayof information [2] aswellassupraspinamodu-
latory influenceson processingn thedorsalhorn [64], and herethe millisecondresolutionof
our approachwill beideallysuitedto disentangléop-downfrom bottom-up effects.

Enhanced SNR and single-trial responses via multivariate spatial filtering

Traditionally,the analysioof SEP$rom ESG datais basedn acquiringalargenumberof tri-
als,with moststudiesusingsingleor veryfewspinalelectrodegthoughthereareafewexcep-
tions[21,28,65])andthenanalyzingsingle-channel data.Converselymethodologicahdvances
in EEG dataacquisitionandanalysisiow allowfor abetterseparatiorof signalfrom noiseand
usehigh-densitymultichannel montagedor constructionof spatiaimaps,jn which the dataof
thewholesetof electroencephalograplfgEG)electrodesretreatedasa multivariatesignal
[66£69].

Our high-densityE SG-montagéhusenabledhe applicationof methodsthat combinethe
information from manychannelssia spatiaffilters. Specificallyyweuseda CCA-based
approachbthathaspreviouslybeenappliedfor extractionof earlycortical SEP$40+42,70,71]
Pand showthat spinalSEPextractionis markedlyimprovedwith suchamultichannelspatial
filtering approachWe believethis approachs especiallypeneficiafor spinaldatafor two rea-
sonsFirst,the ESGsignalis particularlyaffectedoy physiologicahoisefrom cardiacand
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myogenicsourceg21], leadingto alow SNRwith single-trialamplitudesusuallyhiddenin
backgroundhoise.Seconddespitesubstantiainterindividual differencesn thelocationof spi-
nal segmentselativeto vertebrag72,73],the latter areusedasanatomicalandmarksfor elec-
trode placementA spatialffilter that compensatefor suchinterindividual differencesill be
beneficiafor group-levelnalysedut alsofor recoveringsignaldn individual participants,
wherean electrodeplacedon aspecificanatomicalandmarkmight not capturethe spatial
peakof theresponsefinally,becausef volumeconduction,potentialsfrom the activationof
spinalsourceswill bereflectedn manyelectrodesand,thus,asimultaneousiseof the signals
from manyelectrodesnayalsopotentiallyallowextractionof multiple sourcesvhenusing
multivariatemethods.

Byimproving the SNRof ESGdata,our spatialfiltering approachallowsnot only for
extractingmorerobustspinalSEP$ut alsofor studyingthe variabilityin spinalSEPampli-
tudesatthe single-triallevel. While therearemanybenefitsto this approachseebelow),here
weemployedt to asseslow trial-by-trial responseamplitudescofluctuateacrosdifferent
processingevelsWe observedhat the effectf differentstimulationconditions(i.e.,single-
digit, double-digit,and mixed nerve)correspondedo sharedvarianceacrosghe somatosen-
soryprocessindnierarchy encompassingeripheralNAPs,spinalSEPsandearlycortical
SEPsThis covariancgresumablyeflectedhe numberof stimulatednervefibers(which var-
ied betweerstimulationconditions)aswell asthe internal stateof the activatecheuronalpop-
ulations.Yet,additionalcondition-independentariationsmight beworth further
investigationDuring foot stimulation,spinalresponsepredictedcorticalresponsegroviding
aneurophysiologicaspinocorticalink on the single-triallevel.

Integration effects are present already at the spinal level

Mostimportantly, we assessegifundamentalquestionof sensoryprocessingnamely at
whichlevelsof the processindnierarchyinformation from the receptords integrated py test-
ing for integrativeprocesseat peripheral spinal,andcorticallevelsin orderto do soin a
robustmanner,weusedCCA to extractSEPamplitudeso single-digitand double-digitstimu-
lation and quantifiedthe attenuationeffectbareducedresponséo double-digitstimulation
comparedo the summed-upresponseto single-digitstimulationbasameasuref integra-
tion. Integrationeffectaverenot evidentin the peripheralnervoussystemyhereresponse
amplitudedfaithfully reflectecthe appliedstimulation.Converselysignificantintegration
effectawith mediumto largeeffectsizesvereevidentconsistenthafterthefirst synapticrelay,
i.e.,notonlyin cortexbut alreadyin the spinalcord, thefirst processingtationin the central
nervoussystemThecorticalfindingsarein line with severapreviousstudieq43,45,74]put
therobustspinalresultsbwhichwereobservedor both upperandlowerlimb stimulationb
gofar beyondthe previousliterature,whereonly anecdotakevidenceof sucheffectsexistedat
thecervicallevel[75,76].While the simultaneousecordingandassessmeiaif integration
effectsat peripheral spinal,andcorticallevelds afirst, to our knowledgethe observegro-
gressiorof increasinglystrongerintegrationeffectaalongthe neuralhierarchyhasbeensug-
gestedo beaconsequencef increasingeceptiveield size[44].

Two mechanisméavebeendiscussedo underlieintegrationeffectsocclusionandlateral
inhibition [74,76,77]Eithermechanisncouldbeatwork in the spinalcord, consideringhe
integrativenatureof manydeepdorsalhorn interneurons[2,3] aswell asthereceptive-field
organizationof wide dynamicrangeneurons[ 78], both of which havebeensuggestetb con-
tribute to the observedpinal SEP$35,36,54,55Futurework usingexperimentatlesigngai-
loredto dissociatehesewo mechanism$74] might helpto shedmorelight on the underlying
processeatthe spinallevel.
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Assessment of nociceptive spinal cord responses

In afinal experimentywedemonstratedhe versatilityof our noninvasiveapproachoy provid-
ing corticospinalelectrophysiologicakcordingsof responses nociceptivestimulationin a
heat-painparadigm While thereis amultitude of EEGstudiesassessingorticalresponseo
variousforms of nociceptivestimuli (e.g. LEPY79]; contactheat-evokegbotentials(CHEPs
[80]); pinprick-evokedpotentials(PEPH81])), anoninvasiveassessmeif spinalresponseto
anytypeof nociceptivestimulationhashitherto not beenreportedto our knowledgeln afirst
proof-of-principle experimentwethereforeleveragedhe sensitivityincreaseaffordedby our
multichannelsetupto demonstrateconcurrentlyrecordedcorticaland spinalLEPs.Thespinal
respons@ccurredat atime point consistentvith the activationof nociceptiveA-deltafibers
(i.e.,in anearlylatency-rangef whatwould beexpectedasedn microneurographicsingle-
fiber recordinggd82]) andwasobservabl¢o varyingdegreesn everysingleparticipantafter
spatialffiltering.

While this first demonstrationof noninvasivelyrecordedspinalLEPsobviouslyawaitsrep-
lication (and might benefitfrom more sophisticatedime-window selectiorfor CCA training,
possiblyinformed by recentcomputationaheat-transfemodelg[83]), it is apromisingstepto
investigateentire CNSmechanismsinderlyingthe experiencef painin healthanddiseaseA
noninvasiveanddirectwindowinto spinalnociceptiveprocessings highly relevantfor pain
researchgonsideringthatthe spinalcordis not only thefirst CNSprocessingtationfor noci-
ceptivestimuli [84] but alsoatargetof powerfuldescendingontrol mechanism$35] anda
structureoftenimplicatedin pain chronification[86].

Insights for future electrospinography experiments

Oneoutstandingquestionis how the advanceitroducedby our approachmight benefit
otherfieldsof humanneurosciencsd,e.,inspirenewwork on spinalcord function outsidethe
domainof somatosensatiofn immediateexperimentalmplication arisefrom the here-
developedienoisingapproachWhile it wasrecognizedearlyon that cardiacartifactsdomi-
natethe ESGsignal[21] andthat massiverial-averagingr cardiac-gatingvasthusnecessary,
weinsteadachievedadirectremovalof the cardiacartifactviaadenoisingalgorithm[87],
eliminatingthesepreviouslimitations. This allows for exampleto deliverstimuli spaced
acrosghe cardiaccycle andwearethusenvisioningthe useof our approachfor investigating
interoceptiveprocessesyherespinalpathwaysareof importancefor braintbodycommunica-
tion but not yetstudied[88,89].In addition, the sensitivityincreaseffordedby our multichan-
nelapproachin combinationwith spatiaffiltersis of benefitfor domainswheremassiverial-
averagingsimpossiblge.g.in painresearctdueto ethicalandsafetyreasonspr for experi-
mentalparadigmswvhereonly afewor evensingletrials areof interest(e.g.jin deviance-detec-
tion designs).

Our approachcouldalsoprovideclinicalinsights,consideringthat spinalpathologiesrea
corepart of manyneurologicaldisorders suchasmultiple sclerosig6], spinalcordinjury [5],
or chronicneuropathicpain[7]. Relatingto this, greatstrideshaverecentlypbeenmadein the
recovenryof function afterspinalcord injury and strokevia spinalneurostimulation
[8,9,90,91]Here,anoninvasiveandtemporallyresolvedvindow on suchprocessesbagro-
videdby the CCA-enabledsingle-trialsensitivitybmightoffer mechanistidnsightsinto pro-
cesseanderlyingsuchrecoverygspeciallgonsideringtherole of afferentinput in the
treatmentof thesemaladiesassuccessfullgharacterizedy our approach Similarly,thereare
multiple initiativesaimedat developingbiomarkersfor analgesicirug developmento target
chronicpain[10,11,92,93hndconsideringhatalterationsn spinalprocessingreassumedo
beacorefeatureof chronic pain developmenaind maintenancd94+96],sensitivespinal
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recordingswould beveryhelpful.In suchendeavorsspinalSEP<ould potentiallyserveas
objective noninvasiveandinnocuousbiomarkerd35,36].

In anycaseconsideringthat underpoweredtudiesareatroubling issuen neuroscience
[97], both experimentahndclinical studieshat could arisefrom this work would needto be
wellpoweredIn orderto facilitatethe planningof suchstudieswe providegroup-levekffect
sizesyhichbreassuringybwere similar acrossoth experimentand mostlyin thelarge
range In addition,weusedresamplingapproachesn both datasetgo (i) estimatethe mini-
mal numberof stimuli to obtainasignificantresultatthe participantleveland i) jointly esti-
matethe minimal numberof stimuli and participantsto obtainasignificantresultat the group
level.Simulatingexperimentghis wayallowsfor giving specificecommendationssuchas
thatfor mixednervestimulationacquiringapproximately200trialsin approximatelylOpar-
ticipantswith single-channetecordingsalmostguaranteea significantgroup-levekffect.

Finally,wehopethat our noninvasiveapproachin humanswill provideamacroscaleom-
plementto researchn animalmodels whereinvasiverecordingtechniquesbsuctasmulti-
electrodeecordingq98] or calciumimaging[99]Pallow detailedand mechanistignsights
into spinalprocessesccurringatthe micro- andmesoscaldt isimportant to notethat our
approachof not only recordingcervicalbut alsolumbar spinalcord responsesouldprovidea
uniqueacross-specidsidge,consideringthat the vastmajority of spinalrecordingsin experi-
mentalanimalmodelsarecarriedout in the lumbarcord.

Limitations and comparison with other CNS-neuroimaging approaches

Thereareseveralimitations of our approachthat areworth discussingFirst, the supineposi-
tioning of participantsmight haveledto ahighernoiselevelin the ESGdatadueto electrode
movementsWhile thereareseverablternativepositions wedecidedo recorddatain supine
positionbasedn extensivepiloting, in which this positionwasreportedto offerthe most
comfortoverthe courseof the experimentwithout degradingdataquality (e.g. dueto tonic
muscleactivity). Secondywehadhopedto reliablyrecordbrainstemSEPsrisingfrom the
cuneatenucleus(N14[100]) andgracilenucleus(N30[101]), asthesearedirectrecipientsof
output from the spinalcord viathe PSDCpathwayg58]. Despiteusingoptimal signalextrac-
tion leadspbservindorainstempotentialswasnot possibldn all conditions,mainly dueto the
limited SNRto digit stimulation. Third, it isimportantto point out that this studyintroduced
anovelmethodologicahpproachandwasthusfocusedn the detectionof spinalresponseto
carefullycontrolledstimulationthat givesriseto astronglysynchronizechigh-amplitudesig-
nal. Onemight thereforeaskwhetherthis methodwill performwellundermore naturalistic
conditions,suchasmechanicabr thermalstimulation.We believethat the combinationof
methodologicalmprovementsntroducedhereshouldalsobehelpfulin suchlow-SNRsce-
narios,asalreadydemonstratedexemplarilyfor single-digitstimulation.Finally,it shouldalso
benotedthat thereis somelossof objectivitywhenusingCCA, consideringthatapriori
knowledganformedthetime-periodfor training CCA andthe choiceof componentbthis
might bealleviatedn the future by developingautomatedproceduredasedn predefined
criteria.

In termsof comparisonwith otherneuroimagingmethodsfor assessinthe entire CNS,we
notethatonly fMRI andMEG (basedn opticallypumpedmagnetometerfOPMs)[102,103])
havesofar beenusedfor simultaneousssessmeiuf corticospinalprocessedVhile corticosp-
inal fMRIDPas employedor studyingtheinteractionsbetweersupraspinahndspinalstruc-
turesthat underlieresting-stateonnectivity[104,105]motor control [106,107]pr top-down
modulationof nociceptiveprocessing108,109]bofferaunparalleledspatialresolution,it is an
indirect measurenf neuronalprocessewith ensuinglow temporalresolution.Here,our
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approachwould provideanimportant complementarnassessmerasit would, for example,
allowfor atemporallyprecisedelineationof possiblénteractionsbetweertop-downandbot-
tom-up responseatthe spinalleveldueto its millisecondresolution.OPM-MEG hasrecently
beenemployedn aproof-of-principlestudyto simultaneouslyecordspinalandcortical
somatosensory-evokedsponsesimilarto thoseinvestigatederein Experimentl [63] (see
[110]for corticospinakrecordingsduring amotor task).While the high costsandlimited band-
width of manyOPM sensottypescurrently limit widespreaddoption(especiallyvheninter-
estedn veryfastspinalresponseasinvestigatedere) thewearablanatureandflexible
arrangemenpossibilitiesof OPM-MEG makethis averypromisingmethodologicabpproach
for entire CNSassessmentgith high temporalprecision.

Outlook

In conclusionweestablishe@napproachor the noninvasiverecordingof spinalcord
responsethat shouldbereadilyaccessiblandwidelyavailableaddressing previouslymiss-
ing link in the studyof reciprocalbraintbodycommunication.Our methodprovidesdirect
recordingsof electrophysiologicaksponsewith high temporalprecision(allowingto investi-
gatedifferentresponse€omponentsi.e.,earlyandlatepotentials) hasa high sensitivitydueto
the multivariatecombinationof spinalmultichanneldata(enablingsingle-trialestimates)and
isintegratedwith therecordingof afferentand efferentsignalgperipheraland supraspinal
responses)Ve believethat this approachcouldbeextendedo other settingsof naturalstimu-
lationBsuch associalttouchor pain (for whichweprovideinitial evidence)bands not only
suitablefor investigatinghard-wiredbottom-up processindput alsoits modulationby various
factors,suchassignalintegrationasdemonstratedhereto alreadytakeplacein the humanspi-
nal cord. We thushopeto haveprovidedacomprehensivapproachthat allowsfor asensitive
anddirectassessmeinf spinalcord responseat millisecondtimescalén variousfields
beyondsomatosensatioand anticipateits usein the contextof interrogatingthe spinalcord's
rolein theinterplayof bottom-up andtop-downprocessethattogethergiveriseto our sensa-
tionsin healthanddisease.

Materials and methods

Participants

Experiment 1. A total of 42healthyright-handedvolunteersarticipatedn this experi-
ment. Two participantswerenot ableto successfullgompletethe experiment(cigarettecrav-
ing in onecasebathroomusein anothercase)andtheir datawerethusdiscardedFour
participantswereexcludeddueto absenperipheralpotentials)eadingto afinal samplesizeof
36participants(18femaleage25.5+ 3.5yeardmean+ SD)).All participantsprovidedwrit-
teninformed consentandthe studywasapprovedy the EthicsCommitteeat the Medical
Facultyof the Universityof Leipzig.Pleas@otethat the final sample-sizef 36 participants
wasspecifiedn apreregistratiorprior to the startof the studyandwaschosenn orderto
detectamedium-sizeceffect(Cohen'sd = 0.5)with apowerof 90%(at an alphalevelof 0.05
with one-tailedtesting).

Experiment 2. A total of 26 healthyright-handedvolunteergarticipatedin this experi-
ment. Two participantswereexcludeddueto absenperipheralpotentialsin the mixednerve
stimulationcondition, leadingto afinal samplesizeof 24 participants(12femaleage24+ 4.5
yeardmeanz+ SD)).All participantsprovidedwritten informed consentandthe studywas
approvedoy the EthicsCommitteeat the MedicalFacultyof the University of Leipzig.Please
notethatthefinal samplesizeof 24 participantswasspecifiedn a preregistratiorprior to the
startof the study.Thiswasbasedn a powercalculationof datafrom of the 36 participantsin
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Experimentl, whereweobservedn effectsizeof d = —0.85for medianmixednervestimula-
tion andof d = —0.62for tibial mixednervestimulation(in 30Hz high-passzfilteredyut other-
wiseuncleaneddata).Takingthe smallerof thesewo effectsizesandaimingfor apowerof
90%(at analphalevelof 0.05with one-tailedtesting)resultedin anecessargamplesizeof 24
participants Althoughwewereusingresultsobtainedfrom mixed nervestimulationasthe
basidor our powercalculation(whichis known to resultin strongerresponsethanthosefrom
stimulationof a purelysensorynerve) weemployeda conservativevayto estimateour effect
size{(i) weusedraw datathat wereonly preprocesselly a high-pasdilter; (i) webasedur
powercalculationon the lumbar potentialthatis possiblymoredifficult to detectand (iii) we
selectedhe sameelectroddan eachparticipant(cervical:SC6Jumbar:L1)to calculatehe group
statisticswhichis ratherconservativespeciallyor the lumbarchannelsbecausghelocation
of thelumbar segmentsf the spinalcord differsextensivelypetweerparticipants[ 73].

Experimental design

We conductedwo experimentsn which humanparticipantsreceivecelectricalstimuli to
mixedor sensorypartsof anarm andof alegnerve.ln Experimentl, only mixedfiberswere
stimulated specificallyof the mediannerveat left wrist and of thetibial nerveatthe left ankle.
In Experiment2,the sameamixednervestimulationwasapplied,andadditionallysensory
partsof the nerveswerestimulated(two fingersor two toes).In both experimentselectrophys-
iologicalsignalsvererecordedat differentlevelsof the processindnierarchybatthe peripheral
nerve thelumbarandcervicalspinalcord, the brainstemandthe cortex.

Experiment 1. Theexperimenthadarepeated-measureesignmeaningthateachpar-
ticipantunderwentall experimentatonditions.The experimentconsistedf two conditions,
namedhand-mixedandfoot-mixedin thefollowing.In the hand-mixedcondition, the left
handof the participantwasstimulatedwith electricalpulsego the mediannerveatthewrist.
In thefoot-mixedcondition, the left foot of the participantwasstimulatedwith electrical
pulsego the posteriortibial nerveatthe ankle. We referto theseconditionsas®mixed,®
becausatthewristandthe ankle the medianandtibial nerve respectivelyaremixednerves,
i.e.,containboth sensoryand motor nervefibers.Fig 1A displayshe experimentatimeline of
Experimentl.

Experiment 2. Similarto Experimentl, this experimentalsohadarepeated-measures
designthoughnow consistingof eightconditions,namedhand-mixed fingerl,finger2,fin-
gersl&2foot-mixed,toel toe2,andtoes1&2Thehand-mixedandfoot-mixedconditions
werethe sameasin Experimentl (excepfor differencesn theinterstimulusintervaland
beingpresenteccompletelyin oneblockeach)In thefinger stimulationconditions,theindex
andmiddle finger of the participant'sleft handwerestimulatedwith electricapulsesThese
pulsescouldoccurin threedifferentwaysto theindexfingeronly (fingerl),to the middlefin-
geronly (finger2),or to both fingerssimultaneouslyfingers1&2)In thetoe stimulationcon-
ditions, thefirst and secondoe of the participant'sleft foot werestimulatedwith electrical
pulsesitherto thefirst toeonly (toel),to the secondoeonly (toe2),or to both toessimulta-
neously(toes1&2)Wereferto all fingerandall toe stimulationconditionsalsoas®hand-sen-
sory?andafoot-sensorytonditions,becausatthe fingersandthetoes the medianandthe
stimulatedbranchef the posteriortibial nervecontainonly sensornynervefibers.Fig 1Bdis-
playsthe experimentatimeline of Experiment2.

Electrical stimulation

Experiment 1. Theelectricaltimuluswasa0.2-mssquare-waveulsedeliveredoy 2 con-
stant-currentstimulators(3DS7A°,Digitimer, Hertfordshire,United Kingdom; onestimulator
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for eachnerve)viaabipolarstimulationelectrodewith 25mm electrodedistanceg@reusable
bipolar stimulatingsurfaceelectrode,Spesviedica,Genovaltaly) to theleft medianor the
left posteriortibial nerve respectivelyThe stimulationelectrodesvereplaced(with the cath-
odebeingproximal) atthe palmarsideof thewrist (mediannervestimulation)andatthe
mediansideof the ankle(posteriortibial nervestimulation). The stimulationintensitywasset
to justabovetheindividual motor threshold which wasdefinedastheintensityatwhichapar-
ticipant'sthumb or first toe startedto twitch (visuallydetermined) All participantsperceived
the stimulationintensityasadistinct, but not painful, sensation.

Experiment 2. Equipmentandelectrodeplacementor mixednervestimulationwasiden-
ticalto whatis describedhbovefor Experimentl. For finger or toe stimulation,ring electrodes
(adigital electroddor recordingandstimulation,°’Spesviedica,Genovaltaly) wereattached
with the cathodebeingproximalto participantsleftindexfingerandleft middle fingeraswell
asleftfirst toeandleft secondoe.While weintendedto stimulatemixedand sensorypartsof
thesamenerve whenstimulatingthefingersor toes,it is not possibleo clearlydifferentiate
which nerveis stimulated sincethereis anindividual variabilityin the spatialdistribution of
thedermatomeg$111,112]Thereforejt isimportantto keepin mind wheninterpretingour
resultsthat during stimulationof theindexandmiddle finger,sensonfibersof the medianas
wellasthe ulnar andradialnervemight be stimulated(lowerlimb: sensonyfibersof the super-
ficialanddeepperoneaherves)Eachof thefingersor toeswerestimulatedby a differentstim-
ulator. Thestimulationintensitywassetto threetimesthe detectionthreshold whichwas
determinedviathe methodof limits. If necessary,e.,if participantsreportedto experience
the stimulusaslessntenseovertime, the stimulationintensitywasslightlyincreasedn-
betweerstimulationblocksbasedn experiencdrom pilot experimentsaswell assuggestions
by earlierwork [113]. The appliedintensitywasneverperceivedasbeingpainful.

Electrographic recordings

Experiment 1. All electrographisignalsvererecordedwith TMS-suitableAg/AgClelec-
trodes(®TMS-compatiblemultitrodes,°EasycagismbH, Herrsching,Germany).For EEG 64
electrodesverearrangedon an EEGcap(EasycaismbH) with standardpositionsaccording
to the 10+ 10systemandreferencedo theright mastoid(RM). RecordedEEG-channelsvere
thefollowing: Fp1,Fp2,F3,F4,C3,C4,P3,P4,01,02,F7,F8,T7,T8,P7,P8,AFz,FCz,Cz,
Pz,FC1,FC2,CP1,CP2FC5,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,CPzF9,andF10.An activegroundelectrodevasplacedat POz.

For ESG39electrodesvereplacedon the upperbody,with the largesipart of the electrodes
placednto onecervicalandonelumbarelectrodepatch. Thesepatchesverecustom-made
andconsistedf the samefabricusedfor the EEGcap(kindly providedby EasycagmbH).
ESGdatawerereferencedo anelectrodepositionedoverthe spinousproces®f the sixth tho-
racicvertebra(TH6), andthe following electrodesverelocatedat anatomicabositions:elec-
trode SC1latthefirst cervicalvertebraglectrodeSC6at the spinousproces®f the sixth
cervicalvertebraglectrodd_1 at the spinousproces®f thefirst lumbarvertebraandelectrode
L4 atthe spinousproces®f thefourth lumbarvertebraAn additional16electrodesvereorga-
nizedin agrid aroundeachoneof the two spinaltargetelectrodesSC6andL1 (Fig 1). The
grid organizationwhichwasdevelopedn pilot experimentsaimedat capturingthe spatial
distribution of the spinalsignal.The midline of this grid waspositionedverticallyon the spine
andconsistedf five electrodegthe third onebeingthe spinaltargetelectrode)with avertical
interelectrodedistanceof 2 cm. Two further verticallinesof four electrodegachwereplacedl
cmto theright andleft of the midline electrodesnd anothertwo verticallinesof two
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electrodegachwereplaceds cmto theright andleft of the midline. In additionto thesedor-
sallyplacedelectrodesthereweretwo ventrallyplacedelectrodesbonesupraglotti AC) and
onesupraumbilicaklectrodg/AL). Suchventralelectrodeiavebeendescribedo bebeneficial
for SEPextractionin theliterature[26,27,114,115Becaus¢he EEGandESGmontageused
differentreferencesyeaddedFzto both montagesith channelname?Fz°in the EEGmon-
tageand@Fz-TH6°in the ESGmontage asthis allowsto combinethetwo montagesnto one
by re-referencingatalaterpoint. In sixout of the 36 participants(sub-001to sub-006)Fz-
TH6 wasmissingin the ESGsetupdueto atechnicalerror. Theactiveground electrodestabi-
lizedthe signalviatheadrivenright leg®principle. It wasplacedat POzin the EEGmontage
andin themiddle betweenTH6 and S20in the ESGmontage Pleas&seealsoour reasoning
regardingthe placemenbf the spinalreferencen S1Text.

In additionto EEGand ESGwealsorecordedseverabthertypesof data.First, electro-
neurographiqd ENG) databi.e.,peripheralNAPsbof the mediannervewererecordedat the
levelof the left axilla(overthe bicepsyeferenceelectrodgoroximal, distance3 cm between
electrodesandtheleft Erb'spoint (referencedo right Erb'spoint). PeripheraNAPsof the
posteriortibial nervewererecordedfrom the poplitealfossgwith five electrodesoneelec-
trodewasplacedn the centerof thefossaandfour electrodesroundit atadistanceof 1 cm;
allkneechannelsverereferencedo a 3-cmproximal electrode)Secondelectrocardiographic
(ECG)datawererecordedfrom anelectrodeplacedattheleft lowercostalarchandreferenced
to aright subclaviculaelectrodeThird, electromyographi(EMG) datawererecordedat the
handfrom the abductorpollicisbrevismuscleandatthefoot from the flexor hallucisbrevis
muscle with the EMG electrodebeingplacedoverthe musclebellyandthereferenceslectrode
beingproximal (pleaseotethat EMG dataarenot reportedin this manuscript).Fourth,we
recordecthe participantsrespiratoryactivity (with arespirationbelt:2reusableespiratory
effort sensor,SpedMedicaS.r.l.,Genovaltaly; dataalsonot reportedhere).

We aimedatkeepingmpedancestall electrodedelow10kOhm. All electrographicig-
nalswererecordedwith NeurOneTeslaamplifiersand software(Bittum Corporation,Oulu,
Finland),applyingananti-aliasindfilter at 2,500Hz with alower cutoffat0.16Hz and sampled
atarateof 10,00(Hz.

Experiment 2. Theemployedrecordingequipmentaswellasthe ESGECG,andENG
electrodeplacementvasidenticalto whatis describedabovefor Experimentl. EEGwas
recordedusing39electrodesrrangedon an EEGcapwith standardpositionsaccordingto the
10+10systemandreferencedo the RM. RecordedEEG-channelsverethe following: Fpl,
Fp2,F3,F4,C3,C4,P3,P4,01,02,F7,F8,T7,T78,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-
trooculogramwasplacedateralto the outercanthi(EOGH) andin the centerbelow(EOGV)
theright eyeandusedthe samereferenceasEEG.An activegroundelectrodevasplacedat
POz.EMG wasnot recordedin this experiment.

Experimental procedure

Experiment 1. First,the EEG,ESGENG,EMG, and ECGelectrodesvereattachedo the
participant'sskin. Next,the respirationbeltwasattachedat the levelof the ninth/tenth rib.
Thenparticipantswereaskedo lay down on acushionedenchon their backin asemidar-
kenedandacousticallyshieldedEEG-cabinFor participantcomfort, the headsupportof the
benchwasslightlyraisedanda cushionroll wasplacedundertheir kneesNext,electricalstim-
ulation locationandintensityweredeterminedand participantswereinstructedto look ata
fixation crossduring the stimulationblocks which wasattachedo the ceiling. Theexperiment
startedwith 5 minutesof resting-stateecording(eyesopen)followedby eightstimulation
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blocks,eachconsistingof 500stimuli. During oneblock, stimuli weredeliveredto onenerve
only,i.e.,eitherthe medianor the posteriortibial nerve(thus,therewerefour medianandfour
posteriortibial nervestimulationblocksin total). The stimulationblockswerepresentedn
alternatingorder,andthe orderwascounterbalancedcrosgarticipants Anothertwo blocks
of similar lengthfollowedat the end of the experimentbthesarenot discussedhereasthey
werepart of anotherprojectandarethusexplainedn further detailelsewher§71]. We used
aninterstimulusinterval of 763mswith auniformly distributedjitter of +/+ 50msin stepof
1 ms.Takentogether eachnervereceived?,000stimuli overall. The experimentook approxi-
mately5.5to 6 hours,with the presentatiorof the experimentaktimulationblocks(including
breaks)Yakingapproximately90minutes.

Experiment 2. Sincethe attachmenbf therecordingequipmentto the participantsand
theinstruction of the participantswereidenticalto Experimentl, in the following, weonly list
detailsspecificto Experiment2. Beforeeachexperimentablock started theindividual stimu-
lation intensitywasadjustedf necessarylhe experimentstartedwith 5 minutesof resting-
staterecordingfollowedby 10stimulationblocks(with shortbreaksbetweerblocks).There
werefour differenttypesof stimulation: (i) mixednervestimulationof the mediannerve(one
block); (i) mixed nervestimulationof thetibial nerve(oneblock); (i) sensorynervestimula-
tion atthe fingers(four blocks);and (iv) sensorynervestimulationatthetoes(four blocks).
All blocksof onestimulationtypewerepresentedn arow (with pausedetweerblocks),but
theorderin whichthe four stimulationtypeswerepresentedvasbalancedacrosgarticipants.
Therewasoneblockfor hand-mixedandoneblockfor foot-mixedstimulation,and eachof
theseblockscontained?2,000stimuli. Sensornervestimulationwasseparatedhto four blocks
(1,500stimuli each)of fingerandfour blocks(1,500stimuli each)of toe stimulation.During
eachfinger stimulationblock,fingerl,finger2,andfingers1&2werestimulatedin apseudo-
randomorder, suchthat eachof the threestimulationconditionsoccurred500times.The
sameprocedurewasemployedor thetoe stimulationblocks,with the only differencethat
toeltoe2,andtoel2werestimulatedin pseudorandonorder. Eachtypeof digit stimulation
(fingerl/toelfinger2/toe2fingers1&2ftoesl2Yhusconsistedf 2,000stimuli. All stimuli
weredeliveredwith aninterstimulusinterval of 257mswith auniformly distributedjitter of
+/- 20msin stepof 1 ms.Theexperimentook approximatelyé to 6.5hours,with the presen-
tation of the experimentablocks(including breaks}akingapproximately90minutes.

Data processing and statistical analysis (Experiment 1)

Unlessnotedotherwiseall datawereanalyzedisingMATLAB R2019(The MathWorks,
Natick, Massachusetttlnited State®f America)andthe EEGlabtoolbox[116].

Stimulation artifact removal. Electricalstimulationof peripheralnervesasemployed
hereinducesanartifactin all channelsatthe time point of stimulationandwasremovedby
interpolation (usinga piecewis&ubichermiteinterpolatingpolynomial).Sincethe temporal
spreadof this artifactdifferedamongparticipants aswell asin cervicalandlumbarchannels,
wedefinedindividual artifactwindowsfor cervicalandlumbarlevelsy finding the beginning
andtheendof theartifactin the averag®verall trialsandall cervicalor lumbar ESGchannels.
At the cervicalevel,averagartifactwindowsrangedfrom —1.8ms(SD= 0.8ms)to 4.4ms
(SD=1.4ms)andatthelumbarlevelfrom -2.9ms(SD= 1.4ms)to 7.1ms(SD= 2.8ms).

EEG data preprocessing. First,the stimulationartifactwasinterpolatedusingthe previ-
ouslyidentified cervicalartifactwindowsandthe continuouse EGsignalwasdown-sampled
to 1,000Hz (anti-aliasingdfilter with cutoffat0.9andtransition bandwidthat0.2).Secondarti-
factsourcesvereidentifiedin the signalsusingICA. For this, overlynoisychannelsvere
removedfrom the signalbbasedn visualinspectionof the powerspectrablensityandthe
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trial-basedoot meansquareactivityin eachchannelbandinterpolated(this wasthe casefor
onechannelin five participants) Zero-phasélR filtering wasthen appliedto the continuous
concatenatedignalfrom all stimulationblocks(i.e.,medianandtibial nervestimulation),
consistingof ahigh-pasdilter at0.5Hz andalow-pasdiltered at45Hz (Butterworth,fourth
order). On thefiltered signal,independentomponentanalysigICA; Infomax[117]) wasper-
formedandICsreflectingeyeblink, heart,and muscleartifactswereidentified. Third, ICs
identified asrepresentingrtifactualsourcesvereremovedfrom the EEGsignalpreprocessed
in the samewaysasfor ICA, with the differencethatit (i) consistedf concatenatetblocksof
eachstimulationcondition only (i.e.,hand-mixedor foot-mixed)and (ii) waszero-phaséiR
filteredwith anotch (48to 53Hz) andaband-pas$30to 400Hz) Butterworthfilter of fourth
order.Fourth, the ICA-cleanedsignalwasre-referencedo averageeferenceandremaining
noisytime pointswereidentifiedin lowerfrequenciegl to 15Hz) usingathresholdof five
standarddeviationsandin higherfrequencie¢15to 45Hz) usingathresholdof 60pV. If
morethan50%time pointswereidentifiedin onechannelthis channelwasremovedfrom the
dataandinterpolated.In oneparticipant,severchannelsvereremovedfrom the hand-mixed
condition,andin anotherparticipant,18channelsvereremovedfrom thefoot-mixedcondi-
tion. Fifth, the cleanedsignalwascut into epochdrom 200msbeforeto 700msafterstimulus
onsetandbaseline-correcteflvith areferencentervalfrom —110msto —10msbeforestimu-
lusonset).In the hand-mixedcondition, this procedurdedto anaveragef 97.9%emaining
trials (rangeacrossarticipants886trialsto 2,000trials) andin thefoot-mixedcondition to
anaveragef 97.5%emainingtrials (rangeacrosarticipants992trialsto 2,00Qtrials).

ESG data preprocessing. After the stimulationartifactwasinterpolatedin theindividu-
ally definedcervicalandlumbar artifactwindows the ESGdataweredown-sampledo 1,000
Hz.

SinceESGdataareknown to presentwith severeardiacartifacts[21], weaimedto correct
for theseln eachparticipant,wethereforefirst identified R-peaksn the ECGchannelusing
anautomaticprocedureprovidedby the FMRIB plugin for EEGlab(https://fsl.fmrib.ox.ac.uk/
eeglab/fmribplugin/)whichwasfollowedby visualinspectionand manualcorrectionif neces-
sary.Next,the heartartifactwasremovedrom eachESGchannelseparatelyysingan
approachthatis amodification of amethodpreviouslydevelopedor removingballistocardio-
graphicartifactsin simultaneou€ EG-fMRIrecordingg87]. First,aprincipal component
analysigPCA)wasappliedto amatrix of all heartartifacts(artifactx time) in onechannel,
with thetime window of eachheartartifactrangingfrom —0.5* median(RR}o +0.5* median
(RR)aroundeachR-peak(with RRreferringto theintervalbetweerR-peaksi.e.,the heart-
period). Then,anoptimal basisset(OBS)wascreatethasedn the meanheartartifactandthe
first 4 componentobtainedfrom the PCA.Finally, this OBSwasfitted to eachheartartifact
andthenremovedfrom it.

After correctionfor cardiacartifactsnoisychannelsvereidentifiedviavisualinspectionof
the powerspectrablensityand onechannelin five participantswasremoved(no interpolation
of missingchannelsvasperformedatthe spinallevel).

Theanalysistepglescribedelowwereperformedin the concatenatetlocksof onecon-
dition (rest,hand-mixedor foot-mixed)and,becaus&ewantedto investigateSEPsvith dif-
ferentreferencesyerecarriedout separatelyor differentlyreferencediatasetsin additionto
therecordingreferencdocatedoverthe spinousproces®f the sixth thoracicvertebra(TH6),
wealsomadeuseof aventrallylocatedreferencebecausé hasbeenreportedthatthis canbe
beneficiafor SEPextraction[26,114]btheventralreferencevaschannelAC in the hand-
mixedandchannelAL in thefoot-mixedcondition. First,azero-phasélR filtering was
appliedto thedatawith anotch (48to 53Hz) andaband-pas$30to 400Hz) Butterworthfilter
(fourth order). Secondtime pointswith absoluteESGactivity abovel00uV wereremoved

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002828 October 31, 2024 23/41


https://fsl.fmrib.ox.ac.uk/eeglab/fmribplugin/
https://fsl.fmrib.ox.ac.uk/eeglab/fmribplugin/
https://doi.org/10.1371/journal.pbio.3002828

PLOS BIOLOGY

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

from the continuousdata.lf in onechannelmorethan 50%of time pointswereidentified, the
wholechannelwasexcludednstead No further channelsvereremoved andtogetherwith

the channelexclusionbasedn the spectrumin thewholesampleanaveragef 0.1channels
wereremoved(SD= 0.4).Third, the signalwascut into epochswith the sametime rangeas
reportedfor the EEGsignal(from —200msto 700msaroundstimulus)andepochsverebase-
line-correctedreferenceavindow —-110msto —10msbeforestimulusonset).In the hand-
mixedcondition, 93.7%of trials remainedin the dataseton averaggrangeacrosarticipants:
1,210trialsto 2,000trials) andin the foot-mixedcondition, 93.6%rials remained(range:
1,193trialsto 1,997rials).

Fortheinvestigationof latepotentialsthe signalsverepreprocesseih the samewayas
describedabovegxcepthat thereferenceavaskeptattherecordingreferencéat TH6) andthe
band-pasilter wassetto 5to 400Hz.

ENG data preprocessing. TheperipheraNAPsof interesthaveveryshortlatenciegi.e.,
occuralmostimmediatelyafterthe electricaktimulation), meaningthatin someparticipants,
theinterpolationwindowsdefinedat the cervicalor lumbarlevelmight betoo wideandthus
containthe NAPsof interest.Thereforejn orderto removethe stimulationartifact,but retain
the NAPs,the ENG datawereinterpolatedin atime window from 1.5msbeforeto 4 msafter
stimulusonset.Datawerethendown-sampledo 1,000Hz, band-passindnotchfilteredin the
samerangeasESGdataand cutinto epochsandbaseline-correcte(With the samespochand
baselinavindowsusedfor ESGdata).

CCA. In orderto enhancehe SNRandalsoallowfor single-trialanalysisywe madeuseof
our multichannelsetupandappliedCCAto EEGandto the ventralreferencede SGdata,sepa-
ratelyfor the mixed medianandtibial nervestimulationconditions.In the contextof EEG,
CCA hasfor examplebeenusedasblind sourceseparatiorapproacho removenoisesuchas
muscleactivity[118]andasatechniqueto improvesingle-trialclassificatiorof evokedooten-
tials[119].In both caseshe goalis to obtainaspatiaffilter and,consequentlya projectedcom-
ponentwith the largessimilarity betweertwo datamatriceslnverting aspatiaffilter creates
correspondingopographieshat canthenbeinterpretedin aneurophysiologicallyneaningful
manner[120]. We employedavariantof CCA asusedpreviouslyfor single-trialextractionin
EEGdata[40+42],alsoknown ascanonicalkorrelationaverageegressiori4 1]. For two multi-
channelksignalsX and Y, CCAfinds the spatialfilters w, and w,, that maximizethe correlation

max corr(w, X, w;Y).

Wy, Wy

While both multichannelmatricesX and Y havethe samesizewith the structure

channelx time, X isamultichannelsignalthat containsall concatenateépochdrom 1to N,
andY is asignalthat containsN timesthe averag®verall epochsoncatenatedwith N being
thenumberof all epochdrom oneparticipant'srecording);in otherwords,Y isthe samesizeas
X, only thatinsteadof singletrials (asin the caseof X), it is madeup of repetitionsof theaverage
of alltrials,againusingthe samdatencyrangeasin X. More preciselypoth X and Y areof size
[number of channelsx numberof samplespndbothw, and w, areof size[number of
channelsx numberof channels]in the caseof full rank), with 2humber of channelsbeing64
for EEGand 17 for ESGand2numberof samplesbeingN (2,000in caseof no trial rejection)*
11 (seebelowfor rationale) Appliedin this way,the CCA procedureservessatemplatematch-
ing betweerthe single-trialandthe averagef all trials. The spatialfilter w, correspondso a
spatialweightingof the multichannelsignalto separat&SEP-relatedctivity from background
noise[42]. Sincewewereinterestedn earlycomponentsf the SEPweonly subjectedashort
time windowto CCA (andnot thewholeepochlength),namely,awindow from 5 msbeforeto
5 msafterthe peakof the corticalor spinalSEPcomponentof interest(resultingin 11data
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pointspertrial). The extractedspatiaffilter wasthenappliedto thewholelengthof theepochs.
To computethe spatialactivity patternof eachCCA componentthe spatialfilters w, weremul-
tiplied by the covariancematrix of X in orderto takethe data'snoisestructureinto account
[120]. For eachstimulation (medianor tibial nervestimulation),one CCA componentwas
selectedor further analysesThesecomponentdifferedin the differentdatasetsandin the dif-
ferentstimulationconditions:ln EEGdataof mediannervestimulation,the spatialpatternof
the selectedCCA componentcorrespondedo the typical N20-P35angentialdipole overthe
centralsulcusandin EEGdataof tibial nervestimulation,it correspondedo thetypicalP40
radialdipole overmedialsomatosensorgreasin ESGdataof mediannervestimulation,the
spatialpatternof the selected CA componentcorrespondedo aradialdipole (ventral-dorsal
direction) overcervicalareasastypicalfor N13,andin ESGdataof tibial nervestimulation,it
correspondedo aradialdipoleoverlumbararea®f the spinalcord astypicalfor the N22.As
expectedthe selectedomponentwaspresentn all participantsamongthefirst two CCA com-
ponentsj.e.,thosewith the largesttanonicakorrelationcoefficientsFor spinaldata,we
selectedhefirst componentin everyparticipant(medianfirst component:N = 36;tibial first
componentN = 36),andfor corticaldata,we nearlyalwaysselectedhe first component
(medianfirst componentN = 32;mediansecondcomponentN = 4;tibial first component:

N = 35;tibial seconccomponentN = 1). Becaus€CA is not sensitivao the polarity of the sig-
nal,the spatialffilters weremultiplied by —1 if necessangothatthe extractedSEPcomponentof
interestwould alwaysesultin the expectegeakdirection (negativeor the corticalN20and
thespinalN13in the mixed-handcondition, positivefor the corticalP40and negativefor the
spinalN22in the mixed-footcondition). Notethatfor EEG all channelsveresubjectedo
CCA,whilefor ESG pnly channeldrom the electrodepatchof interestweresubjectedo CCA
(i.e.,thecervicalpatchin the hand-mixedcondition andthe lumbar patchin thefoot-mixed
condition). Lastbut not leastjt isimportant to notethatfor suchamultivariateanalysisthe
numberof sampleshouldin principle beatleastlOtimesthe numberof variable§121],
thoughmorerecenteffortsalsotakinginto accountthe effectsizesuggesan evenlargersam-
ple-to-featureratio: e.g.jn the caseof abetween-setorrelationof 0.3(closeto the average
canonicakorrelationsveobserved0d.25for medianand0.29or tibial nervestimulation)at
least50sampleperfeature[122].1n our casewefar exceedhe suggestedample-to-feature
ratio dueto verylargenumberof trials usedfor training (i.e.,in the caseof no trial rejections,
2,000rials with 11datapointseachcomparedo 64(EEG)or 17 (ESG)channels).

Brainstem potentials. CleanedandepochedEEGandESGsignalswhichhadbeenre-
referencedluring preprocessingp Fz,werecombinedinto onedatasetandreferencedo a
commonreferenceat FPz sincefrontal channelhavebeensuggestetbr the investigationof
brainstempotentialg27,123,124]The N14 brainstempotentialfollowing mediannervestim-
ulation wasextractedrom channelSClandthe N30 brainstempotentialsfollowing tibial
nervestimulationwasextractedrom channelS3(thesepotentialshavealsobeendescribedas
P14andP30in theliterature,whenusingFPzasthe activeelectrode)Pleaseotethatwealso
aimedto applyCCAto brainstempotentialsaswell but did not succeed.

Potential amplitude and latency. Foreachparticipant, NAP and SEFatenciesvere
definedindividually atthe peakof the potentialin the averageraceoverall trials. At the corti-
callevel SERatencyandamplitudeweredeterminedin the CCA component40+42].At the
spinallevel, SEPatencywasdeterminedin anatomicallydefinedchannelSC6for cervical
andL1 for lumbarpotentials poth thoracic(TH6) referencedandin the CCA component.
Spinalamplitudeswveredeterminedin the samechannelswith thoracicor anteriorreferenceas
wellasin the cervicalor lumbar CCA componentNotethat all averagdraceswerevisually
inspectedin caseoneof the potentialswasnot visiblein aparticipant,its latencywasesti-
matedbasedn the averagdatencyof that potentialoverall participantsandthe amplitude
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wasextractedat the estimatedatency(Tablel showsn the columna#° the numberof partici-
pantsin which potentialsweredetectecattheindividual level).

Statistical analysis. First, to statisticallycharacterizéhe responsén well-knownearly
potentialswetestedoeripheralNAP and earlySEPpeak-amplitudesgainsizerousingone-
sampler tests Secondweinvestigatedvhetherwe might alsoobservepossibldater-occurring
potentialsFor this analysisyefollowedthe samepreprocessingtepsput now filtered with a
broaderfrequencyband(5 Hz to 400Hz), sincelatercomponentsould havelowerfrequency
content.Usingresting-statelatafrom the sameparticipantsobtainedat the verybeginningof
Experimentl, wecreateda surrogatdime serieswith the samestimulationsequencéhatwe
preprocesseih the sameway.Overaregionof interestconsistingof the threecentralcolumns
of the cervicalor lumbarelectrodeyrid, wesystematicallgomparedhe signalfrom stimula-
tion-runs andfrom rest-runsin thetime window from 0 ms(stimulationonset)to 600ms
usingacluster-basegermutationtest(in spaceandtime usingthe FieldTriptoolbox[125])
andfocusedon responsesccurringafterthe above-reporteearlypotentials(the cluster-
basedermutationtestalsoidentifiedthe N13andN22,but theseareignoredhere).In all
analysessignificancevasestablisheatp < 0.05.

Time-frequency analysis. Foreachparticipanttime-frequencyanalysisvasperformed
ontheaveragedrial signalusingacontinuousshort-timefastFouriertransformwith awin-
dowlengthof 21 msandnormalizedto abaselinentervalfrom 200msto 10msbeforestimu-
lusonset.Theaverag®verall participantswasthendisplayed.

SNR. Forall potentialsthe SNRwasquantifiedasthe root-mean-squaref the signal
(extractedn ain atime window of +/-1 msaroundtheindividual peaklatency)divided by
theroot-mean-squaref the noise(extractedn the sametime window beforethe stimulus
onset).

Assessing the robustness of spinal SEPs. In orderto aid in the planningof future experi-
ments,weassessdithe robustnes®f spinalSEPssafunction of trial numberandsamplesize.
Towardthis end,weextractedsingle-trialSEPamplitudesfrom eachparticipantatthe peak
latencyidentifiedin the averageverall trials of that participant,both from anatomically
definedchannelgwith referenceat TH6) andfrom CCA componentgtrainedon the entire
data).

Basedn thesadata,we carriedout two analysedrirst, weassessettie minimum number
of trialsto obtainasignificantresultat the levelof asingle participant. For eachparticipant,a
subsebf trials (trial numbervaryingbetweerb and1,000n stepsof 10,including 1,000)was
sampledvith replacementandthe significanceof amplitudesin the sampledrials wasdeter-
minedusingaone-sample test(p < 0.05).This procedurewasrepeatedL,00&timesfor each
participant,andwereportthe proportion of significantresultsfor eachparticipant.Second,
wedeterminedthe minimum numberof trials and participantsto obtainasignificantgroup-
level effect.Thereforewe employedvionte Carloanalysesndsimulatedalargenumberof
experiments[126J-or eachPexperiment,¥irst, asubsebf participants(numbervarying
betweerb, 10,15,20,25,30,35,36)wassampledvith replacementandthenasubsedf trials
(numbervaryingbetweerb to 1,000in stepsof 10,including 1,000wassampledwith replace-
ment. Thetrialswerethenaveragedandaone-sample testwasusedto determinethe signifi-
canceEachexperimentwasrepeated.,00Qtimes,andwereportthe proportion of
experimentghatyieldedasignificantresult(atp < 0.05).lt isimportantto notethat CCAwas
only trainedonceon all trials of mixed-nervedataandthen spatiaffilters wereappliedto the
relevantdata,asre-running CCA for eachfexperimentiwasnot feasibleeomputationally.
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Data processing and statistical analysis (Experiment 2)

Dataprocessingind analysefollowedwhatis describedabovefor Experimentl, excepthat
in addition to the hand-mixedandfoot-mixedconditions,therewerealsothe hand-sensory
(fingerl,finger2,fingers1&2)andfoot-sensorytoel toe2 toesl&2)conditions.

Stimulation artifact removal. |denticalto Experimentl, wedefinedindividual artifact
windowsin cervicalandlumbar ESGchannelsAt the cervicallevel ,averageartifactwindows
rangedfrom —2.0ms(std= 1.1ms)to 4.2ms(std= 1.8ms)andatthe lumbarlevelfrom -2.0
ms(std=1.1ms)to 4.8ms(std=2.0ms).

EEG data preprocessing. EEGpreprocessingvasperformedin the samewayasdescribed
abovefor Experimentl. Onenoisychannelwasidentifiedin eachof six participantsandinter-
polatedbeforelCA. Onedifferenceto the EEGanalysislescribedn Experimentl wasthatin
stepthree,the ICsidentified asrepresentingartifactualsourcesvereremovedfrom the EEG
signalthat (i) consistedf concatenatetlocksof eachstimulationcondition only (i.e.,hand-
mixed,foot-mixed,handsensorypr foot-sensorypand(ii) hadzero-phaséR filtering applied
with a50-Hzcombfilter (40thorder,bandwidth0.003)andaband-pas$30to 400Hz) Butter-
worth filter (fourth order);the changen filtering wasdueto additionalline noiseandits har-
monicsintroducedby electricalstimulationviaring electrodesldenticalto Experimentl,
noisytime pointswereremovedput herethis did not resultin the exclusionof additional
channelsln Experiment2, epochsverecut from 200msbeforeto 300msafterstimulusonset
andbaseline-correctefWith areferencentervalfrom —110msto —10msbeforestimulus
onset). Acrossconditions,this procedureresultedin the following numberof trials remaining
on averagehand-sensor@9.5%rangeacrosgarticipants5s,795trials to 6,000trials), hand-
mixed 99.4%rangeacrosarticipantsl,92ltrialsto 2,000trials), foot-senson®9.2%range
acrosgarticipants5,678rials to 6,00Qtrials),andfoot-mixed99.8%rangeacrossartici-
pants:1,978rialsto 2,000trials).

ESG data preprocessing. SinceESGdatawerepreprocessethe samewvayasdescribedn
Experimentl, only the differencesrelistedin thefollowing. After cardiacartifactcorrection,
anaveragef 1.8channelgstd= 1.0)wereremovedin four participants Dueto the useof ring
electrodegor digit stimulation,moreline noiseandits harmonicswerevisiblein the data.
Thereforezero-phasdiR filtering wasappliedwith a50-Hzcombfilter (40thorder,band-
width 0.003)andaband-pas$30to 400Hz) Butterworthfilter (fourth order).Similarto
Experimentl, time pointswith ESGactivity abovel 00uV wereremovedfrom the continuous
data,andif morethan50%of datapointswereremovedfrom achannelthewholechannel
wasexcludednsteadIn oneparticipant,two additionalchannelsvereremoved.Thesignal
wascut into epochswith the sametime rangeasreportedfor the EEGsignal(from —200msto
300msaroundstimulusonset),andepochsverebaseline-correctefteferencevindow -110
msto —10mshbeforestimulusonset).On average91.3%of trials remainedin the hand-mixed
condition (rangeacrosarticipants999trials to 2,000rials), 90.5%of trials remainedin the
hand-sensorgonditions(rangeacrosgarticipants:3,873rialsto 5,993rials), 94.2%of trials
remainedin thefoot-mixedcondition (rangeacrosgarticipants:1,433rialsto 2,000trials),
and91.4%of trials remainedin the foot-sensornconditions(rangeacrosgarticipants3,751
trialsto 5,988rials).

ENG data preprocessing. ENG datawereprocessethe samewayasdescribedor Experi-
ment1above.

CCA. CCAwastrainedin the samewayasexplainedabovefor Experimentl. More spe-
cifically,it wastrainedon datafrom mixed nerveconditions(dueto their higherSNR),and
the spatiaffilters werethenappliedto therespectivenixed and sensorynerveconditions.The
selected@omponentwaspresentin all participantsamongthefirst 2 CCA componentsi.e.,
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thosewith thelargesttanonicalkorrelationcoefficientsFor spinaldata,weselectedhefirst
componentin everyparticipant(medianfirst componentN = 24;tibial first component:

N = 24),andfor corticaldata,wenearlyalwaysselectedhe first component(medianfirst com-
ponent:N = 20;medianseconcdcomponentN = 4;tibial first component:N = 22;tibial second
componentN = 2).

Brainstem potentials. We did not investigatérainstempotentialsin Experiment2 due
to thelower SNRof SEPsftersensorynervestimulation.

Potential amplitude and latency. Thesemetricswerecalculatedn identicalfashionas
describedor Experimentl.

Statistical analysis. SEPamplitudesfrom all experimentatonditionswerecompared
againsizerousingone-sample tests SEPamplitudesandlatenciesn mixedandsensorycon-
ditions werecomparedusingpairedt tests.To balancehe numberof stimuli for mixedand
sensonconditions,only the doublestimulationconditionsweresubjectedo this statistical
comparison.

SNR. Forall potentialsthe SNRwasquantifiedasthe root-mean-squaref the signal
(extractedn ain atime window of +/-1 msaroundtheindividual peaklatency)divided by
theroot-mean-squaref the noise(extractedn the sametime window beforethe stimulus
onset).

Assessing the robustness of spinal SEPs. In orderto alsoassestherobustnessf the spi-
nal SEP<licitedby sensorynervestimulation,werepeatedhe sameanalysessoutlinedfor
Experimentl, thoughthis time for the conditionsfingerl,finger2,fingers1&2toel toe2,and
toes1&2)Pleasaotethat weadjustedhe numberof participants(numbervaryingbetweerb,
10,15,20,24)accordingto the smallersamplesizeof Experiment2.

Linear-mixed-effects models across somatosensory processing levels. Toexamine
whetherelectrophysiologicaignalscovariedacrosdifferentstage®f somatosensorgrocess-
ing, weemployed_ME models . Specificallyywetestedwhetherthe effectof stimulationcondi-
tion (mixednerve finger/toel finger/toe2 fingers/toes1&2pn signalamplitudepropagated
throughthe somatosensorgrocessindnierarchy.For this, weusedrandom-intercept.ME
modelswith therandomfactorparticipant,andin- or excludingthe factor stimulationcondi-
tion (with mixednerveasreferencdevel)to theregressionsf peakamplitudeson consecutive
somatosensorgrocessindevelsn thefollowing way:

spinal cord ~ 1 + periphery + (1|participant)
spinal cord ~ 1 + periphery * condition + (1|participant)
S1 ~ 1 + spinal cord + (1|participant)

S1 ~ 1 + spinal cord * condition + (1|participant).

Theseanalysesvereseparatelperformedfor stimulationconditionsof the handandthe
foot. Variable€spinalcord® and@S1°correspondo the single-trialpeakamplitudesof the
respectivesignalseextractedusingCCA asexplainedn the methodssectior®CCA,°and
aperiphery®to the peripheralsingle-triaINAP peakamplitudemeasuredtthe axillaor popli-
tealfossan handandfoot stimulation,respectivelyin foot stimulation,the signalwasderived
from the kneeelectrodewith thelargestevokedpotential).All amplitudemeasuresverez-
transformedbeforeincluding themin the LME models.Thefixed-effecttoefficientsvereesti-
matedbaseddn the maximumlikelihood (ML), and p-valuesof the fixed-effecoefficients
wereobtainedadjustingthe denominatordegree®f freedomaccordingto Satterthwaite's
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method[127]. The LME modelswerecalculatedn R (version4.2.0[128]) with thelmer func-
tion of thelme4packagdversionl.1£3(J129]),aswellasincluding theImerTestpackagdver-
sion3.1+3130]) for theimplementationof the Satterthwaitenethod.

IR. If theinformation from the simultaneoustimulationof 2 digits (fingersor toes)is
integratedat a certainneuralprocessingtagethenthe SEPamplitudefollowing this simulta-
neousdigit stimulationshouldbereducedcomparedo arithmeticsumof the SEPamplitudes
following separatstimulationof the two digits. To quantify this attenuationeffectfor each
participant,wecalculatechn IR assuggesteg@reviously{44,45,131]ThelR capturegsheampli-
tudeattenuationcausedy the simultaneoustimulationof two digits anddescribeshis atten-
uationaspercentagef the expectecamplitudesumof single-digitstimulations:

IR = (Z (D1,D2) — D1D2) /3" (D1, D2)%100

whereY(D1,D2)isthe sumoverSEP(or NAP) amplitudesfollowing single-digit(finger/
toelor finger/toe2)stimulationand D1D2 the SEP(or NAP) amplitudefollowing double-
digit stimulation (fingers/toes1&2)A positivelR would reflectthe percentagef SEPampli-
tudeattenuationfrom the expectecamplitude(i.e.,the sumof SEPamplitudeso single-digit
stimulation),andan IR of 0%would suggesthat thereis no integrationhappeningmeaning
SEPamplitudeso double-digitandthe sumof single-digitstimulationshavethe samesize(a
negativdR would meanthatthereis anamplificationeffectof SEPamplitudesto double-digit
stimulation).IR valuesrom eachparticipantto fingerandtoe stimulationweretestedagainst
zerousingone-sample tests.

Experiment 3: Nociceptive stimulation

Participants. We acquireddatafrom severhealthyvolunteerdfive femalemeanage:
30.6yearsrange23to 36years)all of whom providedwritten informed consentThe study
wasapprovedoy the EthicsCommitteeat the MedicalFacultyof the Universityof Leipzig.

Laser stimulation. Individually calibratedpainful heatstimuli (duration 125ms)were
deliveredo the dorsumof left handusinga CO,-laserwith awavelengtiof 10.6um andabeam
diameterof 6 mm (LSD;LaserStimulationDevice SIFECs.a. Ferrieres Belgium).TheLSD
containsaclosedoop temperaturecontrol systento maintain constantskin temperaturedur-
ing stimulationby adjustingthe energyoutput. The stimuluspositionwascontrolledby an elec-
tric motor movingthelaserheadrelativeto aparticipant'shand,allowingfor precisecontrol of
stimulationposition. Throughoutthe entire experimentparticipantswore protectivegoggles.

Experimental design. Thehere-reportediataarepart of alargerexperimentalsoinvolv-
ing other stimulationmodalities but we solelyfocuson laserstimulationin this report. Before
anyelectrodesvereattachedo the participant,the experimentstartedwith acalibrationpro-
cedurein orderto find temperatureshatwould beperceivedasclearlypainful but tolerable
(meantemperature55.9Erange 53to 59EC)Therewerel0blocksof laserstimulation (with
abreakof approximatelyb to 10minutesbetweerblocks),with eachblock containing36 sti-
muli, separatedby an S| of 1.53secondswvith ajitter betweent/-100ms (drawnfrom auni-
form distribution). In eachblock,the laserbeamwasshiftedoverthe dorsumof theleft hand
in anS-shapegatternalonga6 x 6 grid (size5 x 5 cm): Thestartcouldbein anyof thefour
cornersof thegrid, andthelaserwould alwaysmovealongthe rowsin the anterior/posterior
direction beforemovingto the nextcolumn,until all 36 cellshadbeenstimulatedonce.

Electrographic recordings. ECG,EEG,EOG,and ESGdatawereacquiredusingthe same
equipmentasdescribedn Experimentl and Experiment2. ECGdatawererecordedviaan
electrodeplacedon theleft costalarch,referencedo anelectrodeplacedunderneatithe right

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002828 October 31, 2024 29/41


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

PLOS BIOLOGY

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

clavicular EEGdatawererecordedviaastandard32-channemontageaccordingto the 10+20
systemandreferencedo the nose EOGdatawererecordedviatwo additionalelectrodes
placedon the canthusof theright eye(referencedo nose)andbelowthe right eye(referenced
to Fp2).ESGrecordingswereagainbasen a custom-madeelectrodepatch(consistingof the
samefabricasthe EEGcap),but nowwith ahigherelectrodenumberthanin Experimentl
and Experiment2 andfocusedsolelyon the cervicalspinalcord. The patchconsistedf 38
electrodesenteredaroundan electrodeoverthe spinousproces®of the seventhcervicalverte-
bra. Themidline of this electrode-gridvaspositionedverticallyalongthe spineand consisted
of severelectrodegthe fourth onebeingcenteredn vertebraC7)with averticalinterelec-
trode distanceof 2 cm. Two further verticallinesof six electrodegachwereplacedl.5cmto
theright andleft of the midline electrodesanothertwo verticallinesof five electrodesvere
placed3 cmto theright andleft of the midline, and anothertwo verticallinesof two electrodes
eachwereplaceds cmto theright andleft of the midline. Additional electrodesvereplaced
on thefirst cervicalvertebraandon theinion. In additionto the dorsalelectrodestherewere
alsothreeventralelectrodest the anterior neck(onesupraglotticelectrodgCA1), oneabove
thesuprasternahotch (CA3),andthethird onein the middle betweerthesetwo (CA2)).ESG
datawerereferencedo anelectrodepositionedoverthe spinousproces®f the sixth thoracic
vertebra(Th6). Theactivegroundelectrodestabilizedhe signalviathe2driven right leg®prin-
ciple.lt wasplacedat POzin the EEGmontageandon the spinousproces®f the 10ththoracic
vertebrain the ESGmontage.

Data analysis—EEG. All analysesvereperformedusingPython3.10andMNE (https://
mne.tools/stable/index.hthyversionl.6.0) Datafrom the 10experimentablockswere
concatenatednddown-sampledo 500Hz. Down-samplediatawerethen high-pasdiltered
at1Hz (usingafourth order Butterworthfilter, effectiveorder 8) and notchfiltered around50
Hz andharmonics(usingan eighthorder Butterworthfilter, effectiveorder 16). Subsequently,
datawereepochedn awindow betweerB00msbeforeand 1,000msafterstimulusonset.
Invalid trials (i.e.,abortsof the laser)wereremoved followedby a manualremovalof
extremelynoisyepochsasdeterminedby visualinspection Datawerefurther low-pasdiltered
with acutoff frequencyof 30Hz (fourth order Butterworthfilter) andeitherre-referencedo
theaveragef all EEGelectrodegfor analysisof the N2P2complex)or to Fz(for analysiof
theN1).

Data analysis—ESG. All analysesvereperformedusingPython3.10and MNE (https://
mne.tools/stable/index.hthwersionl.6.0) First,in orderto removepossiblartifactsresult-
ing from stimulation,datawerelinearlyinterpolatedbetween-13msand13msrelativeto
stimulusonset.Datawerethendown-sampledo 1 kHz andnotchfilteredto removepower-
line noiseat 50Hz andall harmonicsup to 200Hz with anlIR filter. Next, the cardiacartifact
wasremovedusingsignalspacegrojectionwith six projectorsandthe datawereband-pas$il-
teredfrom 30Hz to 150Hz usingafourth order Butterworth,zero-phasdilter. The datawere
thenepochedrom —-100msto 300msrelativeto stimulation,with the baselingoerioddefined
from -100mgo -10ms.Finally, CCAwasappliedasdescribedreviouslyfor Experimentl
and Experiment2, with the onsetand duration of thetraining window changecdasecdn the
following reasoning.

Surfaceecordingsshowthat with appropriatetask/analysisgnecanobservdaser-evoked
corticalresponsepeakingassoonas83ms (EEGdata;[132]) or 98 ms(MEG-data,onsetat 84
ms;[133]) afterstimulationonsetwith invasiverecordingsrevealinghat the onsetof cortical
responseto laserstimulationcanbeearlyasapproximately7Omsin S1[134].Invasivetha-
lamicrecordingsdemonstratespikeshetweer60and 70ms[135] andinducedresponse
thegammarangeat approximately90ms[136] afterlaserstimulation (but seg137]for later
responsesfMRI-EEGfusionresultspointstowardthalamicresponseto laserstimulation
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from 65ms(in alateralnucleus)and89ms(in amedialnucleus)onwards[138]. Together,
theseevoked-responsgatasuggesthatinitial spinalresponsesouldoccurevenbefore60ms.
With respecto conduction-velocitydata,estimate®f humanspinothalamidract conduction
velocityvarybetweerlaboratoriesand employednethods(seg139] andresponsethereto)
andhavebeenshownto differ in variousspinothalamigathwayg140+142]We thusdid not
baseour estimationasto whento expectspinalresponsesn theseestimatedut insteadaddi-
tionally reliedon peripheralnerveconductionvelocityestimate®f A-deltafibersmediating
responseto laserstimulation. Theseéhavebeenestimatedo varybetweer® and 18 m/s ([143]:
9m/s;[144]:11m/s;[145]:13m/s;[146]:16 m/s;[135]: 18 m/s) and thus suggespossibleni-
tial spinalresponse occurroughly45msto 90msafterstimulationwhen(i) consideringan
approximatedistanceof 80cm betweerhanddorsumandspinalcord and (ii) ignoring any
delaybetweeraserstimulationonsetandactionpotentialgenerationin the peripheralnerve.
Basedn theaboveconsiderationswetrained CCA on atime-window of 45msto 90msafter
laserstimulationonsetbthisis only aheuristicfor this first proof-of-principleexperiment,
andit is likely thatfuture studiesnvestigatingelectrophysiologicapinalresponses much
more detailmight leadto more optimizedtraining windows.

For eachparticipant,thefirst CCA component(asrankedby their canonicalkorrelation
coefficient)wasselectedandthe resultingtime-coursesvereaverage@crosgarticipantsto
obtainagroup-averageesponseSinceCCA is not sensitiveto the polarity of the signaland
sinceweobserved negativedeflectionat approximatelys0msin the componenttime-course
in sixout of severparticipants(but apositivedeflectionat this time-pointin participant2), we
multiplied this participant'stime-courseby -1 and usedthis sign-invertedime-coursen all
further analysegsimilar to the procedureusedin Experimentl and Experiment2). In order
to demonstrateéherobustnes®f the obtainedresultswealsoperformedawithin-participant
four-fold split of thedata(i.e.,first split: trials 1,5,9,. .; secondsplit: trials 2,6,10,. .; third split:
trials 3,7,11,. .; fourth split: trials 4,8,12,. .) afterhavingappliedthe spatiaffilter andthen
averagedheresultsof eachfold acrossarticipants.

Open science

Experimentl and Experiment2 werepreregistere@dn the OpenSciencd-rameworkbefore
the startof dataacquisitionandthe preregistrationsreopenlyavailablgseenhttps://osf.io/
sgptzandhttps://osf.io/mjdha)differencedetweerthe analysesuggesteih the preregistra-
tionsandthe analysesarriedout herearelistedin S1Text.All dataareopenlyavailable
(https://openneuro.org/datass#ds00438&ttps://openneuro.org/datasets34389https://
openneuro.org/datasets/d38307)n EEG-BIDSormat[147,148]All analysisodehasbeen
depositedbn GitHub andis openlyavailablgseenttps://github.com/eippertlatspinal_sep1l,
https://doi.org/10.5281/zentw.13383050ttps://github.com/eippertlalspinal_sepXhttps://
doi.org/10.5281/zenodo.1338&)Attps://github.com/eipertlab/spinal-lep1https://doi.org/
10.5281/zen0do.13383056).

Supporting information

S1 Text. Thisfile containsdescriptiongegarding(i) analysislifferencedetweemreregistra-
tion andmanuscriptj(ii) resultsfor mixed nervestimulationfrom Experiment2; (iii) results
for the laterspinal SEPcomponentdrom Experiment2; (iv) resultsfrom the sensorynerve
stimulationin Experiment2; (v) resultsfrom the analysion changesn responsamplitude
acrosdhe processindnierarchy;and(vi) the choiceof referenceelectrode.

(PDF)
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S1 Fig. Grand-averageverall participantsin thefoot-mixedcondition andin simulated
epochdrom restdata.Theplottedsignalis an averag@verall channelghat arepart of the
identified cluster(channeldisplayedasred dotson thetop left). Thegrayareabetweenl 26+
132msidentifiesthetime rangein whichthe 2 signalsarestatisticallydifferent;notethat this
resultdid not replicatein Experiment2.

(TIF)

S1 Table. Group-leveldescriptivestatisticfor SEP-and NAP-amplitudes|atencieand SNR
(meanandstandarderror of the mean)andone-samplé testof SEP-and NAP-amplitudesn
the hand-mixedandfoot-mixedconditionsof Experiment2 (N = 24).Notethatweonly
focusedon the major peripheral spinal,and corticalcomponentsherefor replicationpurposes
andthusdo not report Erb'spoint andbrainstempotentials Abbreviationsvr = ventralrefer-
encefr = thoracicreferenceCCA+canonicatorrelationanalysisSEP= somatosensory
evokedpotential, NAP = nerveactionpotential # = numberof participantsin which potential
wasvisibleattheindividual level, SNR= signal-to-noiseatio).

(PDF)

$2 Table. Group-leveldescriptivestatisticfor SEP-and NAP-amplitudes|atencieand SNR
(meanandstandarderror) andone-samplé testof SEP-and NAP-amplitudesn all hand-sen-
soryandfoot-sensorconditionsof Experiment2 (vr = ventralreferencetr = thoracicrefer-
ence CCA = canonicalkorrelationanalysis# = numberof participantswith potentialsvisible
attheindividual level).

(PDF)

$3 Table. Pairedt testfor the comparisondetweerhand-mixedandfingers1&2conditions
or foot-mixedandtoesl1&2onditions.Testedverethe amplitudesandthe latencieof the
SEPsandperipheralNAPs.Datacomeonly from Experiment2 (vr = ventralreference,

tr = thoracicreferenceCCA = canonicakorrelationanalysis).

(PDF)

S1 Data. Eachsheei5 sheetdor Figure2A and5 sheetdor Figure2B) containseverypartici-
pant'selectrophysiologicalata(ENG,ESG EEG),whichtogethergiveriseto 1 grand-average
tracereportedin thefigure.Eachrow reflectsl time point, andeachcolumnrepresentshe
amplitudeof 1 participant'saveragevokedresponse.

(XLSX)

S$2 Data. Sheetfigure_3AandFigure_3EEachsheetontainseveryparticipant'sESGdata,
whichtogethergiveriseto 1 grand-averag&acereportedin thefigure.Eachrow reflectsl
time point, andeachcolumnrepresentshe amplitudeof 1 participant'saveragevoked
responsefirst for single-channetiataandthenfor CCA data.Sheet&igure_3BandFigure_3F.
Eachsheetontainseveryparticipant'sESGdata,whichtogethergiveriseto thegrad-average
isopotentialplots.Eachrow corresponddo 1 channelandeachcolumncorrespondgo 1 par-
ticipant. Sheet$igure_3C_sub-1-1&igure_3C_sub-19-3&heet§igure_3G_sub-1-1&ig-
ure_3G_sub-19-3achsheetsontainseveryparticipant'sESGdata,whichtogethergiverise
to 1 grand-averagéme-frequencyplot. Therowscorrespondo frequenciesandthe columns
correspondo time pointsperparticipant.Pleaseotethatwehadto create2 sheetdor each
paneldueto data-sizdimitations. Sheet$-igure_3DandFigure_3HEachsheetontainsevery
participant'sESGdata,whichtogethergiveriseto 1 grand-average&acereportedin thefigure.
Eachrow reflectsl time point, andeachcolumnrepresentshe amplitudeof 1 participant's
averagevokedesponsdaverageverall channelghat arepart of theidentified cluster) first
for stimulationandthenfor resting-statelata. Thelastcolumndepictstime points of

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002828 October 31, 2024 32/41


http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002828.s002
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002828.s003
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002828.s004
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002828.s005
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002828.s006
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002828.s007
https://doi.org/10.1371/journal.pbio.3002828

PLOS BIOLOGY

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

significantdifferenceasestablishedtby the cluster-basegermutationtest.
(XLSX)

$3 Data. Sheet$igure_4AandFigure_4EEachsheetontainsthe ESG-SNRaluesof each
participant(columns),with single-channetiatabeingrepresentedh theupperrow andCCA
databeingrepresentedh thelowerrow. Remainingé sheetsEachsheetontainstheindivid-
ual participantESGdataunderlyingpanelsB-D and F-H (sub-006 sub-014sub-021)with the
first 3 sheetglepictingcervicaldataandthelast3 sheetslepictinglumbar data.Eachrow cor-
responddo 1trial, andeachcolumncorresponddgo 1time point, first presentedor the single-
channeldataandthenfor the CCA data.

(XLSX)

$4 Data. Eachshee{1 sheefor Figure5A and1 sheefor Figure5B) containseverypartici-
pant'sESGdata,whichtogethergiveriseto 1 grand-averag&acereportedin thefigure.Each
row reflectsl time point, andeachcolumnrepresentshe amplitudeof 1 participant'saverage
evokedresponsafterCCA, first for mixedandthenfor sensorynervedata.

(XLSX)

S5 Data. Eachsheei3 sheetdor Figure6A and 3 sheetdor Figure6B) containseverypartici-
pant'selectrophysiologicalata(ENG,ESG EEG),whichtogethergiveriseto 1 grand-average
tracereportedin thefigure.Eachrow reflectsl time point, andeachcolumnrepresentshe
amplitudeof 1 participant'saveragevokedresponsafter CCA, first for digit 1 stimulation,
thenfor digit 2 stimulationandfinally for digit 1&2 stimulation.

(XLSX)

$6 Data. Sheet&igure_8A_ UppeandFigure_8A_LowerDepictedareEEGdata,with each
row reflectingl time point andeachcolumnrepresentinghe amplitudeof 1 participant's
averagevokedresponsdrom 1 electrodeSheefigure_8BDepictedareESGdata,with each
row reflectingl time point andeachcolumnrepresentinghe amplitudeof 1 participant's
averagevokedesponsef componentl afterCCA for eachgiventime point. Sheefig-
ure_8C DepictedareESGdata,with eachrow reflectingl time point andeachcolumnrepre-
sentingthe amplitudeof 1 participant'sevokedresponsdasedn the following subset®f
trialsin componentl after CCA:_1:everyfourth availablerial beginningwith trial 1;_2:
everyfourth availabldrial beginningwith trial 2;_3:everyfourth availabldrial beginning
with trial 3; _4:everyfourth availablerial beginningwith trial 4. Sheefigure 8D Depicted
areESGdata,with the databeingthe sameasthosedisplayedn panelB,thoughin this case
ratherthanplotting the averagecrossll participants,eachpaneldepictsl participant's
evokedresponsacrosall trials.

(XLSX)

S$7 Data. Thissheetontainseveryparticipant'sESGdata,whichtogethemiveriseto 1 grand-
averagaracereportedin the figure.Eachrow reflectsl time point, and eachcolumnrepresents
theamplitudeof 1 participant'saverag@vokedresponsdaverag®verall channelghat arepart
of theidentified cluster) first for stimulationandthenfor resting-statelata.Thelastcolumn
depictstime pointsof significantdifferenceasestablishetby the cluster-base@ermutationtest.
(XLSX)
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