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Abstract

The spinal cord is of fundamental importance for integrative processing in brain-body
communication, yet routine non-invasive recordings in humans are hindered by vast
methodological challenges. Here we overcome these challenges by developing an easy-to-use
electrophysiological approach based on high-density multi-channel spinal recordings combined
with multivariate spatial-filtering analyses. These advances enable a spatiotemporal
characterization of spinal cord responses and demonstrate a sensitivity that permits assessing even
single-trial responses. To furthermore enable the study of integrative processing along the neural
processing hierarchy in somatosensation, we expand this approach by simultaneous peripheral,
spinal and cortical recordings and provide direct evidence that bottom-up integrative processing
occurs already within the spinal cord and thus after the first synaptic relay in the central nervous
system. Finally, we demonstrate the versatility of this approach by providing non-invasive
recordings of nociceptive spinal cord responses during heat-pain stimulation. Beyond establishing
a new window on human spinal cord function at millisecond timescale, this work provides the
foundation to study brain-body communication in its entirety in health and disease.
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99  Introduction

100 The spinal cord is an important interface for reciprocal brain-body communication in sensory,
101 motor and autonomic domains [1]. Traditionally, it has been portrayed as a relay station, yet recent
102 studies challenge this long-held view, for example in the somatosensory domain, where a high
103 degree of neuronal complexity and circuit organization has been delineated in animal models,
104  suggestive of extensive integrative processing [2—4]. Such advances are important in order to arrive
105 at a mechanistic understanding of spinal processing, especially considering the spinal cord’s central
106  role in numerous neurological disorders [5—7] as well as in treatment approaches for spinal cord
107 injury [8,9] or biomarker development for analgesic drug discovery [10,11]. While there is a
108  continuous development of sophisticated spinal recording technologies in experimental animals
109 [12,13], such progress is missing in human neuroscience and knowledge on processing in the human
110  spinal cord is consequently very limited, thus presenting a missing link in a comprehensive
111 understanding of brain-body communication in health and disease.

112 Approaches such as reflex recordings [14,15] allow for useful assessments of the processes
113 occurring within the human spinal cord, yet they only provide an indirect picture and more direct
114  assessments via neuroimaging techniques are highly desirable. Several factors make the spinal cord
115 avery challenging target for non-invasive neuroimaging however: it has a small diameter, is located
116  deep in the body in close proximity to inner organs such as the heart and lungs, and is protected by
117  the vertebral column and muscle layers. Consequently, there is a lack of well-established and
118  readily-available approaches to interrogate human spinal cord function. For example, functional
119  magnetic resonance imaging (fMRI) of the human spinal cord [16] comes with major technical
120 challenges [17] and is fundamentally limited by its indirect link to neuronal activity via
121 neurovascular coupling and ensuing low temporal resolution. Magnetospinography (MSG) on the
122 other hand is a non-invasive method that directly measures the magnetic fields generated by
123 neuronal populations in the spinal cord with high temporal precision [18], yet no commercially
124 available systems have been developed [19]. Both approaches are therefore only pursued by a small
125 number of research groups and additionally require major investments in large-scale equipment,
126 preventing their widespread use in human neuroscience.

127 Here, we introduce a novel approach that overcomes these issues. It is based on an enhancement of
128  methodology established several decades ago during the development of non-invasive
129 electrospinography (ESG) [20-24]. These studies recorded somatosensory evoked potentials
130 (SEPs) from the human spinal cord via surface electrodes placed on the skin over the vertebral
131 column and reported SEPs with a post-synaptic origin in the dorsal horn of the spinal cord [25-30].
132 While useful in clinical settings [31,32], due to technical challenges this line of research has
133 however largely subsided in experimental neuroscience, with only a handful of studies recording
134 such spinal SEPs non-invasively in healthy human volunteers in the last decade [33-38].

135 To improve upon these approaches and expand the insights ESG can offer, we leveraged the
136 developments that have occurred in recording capabilities and processing techniques for
137 neurophysiological data [39—41]: we developed a non-invasive approach that allows for recording
138 spinal signals with high temporal precision (10 kHz) as well as extensive spatial coverage (multi-
139 channel montage of 39 surface electrodes placed over the neck and trunk in two dense electrode
140  grids) and combined this with concurrent recordings of the input to (peripheral nerve action
141  potentials, NAPs) and output from the spinal cord (brainstem and cortical SEPs). Furthermore, we
142 developed dedicated artifact-correction techniques to enhance the spinal signal-to-noise ratio and
143 employed multivariate analysis approaches that allowed for increased robustness as well as
144 extraction of spinal cord responses at single-trial level.

145 This approach thus provides a direct and easily-accessible electrophysiological window into a
146  previously missing link of brain-body communication relevant for several domains in human
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neuroscience. Here, we chose the domain of somatosensation as test-bed and employed this
approach in two complementary studies (Figure 1), in both of which we recorded signals from the
cervical and lumbar spinal cord, in order to allow for the generalization of our findings across upper
and lower limb representations. Most importantly, this approach allowed us to directly investigate
whether integrative processes already occur at the level of the human spinal cord, i.e. at the first
station of central nervous system processing. In a final proof-of-principle experiment, we
furthermore assess the possibility of using this non-invasive approach to detect nociceptive spinal
cord responses in humans.

A

Experiment 1: hand-mixed and foot-mixed conditions

alternating order of blocks (starting condition pseudo-randomized)
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Figure 1. Overview of experimental conditions and recording setup. A) In Experiment 1, electrical mixed nerve
stimulation was applied to the left median nerve at the wrist (hand-mixed) and to the left tibial nerve at the ankle (foot-
mixed). Four hand-mixed and four foot-mixed blocks were presented in alternating order. B) In Experiment 2, electrical
mixed nerve stimulation was applied to the same location as in Experiment 1 and electrical sensory nerve stimulation
was applied to the left index and middle finger (hand-sensory) and to the first and second toe (foot-sensory). Sensory
stimulation blocks were separated into 4 consecutive blocks of the same stimulation type (either hand-sensory or foot-
sensory). C) Across both experiments, responses were recorded at the level of the peripheral nerves, the spinal cord,
and the brain. Peripheral NAPs were recorded from the ipsilateral axilla and Erb’s point for median nerve stimulation
and from the ipsilateral popliteal fossa (cluster of 5 electrodes) and the cauda equina for tibial nerve stimulation.
Spinal cord SEPs were recorded with a montage of 37 dorsal and 2 ventral electrodes, which had a cervical and a
lumbar focus: around an anatomical target electrode (placed over the spinous process of either the 6" cervical vertebra
or the I*" lumbar vertebra), 17 electrodes were placed in a grid with distances optimized for capturing the spatial
distribution of the spinal signal. Additionally, the following electrodes were contained in the spinal montage: one over
the inion, one over the first cervical vertebra, one over the spinous process of the 4* lumbar vertebra, and two ventral
electrodes (AC located supra-glottically and AL located supra-umbilically). All electrodes of the spinal montage were
referenced to an electrode placed over the spinous process of the 6" thoracic vertebra. Cortical SEPs were recorded
with a 64-channel EEG setup in Experiment 1 (39 channels in Experiment 2).

Results
Delineating somatosensory responses along the neural hierarchy (Experiment 1)

As a first objective, we aimed to replicate previously-reported somatosensory responses along the
neural hierarchy, with a special focus on the spinal cord and thus simultaneously recorded
peripheral NAPs as well as SEPs from the spinal cord, brainstem and cortex to upper and lower
limb stimulation. In the hand-mixed condition, we extracted the peripheral N6 (origin: median
nerve), the peripheral N9 (origin: brachial plexus), the spinal N13 (origin: dorsal horn), the
brainstem N14 (likely origin: cuneate nucleus) and the cortical N20 (origin: primary somatosensory
cortex). In the foot-mixed condition, we extracted the peripheral N8 (origin: tibial nerve), the spinal
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183 N22 (origin: dorsal horn), the brainstem N30 (likely origin: gracile nucleus) and the cortical P40
184  (origin: primary somatosensory cortex).

185  Replication was successful at all recording sites, where we observed response amplitudes that were
186 highly significant at the group level (N = 36) and exhibited consistently large effect sizes (Table 1);
187  to furthermore ensure the robustness of these results, we replicated them in Experiment 2
188 (Supplementary Table 1). Grand-average time-courses at the group-level are depicted in Figure 2
189  and delineate the temporal progression of the neurophysiological signal along the processing
190  hierarchy, providing a robust and comprehensive view on somatosensory processing from periphery

191 to cortex.
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192
193 Figure 2. Grand-average NAPs and SEPs along the somatosensory processing hierarchy. Group-level responses (N
194 = 36) in the hand-mixed (A) and the foot-mixed (B) conditions of Experiment 1, with shaded error-bands depicting the

195 standard error. The bottom two traces depict peripheral NAPs, the middle trace depicts spinal cord SEPs (referenced
196 ventrally) and the top two traces depict brainstem and cortical SEPs. The grey dashed lines point to the electrode from
197 which the data were obtained, the isopotential plots display the cortical topography and the red dashed line depicts the
198 temporal progression of the signal along the neural hierarchy. The data underlying this figure can be found in the

199 Supplementary Material (S1 Data).
200

201
202 Table 1. Group-level statistics. Descriptive statistics for SEP- and NAP-amplitudes, latencies and SNR (mean and

203 standard error) and one-sample t-test of SEP- and NAP-amplitudes in the hand-mixed and foot-mixed conditions of
204  Experiment 1. Note that the brainstem analysis (N14 / N30) is based on 30 participants only due to a technical problem
205 (see Methods section; vr = ventral reference, tr = thoracic reference, CCA = canonical correlation analysis, # =
206 number of participants with potentials visible at the individual level).

SEP/NAP  # Latency Amplitude SNR t p 95%-CI Cohen’s d
[ms] [nV /au.]
Mixed median nerve stimulation (hand-mixed)
N6 32 6.22 +0.09 -3.22+0.55 14.09£2.3 -5.89 <0.001 [-4.33;2.11] -0.98
N9 35 10.56 £0.15 -2.41+0.21 8.8+1.41 -11.55 <0.001 [-2.83;-1.99] -1.92
NI13 (tr) 36 13.25+0.18 -0.85+0.05 948 £1.16 -15.75 <0.001 [-0.96; -0.74] -2.63
N13 (vr) 36 13.61 £0.17 -1.40+0.08 17.38+ 3.4 -17.01 <0.001 [-1.56; -1.23] -2.84
NI13 (CCA) 36 13.28£0.17 -0.47 +0.03 21.58+2.93 -16.93 <0.001 [-0.53; -0.42] -2.82
N14 30 14.30£0.19 -2.34+0.14 24.19 £ 3.04 -16.95 <0.001 [-2.62; -2.06] -3.09
N20 (CCA) 36 19.81 +£0.20 -1.41 +0.06 23.66+2.41 -21.85 <0.001 [-1.54; -1.28] -3.64
Mixed tibial nerve stimulation (foot-mixed)
N8 34 9.28 £ 0.16 -1.58 £0.18 10.23 £1.72 -8.64 <0.001 [-1.95;-1.21] -1.44
N22 (tr) 36 23.83+0.29 -0.80 = 0.08 9.79+1.72 -9.54 <0.001 [-0.97; -0.63] -1.59
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N22 (vr) 36 23.67+0.35 -0.61 £ 0.06 14.14+2.42 -10.42 <0.001 [-0.72; -0.49] -1.74
N22 (CCA) 36 23.75+£0.29 -0.62 £ 0.06 31.28 +£5.96 -10.74 <0.001 [-0.73; -0.50] -1.79
N30 30 32.13+£0.43 -0.53 £0.04 6.57+1.08 -13.29 <0.001 [-0.61; -0.45] -2.43
P40 (CCA) 36 40.86 £ 0.38 1.42 +0.08 21.22+2.07 18.17 <0.001 [1.26; 1.58] 3.03

207
208  Characterizing spinal SEPs in detail (Experiment 1)

209  Next, we aimed to provide a spatial, temporal and spectral characterization of spinal responses.
210  First, the grand-average time-course of the potentials obtained from single, anatomically-defined
211 target electrodes exhibited a tri-phasic shape with an initial positive deflection, a main negative
212 deflection (at 13ms and 24ms, respectively) and a slowly decaying late positive deflection (red trace
213 in Figure 3A and 3E). Second, our multi-channel set-up allowed for the first time to estimate the
214  potentials’ spatial topography (Figure 3B and 3F), which showed a radial dipole at peak latency,
215 with a centre over the spinal cord, close to the spinal segments targeted by the electrical stimulation
216  atwrist and ankle. Importantly, the topographies show that N13 and N22 responses are consistently
217 limited to the relevant electrode-grid (cervical for upper-limb and lumbar for lower limb
218  stimulation), with no evidence for responses in the irrelevant electrode grid, thus presenting a spatial
219  double-dissociation. Third, grand-average time-frequency plots delineated responses with a
220  frequency between ~50-320 Hz at the cervical and between ~50-250 Hz at the lumbar level (Figure
221 3C and 3G), demonstrating the fast nature of these potentials.

222 Considering recent findings on the complexity of somatosensory processing in the dorsal horn [2],
223 we then went beyond the classical spinal SEPs and assessed whether we could detect responses that
224 occur later than the early N13 or N22 components. Using a cluster-based permutation approach, we
225  did indeed find statistical evidence for such late components: we identified a positive cervical
226 cluster directly after the N13 component (17-35ms, p = 0.001; Figure 3D) and two lumbar clusters
227  after the N22 (positive: 28-35ms, p = 0.002; negative: 126-132ms, p = 0.017; Figure 3H); two out
228  of these three late potentials did also replicate in the independent sample from Experiment 2 (see
229  Supplementary Material). Taken together, these results provide a comprehensive characterization
230 of spinal SEPs, including responses that occur beyond the initial processing sweep in the spinal

231  cord.
u
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232
233 Figure 3. Spatiotemporal characterization of cervical and lumbar spinal cord potentials. Panels A-D depict responses
234 in the hand-mixed conditions and panels E-H depict responses in the foot-mixed condition. (A) and (E).: Grand-average
235 SEPs across the group obtained from an anatomically-defined electrode (hand-mixed: 6" cervical vertebra, foot-
236 mixed: I*' lumbar vertebra; red trace; both with thoracic reference over the spinous process of the 6" thoracic vertebra
237 (THG6)) or after CCA (black trace), with both signals z-scored for comparison. Note the clear amplitude enhancement
238 of the N13 and N22 after CCA. (B) and (F): Grand-average isopotential plots (over all spinal channels) in the hand-
239 mixed condition at the peak of the N13 (B), and in the foot-mixed condition at the peak of the N22 (F). (C) and (G):
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240 Grand-average evoked time-frequency plots in the hand-mixed condition and the foot-mixed condition. (D) and (H):
241 Results from cluster-based permutation testing for investigating late potentials. Depicted is the grand-average trace
242 over all participants in the stimulation condition (hand-mixed / foot-mixed; red trace) and in simulated epochs from
243 rest data (black trace), averaged over all channels that are part of the identified cluster (displayed as red dots on the
244 top left). The gray areas depict the time-windows with significant differences and the gray arrow indicates an additional
245 significant — but not replicable — potential (see also Supplementary Figure 1). The data underlying this figure can be
246  found in the Supplementary Material (S2 Data).

247
248  Enhancing sensitivity via multivariate spatial filtering (Experiment 1)

249 A main aim of our approach was to enhance the sensitivity for detecting spinal cord SEPs via a
250  multi-channel setup and corresponding multivariate spatial filtering analyses, which provide two
251  important benefits. First, multivariate spatial filtering approaches are able to enhance the SNR [41],
252 which is critically important in scenarios such as the low SNR spinal recordings carried out here.
253 Second, by reweighting the multi-channel signal on a participant-specific basis, they are able to
254 account for between-participant differences of anatomy and physiology. This point is especially
255  relevant in the spinal cord, where our results demonstrate that already at the group-level the
256  anatomically-defined target channel (red dot in Figure 3B and F) does not necessarily capture the
257  strongest deflection of the cervical N13 (slight rostral shift) or the lumbar N22 (slight caudal shift).
258  With individual spatial shifts being even stronger, this indicates a necessity of having a grid of
259 electrodes and correspondingly tailored analyses in order to be able to account for heterogeneity in
260  source location and orientation.

261  We applied a variant of canonical correlation analysis (CCA) to the preprocessed data of the
262 cervical or lumbar ESG grid, which is a multivariate method that takes information from all sensors
263 of interest into account [40—42]. By finding participant-specific spatial filters that maximize the
264  correlation between two multivariate datasets (here: single SEP trials and the trial-averaged SEP),
265 it computes multiple orthogonal projections, of which we selected the strongest one with a temporal
266  peak at the expected latency and a corresponding spatial pattern with the expected dipole
267  orientation. The resulting group-level cervical N13 and lumbar N22 were similar in shape and
268  latency but clearly exceeded the noise level compared to the single-electrode signal (black traces in
269  Figure 3B and 3G), also resulting in a significantly higher SNR (more than two-fold increase in
270  lumbar data; Table 1; Figure 4A and 4E), with a large majority of participants showing increased
271 SNR after CCA. Most importantly, the CCA-induced SNR enhancement of the evoked responses
272 allowed for the extraction of cervical and lumbar SEPs at the single-trial level in all participants:
273 Figure 4B-D and 4F-H shows single-participant SEPs at the single-trial level, comparing the CCA
274  projected data (right subpanels) with single-electrode data (left subpanels), clearly demonstrating
275  the increase in signal-to-noise level in CCA-cleaned data. This indicates that taking the information
276 ~ from many channels into account provides a fundamental sensitivity increase for detecting even
277  very weak — i.e. trial-wise — spinal responses.

278  Furthermore, in order to demonstrate that CCA is not creating artefactual signal due to overfitting,
279  we carried out a control analysis. More specifically, in each participant we i) trained CCA on a
280  random selection of 50% of the trials (underlying data: band-pass filtered, anterior-electrode re-
281  referenced, epoched; time windows: 8-18ms for median and 14.5-29.5 for tibial nerve stimulation;),
282 1ii) saved the time-course of the first component, iii) repeated this procedure a thousand times and
283 iv) then calculated all pair-wise absolute correlations between the obtained component time-courses
284  (in the CCA training time-window). This procedure was also carried out on resting-state data, using
285  identical trial timings. At the group level, we then compared the correlation strength between task-
286  based data and resting-state data via a paired t-test. The main idea of this procedure was to
287  demonstrate that correlations between subsampled CCA components would be substantially
288  stronger in the presence of repeated evoked responses compared to CCA performed on the data
289  from the resting-state data where we do not expect repeated evoked responses. For median nerve
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290  stimulation, we obtained a group-average absolute correlation of 0.98 (range across participants:
291 0.76 — 1) in the task-based data and a group-average absolute correlation of 0.58 (range across
292 participants: 0.46 —0.73) in the resting-state data; for tibial nerve stimulation, the respective values
293 were 0.96 (range: 0.61 — 1) for task and 0.50 (range: 0.37 — 0.68) for rest. Importantly, component
294  correlations were significantly higher in task-based data than in resting-state data (median nerve
295 stimulation: t = 27.80, p < 9.5e-26; tibial nerve stimulation: t = 25.06, p < 3.1e-24; one-tailed).
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297 Figure 4. Comparing single-channel SEPs with canonical correlation analysis (CCA) SEPs. Panels A-D depict
298 responses in the hand-mixed conditions and panels E-H depict responses in the foot-mixed condition. (A) and (E):
299 signal to noise ratio (SNR) for responses obtained from single channels (6" cervical vertebra [upper] and I°* lumbar
300 vertebra [lower]) and via CCA; note that the colored lines reflect the SNR of those participants that are displayed in
301 the remaining panels. (B-D) and (F-H): 1000 single trials of evoked responses (vertical axis) from three representative
302  participants with responses obtained from an anatomically-defined electrode shown in the left subpanel and those from
303 CCA shown in the right subpanel; the red arrow indicates the expected SEP latency (hand-mixed: N13; foot-mixed.:
304  N22). Note the clear increase in the potentials’ single-trial visibility and consistency after CCA. The data underlying
305 this figure can be found in the Supplementary Material (S3 Data).

306
307  Detecting spinal SEPs to sensory nerve stimulation (Experiment 2)

308  Electrical mixed nerve stimulation at the wrist or ankle — as employed in Experiment 1 — produces
309  the strongest SEPs in the somatosensory system, but is not an ecologically valid type of stimulation
310  (e.g., due to antidromic conduction). To get one step closer towards natural stimulation, in
311  Experiment 2 we additionally stimulated purely sensory nerve fibers of the fingers and toes (for
312 details, see Figure 1). Using this more specific type of stimulation, we did indeed observe clear
313 spinal SEPs, though now with an increased latency (4.3 and 7.6 ms delay for upper and lower limb
314  stimulation, respectively) and reduced amplitude (approximately two-thirds for both upper and
315 lower limb stimulation) compared to mixed nerve stimulation (Figure 5; Supplementary Table 2).
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316  Such a pattern of results was similarly observed in peripheral NAPs and cortical SEPs for both
317  finger and toe stimulation (Supplementary Table 2) and was also confirmed statistically
318  (Supplementary Table 3). Similar to the above-reported mixed nerve results, applying CCA to
319  spinal data resulted in an enhancement of sensory nerve SNR, allowing us to study characteristics
320  of those responses as detailed in the following sections.

A Hand stimulation B Foot stimulation
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321
322 Figure 5. Spinal SEP to mixed and sensory nerve stimulation. Depicted is the grand-average over all participants of

323 Experiment 2 in (A) the cervical spinal cord to hand-mixed or fingers1 &2 stimulation and (B) the lumbar spinal cord
324 to foot-mixed or toesl&2 stimulation. All traces were obtained after CCA and the shaded error-bands reflect the
325 standard error (the increased error-band around 0 ms in the lumbar data reflects remaining stimulus artifacts due to
326 imperfect interpolation). The data underlying this figure can be found in the Supplementary Material (S4 Data).

327

328 A first such example concerned a trial-by-trial investigation of our data (based on fitting linear-
329  mixed-effects models), assessing whether changes in response amplitude across the processing
330  hierarchy (from peripheral over spinal to cortical levels) would be fully explained by the stimulation
331  condition or whether additional predictive links between the hierarchical levels would be detectable
332 (Supplementary Material). In brief, we observed that the effects of different stimulation types
333  propagated through the somatosensory processing hierarchy, jointly affecting the amplitudes of
334  peripheral NAPs, spinal cord responses, and initial cortical potentials. Interestingly however, in the
335  foot stimulation condition, additional condition-independent effects of spinal amplitudes on cortical
336  amplitudes were observed, providing first evidence for a trial-by-trial spino-cortical link.

337
338  Probing integrative processing along the somatosensory hierarchy (Experiment 2)

339 Finally, we aimed to study a well-known phenomenon of integration in sensory processing, namely
340  attenuation or gating effects, which are for example observed when stimulating two adjacent
341  fingers: a neuronal response following simultaneous stimulation of both fingers is attenuated
342 compared to the sum of neuronal responses to single finger stimulation. This effect of integrative
343 processing is well studied at the cortical level and has been hypothesized to occur subcortically
344  [43-45], yet unequivocal evidence for such integration occurring already at the spinal level is
345  currently lacking. Therefore, we investigated attenuation effects along the processing hierarchy (i.e.
346  at peripheral, spinal and cortical levels) and expected 1) that peripheral NAPs would not show
347  attenuation effects (considering that there are no synaptic relays yet), ii) that cortical SEPs would
348 show such effects (replicating previous observations) and, most importantly, iii) that the enhanced
349  sensitivity offered by our multi-channel spatial filtering approach would allow for uncovering such
350  effects already at the spinal level.

351  We therefore obtained CCA-extracted amplitudes of cortical and spinal SEPs as well as peripheral
352 NAPs to single-digit and simultaneous digit stimulation. CCA training and component selection
353  was based on mixed nerve data (which have a higher SNR than sensory nerve data) and the chosen
354  spatial filter was then applied to all sensory nerve conditions, ensuring independence of selection
355  and testing. Using these unbiased amplitudes, we assessed the attenuation effect via interaction-
356  ratios (IR): the IR is a measure that quantifies the amplitude reduction of the simultaneous digit
357  stimulation compared to the arithmetic sum of the single-digit stimulations for each participant.
358  Consistent across both upper and lower limb conditions, we obtained clear evidence for attenuation
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359  effects not only at the cortical (N20 and P40), but also at the spinal level (N13 and N22);
360  importantly, such effects were not evident at the peripheral level (N6 and N8§; Table 2 and Figure
361  6). While cortical effect sizes of attenuation effects were strongest, spinal effect sizes were already
362  substantial, i.e. in the medium to large range (Cohen’s d of 0.5 for lower limb and 1.1 for upper
363 limb). Taken together, our results indicate that robust attenuation effects in somatosensation are not
364  an exclusively cortical phenomenon, but already occur at the level of the spinal cord, i.e. after the
365  first synaptic relay.
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366
367 Figure 6. Attenuation effects along the processing hierarchy. Potentials following finger stimulation (A) and toe

368 stimulation (B) from top to bottom: cortical (N20/P40), spinal (N13/N22), and peripheral (N6/N8) responses. The
369 traces in the middle columns display the grand-average response over participants to single-digit stimulation (green
370 and blue traces) and double-digit stimulation (red trace), with the error-band displaying the standard error. The bar
371  plots in the outer columns display the group-average of summed potential amplitudes to single-digit stimulation (green
372 and blue bars) and double-digit stimulation (red bar), with grey lines depicting single-participant data. Note that i)
373 slightly different numbers of participants entered analyses at the different levels (only those with identifiable and
374 unbiased potentials), ii) the latency-terminology used here is based on mixed nerve latencies (sensory nerve potentials
375 occur later), and iii) the scaling of the vertical axes is different between bar-plots and traces (as bar plots depict
376 magnitude data and are based on extracted potential amplitudes at individually-optimized latencies). The data
377 underlying this figure can be found in the Supplementary Material (S5 Data).
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385 Table 2. Group-level interaction-ratio results. Tested were the interaction-ratios (IR) of SEPs and peripheral NAPs
386  with a one-sample t-test.

387 SEP / NAP IR tstat p 95%-CI Cohen’s d
388 Hand sensory
389 N6 1.83%  -0.60 0.56 [-8.17%; 4.50%] 0.13
N13 2025%  5.16 <0.001  [12.06%;28.43%] .13
390 N20 2221% 9.3 <0.001  [17.12%;27.30%]  1.84
Foot sensory
N8 6.99%  0.84 043 [-11.28%;2527%]  0.19
391 N22 1025% 251 0.02 [1.76%; 18.75%] 0.54
P40 2607%  6.56 <0.001  [17.83%;34.32%]  1.37
392
393

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

395  Looking ahead, we also aimed to provide a resource for the planning of future experiments by
396  establishing the robustness of the obtained spinal responses. Towards this end, we investigated how
397  many trials are needed to obtain peak amplitudes significantly different from zero at the single-
398  participant level (Figure 7A-H; left panels) and determined the joint minimal number of trials and
399  participants needed for a significant effect at the group-level (Figure 7A-H; right panels) using
400  resampling approaches.

401  The most immediately apparent effect is that no matter which outcome is considered, there is a clear
402  order in the level of robustness across the different stimulation conditions, with mixed nerve
403  stimulation giving more robust results than sensory nerve double-stimulation, which in turn leads
404  to more robust potentials than sensory nerve single-stimulation. Thus, whereas in the mixed nerve
405  condition with one target channel, one is almost guaranteed to obtain a significant group-level effect
406  with e.g., ~10 participants and ~200 trials (Figure 7A-B), many more trials and / or participants
407  would be required in the latter conditions to obtain a significant effect (Figure 7C-H). Despite this
408  overarching trend, there is however also clear inter-individual variability in responses (cf.
409  participant #1 and participant #13 in the hand-mixed condition, where approximately 100 vs 1000
410  trials were necessary to obtain a significant result in a majority of repetitions).

411 Another effect that is clearly visible is the beneficial effect of the CCA approach on the robustness
412 of spinal SEPs: in contrast to employing an anatomically-defined target channel, employing CCA
413 required smaller numbers of trials to obtain significant results for each participant in a consistent
414  manner (but note that CCA was trained on the entire mixed-nerve data). While this is already visible
415  at the individual-participant and group-level in the mixed nerve conditions (Figure 7A-B), it
416  becomes even more apparent in the more SNR-limited sensory nerve conditions (Figure 7C-H). For
417  instance, for single-digit stimulation of the index finger and an anatomically defined target channel
418  (Figure 7E), the use of 24 participants and 1000 trials was necessary to obtain a significant group-
419  averaged result with a probability of 0.8. In contrast, with the use of CCA (trained on 2000 trials of
420  mixed-nerve data), either the same number of participants with only ~200 trials or 15 participants
421 with ~500 trials were already enough to achieve similar results. These results thus allow researchers
422 to make an informed decision on how to set up future experiments in terms of within- and across-
423 participant factors.

424
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426 Figure 7. Robustness of spinal cord SEPs. Heatmaps display the proportion of significant repetitions for each
427  participant as a function of trial number and line plots display the proportion of significant repetitions as a joint
428  function of trial number and sample size; data for the anatomically-defined target channel are in the top row and for
429 CCA in the bottom row of each panel (insets for mixed nerve stimulation use a logarithmic scale to provide more
430 details). The different conditions are displayed in the following panels: hand-mixed (A) and foot-mixed (B) (Experiment
431 1, N=36); hand-sensory (Experiment 2, N=24) with simultaneous finger stimulation (C), and with single finger
432 stimulations (E and G), foot-sensory (Experiment 2, N=24) with simultaneous toe stimulation (D), and with single toe
433 stimulations (F and H); for visual clarity, no more than 1000 trials are displayed.

434

1

435  Recording of nociceptive spinal cord responses (Experiment 3)

436  In a final proof-of-principle experiment (N=7), we aimed to provide an example of the usability of
437  this approach by recording spinal cord — and simultaneously also cortical — responses to nociceptive
438 heat-pain stimulation (induced via a CO»-laser). At the group level, we observed the canonical laser-
439 evoked potentials (LEPs), i.e. the cortical N1 and N2P2 components, with the expected latency
440  (Figure 8a). Most importantly, we also observed a distinct LEP at the spinal level, consisting of a
441  negative deflection at 52ms (Figure 8b). This response could only be obtained by making use of
442 our multi-channel set-up and spatial filtering approach, since it could not be detected in single
443 electrode signals. Notably, this group-level response was consistent across data splits (four-fold
444 split depicted in Figure 8c) and observed — with slight latency jitter — in every single participant
445  (Figure 8d).
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446
447 Figure 8. Cortical and spinal LEPs. a) Grand-average (N = 7) cortical LEPs, obtained from single electrodes and

448 consisting of NI (latency: 214ms; data referenced to Cz) in the top row and N2P2 (latency: 256ms and 356ms, data
449 referenced to average) in the bottom row, line colors correspond to the electrodes depicted schematically the top left
450 of each panel, with thick lines corresponding to electrodes of interest (N1: T8, N2P2: Cz). b) Grand-average spinal
451 LEPs, obtained from CCA and showing the most prominent deflection at 52ms. The thick line corresponds to the group-
452 average of the first CCA component and the shaded band to the standard error of the mean across participants
453 (amplitudes are in arbitrary units). The electrode patch of Experiment 3 is shown as an inset (anterior electrodes not
454  shown). c) A four-fold split of trials (after having applied the spatial filter) shows a consistent response in each split at
455 the previously shown latency (amplitudes are in arbitrary units and line colors reflect different splits). d) Single-
456  participant (participants ordered from top (1) to bottom (7)) time-courses of the first CCA component, with the time-
457 course of participant 2 having been multiplied by -1 (due to the polarity insensitivity of CCA); amplitudes are in
458 arbitrary units. The red line indicates the time-point of maximal deflection observed in the group-level plot. The data
459 underlying this figure can be found in the Supplementary Material (S6 Data).

460

461

462  Discussion

463  Here, we report the development of a multi-channel electrophysiology approach to non-invasively
464  record spinal cord responses with high precision and sensitivity, incorporating these responses
465  within a comprehensive picture of processing along the somatosensory hierarchy (from peripheral
466  nerves to somatosensory cortex). Across two separate experiments, we provide generalizable results
467 by assessing spatiotemporal response properties in both the cervical and lumbar spinal cord, i.e. the
468  targets of upper and lower limb projections. A central aspect of our approach concerns a reliable
469  extraction and identification of spinal responses in a multivariate way, that is, reweighting the multi-

Page 13 of 42


https://doi.org/10.1101/2022.12.05.519148
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.05.519148; this version posted August 28, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

470  channel signal on a participant-by-participant basis using CCA, which enables single-trial
471  estimation of spinal cord SEPs. In order to allow researchers from various fields to seamlessly build
472 upon our results, we make all data as well as analysis code openly available and also carry out
473 replication and robustness analyses, hoping to provide a status quo of what is currently feasible
474  with multi-channel electrospinography.

475
476 Detailed characterization of spinal cord potentials

477  Spinal cord SEPs have been studied intensively in the last century, starting with their discovery in
478  humans in an invasive study [46] and followed by non-invasive recordings [20-24]. Here, we
479  employed a novel multi-channel approach (including specifically designed multichannel arrays) to
480  expand upon findings from this large body of literature, which encompasses more than 150
481  publications in healthy humans, but where research had largely subsided.

482  First, we used a whole-body electrophysiology approach and simultaneously recorded peripheral,
483  spinal, brainstem and cortical responses to electrical stimulation of a mixed nerve in the upper- and
484  lower-limbs. This comprehensive recording set-up allowed us to embed spinal responses within the
485  temporal progression of the neurophysiological signal along the entire somatosensory processing
486  hierarchy. Second, we compared spinal SEPs following sensory nerve stimulation to those
487  following mixed nerve stimulation and observed reduced peak amplitudes and increased latencies,
488  likely due to the lower number of activated fibers and the additional travelling-distance of nerve
489  impulses, respectively [47,48]. Reassuringly, even with single-digit stimulation (where only
490  approximately 2000-5000 nerve fibres can be expected to be activated [49]), we observed mostly
491  large effect sizes, hinting at the potential of our ESG approach to also record responses to
492  ecologically more valid stimulation such as touch, which would be expected to have an even lower
493 SNR. Third, we made use of our multi-channel setup to investigate the spatial distribution of
494  cervical and lumbar SEPs: both presented as radial dipoles, slightly above the spinous process of
495  vertebra C6 for the N13 and slightly below the spinous process of vertebra L1 for the N22 and with
496  a sagittal center over the cord, speaking against a myogenic origin (which would be expected to
497  result in a more lateralized distribution) [50]. Importantly, our results show a high degree of
498  anatomical plausibility, not only by being centred close to the spinal segment of interest, but also
499 by showing a spatial double-dissociation: the upper-limb N13 is clearly localized in cervical but
500  not lumbar areas and the lower-limb N22 is clearly localized in lumbar but not cervical areas. To
501  our knowledge, such a spatial characterization of spinal SEPs is unique, as even modern MSG-
502  studies are limited to much smaller spatial windows [51,52] (for ESG, see[27]) and would thus not
503  allow for such insights. Obviously, our data do not allow pinpointing the origin of these potentials
504  within the spinal cord gray matter, but their post-synaptic nature has been established [32,53] and
505  animal work suggests that they are generated by deep dorsal horn interneurons [54-56], likely as
506  part of the post-synaptic dorsal-column (PSDC) pathway, which is a prominent source of input to
507  the dorsal-column nuclei [57-59].

508  Finally, based on the recent evidence for extensive processing of afferent signals within the dorsal
509  horn [2,3], we investigated the existence of late spinal potentials and indeed observed such SEP
510  components following the cervical N13 (17-35ms) and the lumbar N22 (28-35ms). Similar late
511  spinal potentials had been descriptively mentioned as part of a tri-phasic wave in some of the
512 earliest invasive and non-invasive spinal recordings [20,21,60,61], but here we provide firm
513 statistical evidence for their existence at the group-level for the first time. With respect to the origin
514  of these late potentials, a myogenic source has been ruled out [61] and a contribution from late top-
515  down brainstem potentials [44] is unlikely given their lumbar presence, rather pointing towards a
516  local spinal origin, with a possible neurophysiological mechanism being primary afferent
517  depolarization [56]. We further obtained tentative evidence for an ultra-late negative lumbar

Page 14 of 42


https://doi.org/10.1101/2022.12.05.519148
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.05.519148; this version posted August 28, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

518  potential following lower-limb stimulation after >100 ms. To our knowledge, no spinal SEPs have
519  hitherto been reported at such latencies, although there are hints from early neuromagnetic neck
520  recordings [62] and recent spinal recordings based on optically-pumped magnetometers [63] have
521  also shown late spinal evoked fields. Taken together, the general possibility to detect late potentials
522 opens the door for investigating local spinal processing going beyond a simple relay of information
523 [2] as well as supra-spinal modulatory influences on processing in the dorsal horn [64] and here the
524  millisecond resolution of our approach will be ideally suited to disentangle top-down from bottom-
525 up effects.

526
527  Enhanced SNR and single-trial responses via multivariate spatial filtering

528  Traditionally, the analysis of SEPs from ESG data is based on acquiring a large number of trials,
529  with most studies using single or very few spinal electrodes (though there are a few exceptions
530  [21,28,65]) and then analysing single-channel data. Conversely, methodological advances in EEG
531  data acquisition and analysis now allow for a better separation of signal from noise and use high-
532 density multi-channel montages for construction of spatial maps, in which the data of the whole set
533 of EEG electrodes is treated as a multivariate signal [66—69].

534  Our high-density ESG-montage thus enabled the application of methods that combine the
535  information from many channels via spatial filters. Specifically, we used a CCA-based approach —
536 that has previously been applied for extraction of early cortical SEPs [40—42,70,71] — and show that
537  spinal SEP extraction is markedly improved with such a multi-channel spatial filtering approach.
538  We believe this approach is especially beneficial for spinal data for two reasons. First, the ESG
539  signal is particularly affected by physiological noise from cardiac and myogenic sources [21],
540  leading to a low SNR with single-trial amplitudes usually hidden in background noise. Second,
541  despite substantial inter-individual differences in the location of spinal segments relative to
542 vertebrae [72,73], the latter are used as anatomical landmarks for electrode-placement. A spatial
543 filter that compensates for such inter-individual differences will be beneficial for group-level
544  analyses, but also for recovering signals in individual participants, where an electrode placed on a
545  specific anatomical landmark might not capture the spatial peak of the response. Finally, because
546  of volume conduction, potentials from the activation of spinal sources will be reflected in many
547  electrodes and thus a simultaneous use of the signals from many electrodes may also potentially
548 allow extraction of multiple sources when using multivariate methods.

549 By improving the SNR of ESG data, our spatial filtering approach allows not only for extracting
550  more robust spinal SEPs, but also for studying the variability in spinal SEP amplitudes at single-
551  trial level. While there are many benefits to this approach (see below), here we employed it to assess
552 how trial-by-trial response amplitudes co-fluctuate across different processing levels. We observed
553 that the effects of different stimulation conditions (i.e., single-digit, double-digit, and mixed nerve)
554  corresponded to shared variance across the somatosensory processing hierarchy, encompassing
555  peripheral NAPs, spinal SEPs, and early cortical SEPs. This covariance presumably reflected the
556  number of stimulated nerve fibers (which varied between stimulation conditions) as well as the
557  internal state of the activated neuronal populations. Yet additional condition-independent variations
558  might be worth further investigation: during foot stimulation, spinal responses predicted cortical
559  responses, providing a neurophysiological spino-cortical link on the single-trial level.

560
561  Integration effects are present already at the spinal level

562  Most importantly, we assessed a fundamental question of sensory processing, namely at which
563  levels of the processing hierarchy information from the receptors is integrated, by testing for
564  integrative processes at peripheral, spinal and cortical levels. In order to do so in a robust manner,
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565  we used CCA to extract SEP amplitudes to single-digit and double-digit stimulation and quantified
566  the attenuation effect — a reduced response to double-digit stimulation compared to the summed-up
567  responses to single-digit stimulation — as a measure of integration. Integration effects were not
568  evident in the peripheral nervous system, where response amplitudes faithfully reflected the applied
569  stimulation. Conversely, significant integration effects with medium to large effect sizes were
570  evident consistently after the first synaptic relay, i.e. not only in cortex but already in the spinal
571  cord, the first processing station in the central nervous system. The cortical findings are in line with
572 several previous studies [43,45,74], but the robust spinal results — which were observed for both
573 upper and lower limb stimulation — go far beyond the previous literature, where only anecdotal
574  evidence of such effects existed at the cervical level [75,76]. While the simultaneous recording and
575  assessment of integration effects at peripheral, spinal and cortical levels is a first to our knowledge,
576  the observed progression of increasingly stronger integration effects along the neural hierarchy has
577  been suggested to be a consequence of increasing receptive field size [44].

578  Two mechanisms have been discussed to underlie integration effects: occlusion and lateral
579  inhibition [74,76,77]. Either mechanism could be at work in the spinal cord, considering the
580  integrative nature of many deep dorsal horn interneurons [2,3] as well as the receptive-field
581  organization of wide dynamic range neurons [78], both of which have been suggested to contribute
582  to the observed spinal SEPs [35,36,54,55]. Future work using experimental designs tailored to
583  dissociate these two mechanisms [74] might help to shed more light on the underlying processes at
584  the spinal level.

585
586  Assessment of nociceptive spinal cord responses

587  In a final experiment, we demonstrated the versatility of our non-invasive approach by providing
588  corticospinal electrophysiological recordings of responses to nociceptive stimulation in a heat-pain
589  paradigm. While there is a multitude of EEG studies assessing cortical responses to various forms
590  of nociceptive stimuli (e.g. laser evoked potentials [LEPs; [79]], contact heat evoked potentials
591  [CHEPS; [80]], pinprick evoked potentials [PEPs; [81]]), a non-invasive assessment of spinal
592 responses to any type of nociceptive stimulation has hitherto not been reported to our knowledge.
593 In a first proof-of-principle experiment, we therefore leveraged the sensitivity increase afforded by
594  our multi-channel set-up to demonstrate concurrently recorded cortical and spinal LEPs. The spinal
595  response occurred at a time-point consistent with the activation of nociceptive A-delta fibres and
596  was observable to varying degrees in every single participant after spatial filtering.

597  While this first demonstration of non-invasively recorded spinal LEPs obviously awaits replication,
598 it is a promising step to investigate entire CNS mechanisms underlying the experience of pain in
599  health and disease. A non-invasive and direct window into spinal nociceptive processing is highly
600  relevant for pain research, considering that the spinal cord is not only the first CNS processing
601  station for nociceptive stimuli [82], but also a target of powerful descending control mechanisms
602  [83] and a structure often implicated in pain chronification [84].

603
604  Insights for future electrospinography experiments

605  One outstanding question is how the advances introduced by our approach might benefit other fields
606  of human neuroscience, i.e. inspire new work on spinal cord function outside the domain of
607  somatosensation. An immediate experimental implication arises from the here-developed denoising
608  approach: while it was recognized early on that cardiac artifacts dominate the ESG signal [21] and
609  that massive trial-averaging or cardiac-gating was thus necessary, we instead achieved a direct
610 removal of the cardiac artefact via a denoising algorithm [85], eliminating these previous
611  limitations. This allows for example to deliver stimuli spaced across the cardiac cycle and we are
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612  thus envisioning the use of our approach for investigating interoceptive processes, where spinal
613  pathways are of importance for brain-body communication but not yet studied [86,87]. In addition,
614  the sensitivity increase afforded by our multi-channel approach in combination with spatial filters
615 is of benefit for domains where massive trial-averaging is impossible (e.g., in pain research due to
616  ethical and safety reasons) or for experimental paradigms where only a few or even single trials are
617  of interest (e.g., in deviance-detection designs).

618  Our approach could also provide clinical insights, considering that spinal pathologies are a core
619  part of many neurological disorders, such as multiple sclerosis [6], spinal cord injury [5] or chronic
620  neuropathic pain [7]. Relating to this, great strides have recently been made in the recovery of
621  function after spinal cord injury and stroke via spinal neurostimulation [8,9,88,89]. Here, a non-
622  invasive and temporally-resolved window on such processes — as provided by the CCA-enabled
623  single-trial sensitivity — might offer mechanistic insights into processes underlying such recovery,
624  especially considering the role of afferent input in the treatment of these maladies, as successfully
625  characterized by our approach. Similarly, there are multiple initiatives aimed at developing
626  biomarkers for analgesic drug development to target chronic pain [10,11,90,91] and considering
627  that alterations in spinal processing are assumed to be a core feature of chronic pain development
628  and maintenance [92-94], sensitive spinal recordings would be very helpful. In such endeavors,
629  spinal SEPs could potentially serve as objective, non-invasive and innocuous biomarkers [35,36].

630  In any case, considering that underpowered studies are a troubling issue in neuroscience [95], both
631  experimental and clinical studies that could arise from this work would need to be well-powered.
632  In order to facilitate the planning of such studies, we provide group-level effect sizes, which —
633  reassuringly — were similar across both experiments and mostly in the large range. In addition, we
634  used resampling approaches on both data-sets to 1) estimate the minimal number of stimuli to obtain
635  a significant result at the participant-level and ii) jointly estimate the minimal number of stimuli
636  and participants to obtain a significant result at the group-level. Simulating experiments this way
637  allows for giving specific recommendations, such as that for mixed nerve stimulation acquiring
638  ~200 trials in ~10 participants with single-channel recordings almost guarantees a significant
639  group-level effect.

640  Finally, we hope that our non-invasive approach in humans will provide a macro-scale complement
641  to research in animal models, where invasive recording techniques — such as multi-electrode
642  recordings [96] or calcium imaging [97] — allow detailed and mechanistic insights into spinal
643  processes occurring at the micro- and mesoscale. It is important to note that our approach of not
644  only recording cervical, but also lumbar spinal cord responses could provide a unique across-
645  species bridge, considering that the vast majority of spinal recordings in experimental animal
646  models are carried out in the lumbar cord.

647
648  Limitations and comparison with other CNS-neuroimaging approaches

649  There are several limitations of our approach that are worth discussing. First, the supine positioning
650  of participants might have led to a higher noise level in the ESG data due to electrode movements.
651  While there are several alternative positions, we decided to record data in supine position based on
652  extensive piloting, in which this position was reported to offer the most comfort over the course of
653  the experiment without degrading data quality (e.g., due to tonic muscle activity). Second, we had
654  hoped to reliably record brainstem SEPs arising from the cuneate nucleus (N14 [98]) and gracile
655  nucleus (N30 [99]), as these are direct recipients of output from the spinal cord via the post-synaptic
656  dorsal-column pathways [58]. Despite using optimal signal extraction leads, observing brainstem
657  potentials was not possible in all conditions, mainly due to the limited SNR to digit stimulation.
658  Third, it is important to point out that this study introduced a novel methodological approach and
659  was thus focused on the detection of spinal responses to carefully-controlled stimulation that gives
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660  rise to a strongly-synchronized high-amplitude signal. One might therefore ask whether this method
661  will perform well under more naturalistic conditions, such as mechanical or thermal stimulation.
662  We believe that the combination of methodological improvements introduced here should also be
663  helpful in such low-SNR scenarios, as already demonstrated exemplarily for single-digit
664  stimulation. Finally, it should also be noted that there is some loss of objectivity when using CCA,
665  considering that a-priori knowledge informed the time-period for training CCA and the choice of
666 ~ component — this might be alleviated in the future by developing automated procedures based on
667  pre-defined criteria.

668  In terms of comparison with other neuroimaging methods for assessing the entire CNS, we note
669  that only fMRI and MEG (based on optically pumped magnetometers [OPMs]; [100,101]) have so
670  far been used for simultaneous assessment of cortico-spinal processes. While corticospinal fMRI —
671  as employed for studying the interactions between supraspinal and spinal structures that underlie
672  resting-state connectivity [102,103], motor control [104,105] or top-down modulation of
673  nociceptive processing [106,107] — offers unparalleled spatial resolution, it is an indirect measure
674  of neuronal processes with ensuing low temporal resolution. Here, our approach would provide an
675  important complementary assessment, as it would for example allow for a temporally precise
676  delineation of possible interactions between top-down and bottom-up responses at the spinal level
677  due to its millisecond resolution. OPM-MEG has recently been employed in a proof-of-principle
678  study to simultaneously record spinal and cortical somatosensory-evoked responses similar to those
679  investigated here in Experiment 1 [63] (see [108] for corticospinal recordings during a motor task).
680  While the high costs and limited bandwidth of many OPM sensor types currently limit widespread
681  adoption (especially when interested in very fast spinal responses as investigated here), the
682  wearable nature and flexible arrangement possibilities of OPM-MEG make this a very promising
683  methodological approach for entire CNS assessments with high temporal precision.

684
685 Outlook

686  In conclusion, we established an approach for the non-invasive recording of spinal cord responses
687  that should be readily-accessible and widely-available, addressing a previously missing link in the
688  study of reciprocal brain-body communication. Our method provides direct recordings of
689 electrophysiological responses with high temporal precision (allowing to investigate different
690  response components, i.e., early and late potentials), has a high sensitivity due to the multivariate
691  combination of spinal multi-channel data (enabling single-trial estimates), and is integrated with
692  the recording of afferent and efferent signals (peripheral and supra-spinal responses). We believe
693 that this approach could be extended to other settings of natural stimulation — such as social touch
694  or pain (for which we provide initial evidence) — and is not only suitable for investigating hard-
695  wired bottom-up processing, but also its modulation by various factors, such as signal integration
696  as demonstrated here to already take place in the human spinal cord. We thus hope to have provided
697  acomprehensive approach that allows for a sensitive and direct assessment of spinal cord responses
698  at millisecond timescale in various fields beyond somatosensation and anticipate its use in the
699  context of interrogating the spinal cord’s role in the interplay of bottom-up and top-down processes
700  that together give rise to our sensations in health and disease.

701
702
703 Materials and Methods

704  Participants

705  Experiment 1. 42 healthy right-handed volunteers participated in this experiment. Two participants
706  were not able to successfully complete the experiment (cigarette craving in one case, bathroom use
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707  in another case) and their data were thus discarded. Four participants were excluded due to absent
708  peripheral potentials, leading to a final sample size of 36 participants (18 female; age: 25.5 + 3.5
709  years (mean £ SD)). All participants provided written informed consent and the study was approved
710 by the Ethics Committee at the Medical Faculty of the University of Leipzig. Please note that the
711 final sample-size of 36 participants was specified in a pre-registration prior to the start of the study
712 and was chosen in order to detect a medium-sized effect (Cohen’s d = 0.5) with a power of 90% (at
713 an alpha-level of 0.05 with one-tailed testing).

714  Experiment 2. 26 healthy right-handed volunteers participated in this experiment. Two participants
715 were excluded due to absent peripheral potentials in the mixed nerve stimulation condition, leading
716  to a final sample size of 24 participants (12 female; age: 24 + 4.5 years (mean £ SD)). All
717  participants provided written informed consent and the study was approved by the Ethics
718 Committee at the Medical Faculty of the University of Leipzig. Please note that the final sample
719 size of 24 participants was specified in a pre-registration prior to the start of the study. This was
720  based on a power calculation of data from of the 36 participants in Experiment 1, where we observed
721  an effect size of d = -0.85 for median mixed nerve stimulation and of d = -0.62 for tibial mixed
722 nerve stimulation (in 30 Hz high-pass-filtered, but otherwise uncleaned, data). Taking the smaller
723 of these two effect sizes, and aiming for a power of 90% (at an alpha-level of 0.05 with one-tailed
724  testing) resulted in a necessary sample size of 24 participants. Although we were using results
725  obtained from mixed nerve stimulation as the basis for our power calculation (which is known to
726  result in stronger responses than those from stimulation of a purely sensory nerve), we employed a
727  conservative way to estimate our effect size: 1) we used raw data that was only preprocessed by a
728  high-pass-filter, ii) we based our power calculation on the lumbar potential that is possibly more
729 difficult to detect, and iii) we selected the same electrode in each participant (cervical: SC6, lumbar:
730 L1) to calculate the group statistics, which is rather conservative especially for the lumbar channels,
731  because the location of the lumbar segments of the spinal cord differs extensively between
732 participants [73].

733
734 Experimental Design

735  We conducted two experiments in which human participants received electrical stimuli to mixed or
736  sensory parts of an arm and of a leg nerve. In Experiment 1, only mixed fibers were stimulated,
737  specifically of the median nerve at left wrist and of the tibial nerve at the left ankle. In Experiment
738 2, the same mixed nerve stimulation was applied, and additionally sensory parts of the nerves were
739  stimulated (two fingers or two toes). In both experiments electrophysiological signals were
740  recorded at different levels of the processing hierarchy — at the peripheral nerve, the lumbar and
741  cervical spinal cord, the brainstem and the cortex.

742 Experiment 1. The experiment had a repeated-measures design, meaning that each participant
743 underwent all experimental conditions. The experiment consisted of two conditions, named hand-
744 mixed and foot-mixed in the following. In the hand-mixed condition, the left hand of the participant
745  was stimulated with electrical pulses to the median nerve at the wrist. In the foot-mixed condition,
746  the left foot of the participant was stimulated with electrical pulses to the posterior tibial nerve at
747  the ankle. We refer to these conditions as ‘mixed’, because at the wrist and the ankle, the median
748 and tibial nerve, respectively, are mixed nerves, i.e., contain both sensory and motor nerve fibers.
749  Figure 1A displays the experimental timeline of Experiment 1.

750  Experiment 2. Similar to Experiment 1, this experiment also had a repeated-measures design,
751  though now consisting of eight conditions, named hand-mixed, fingerl, finger2, fingers1&2, foot-
752  mixed, toel, toe2, and toes1&2. The hand-mixed and foot-mixed conditions were the same as in
753 Experiment 1 (except for differences in the inter-stimulus-interval and being presented completely
754 in one block each). In the finger stimulation conditions, the index and middle finger of the
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755  participant’s left hand were stimulated with electrical pulses. These pulses could occur in three
756  different ways: to the index finger only (fingerl), to the middle finger only (finger2), or to both
757  fingers simultaneously (fingers1&2). In the toe stimulation conditions, the first and second toe of
758  the participant’s left foot were stimulated with electrical pulses either to the first toe only (toel), to
759  the second toe only (toe2), or to both toes simultaneously (toes1&2). We refer to all finger and all
760  toe stimulation conditions also as ‘hand-sensory’ and ‘foot-sensory’ conditions, because at the
761  fingers and the toes, the median and the stimulated branches of the posterior tibial nerve contain
762 only sensory nerve fibers. Figure 1B displays the experimental timeline of Experiment 2.

763
764  Electrical stimulation

765  Experiment 1. The electrical stimulus was a 0.2 ms square-wave pulse delivered by two constant-
766  current stimulators (“DS7A”, Digitimer Ltd, Hertfordshire, UK; one stimulator for each nerve) via
767  abipolar stimulation electrode with 25 mm electrode distance (“reusable bipolar stimulating surface
768  electrode”, Spes Medica, Genova, Italy) to the left median or the left posterior tibial nerve,
769  respectively. The stimulation electrodes were placed (with the cathode being proximal) at the
770  palmar side of the wrist (median nerve stimulation) and at the median side of the ankle (posterior
771  tibial nerve stimulation). The stimulation intensity was set to just above the individual motor
772 threshold, which was defined as the intensity at which a participant’s thumb or first toe started to
773 twitch (visually determined). All participants perceived the stimulation intensity as a distinct, but
774 not painful, sensation.

775  Experiment 2. Equipment and electrode placement for mixed nerve stimulation was identical to
776 ~ what is described above for Experiment 1. For finger or toe stimulation, ring electrodes (“digital
777  electrode for recording and stimulation”, Spes Medica, Genova, Italy) were attached with the
778  cathode being proximal to participants' left index finger and left middle finger as well as left first
779  toe and left second toe. While we intended to stimulate mixed and sensory parts of the same nerve,
780  when stimulating the fingers or toes, it is not possible to clearly differentiate which nerve is
781  stimulated, since there is an individual variability in the spatial distribution of the dermatomes
782 [109,110]. Therefore, it is important to keep in mind when interpreting our results that during
783  stimulation of the index and middle finger, sensory fibers of the median as well as the ulnar and
784  radial nerve might be stimulated (lower limb: sensory fibers of the superficial and deep peroneal
785  mnerves). Each of the fingers or toes were stimulated by a different stimulator. The stimulation
786  intensity was set to three times the detection threshold, which was determined via the method of
787  limits. If necessary, i.e., if participants reported to experience the stimulus as less intense over time,
788  the stimulation intensity was slightly increased in-between stimulation blocks based on experience
789  from pilot experiments as well as suggestions by earlier work [111]. The applied intensity was never
790  perceived as being painful.

791
792 Electrographic recordings

793  Experiment 1. All electrographic signals were recorded with TMS-suitable Ag/AgCl electrodes
794  (“TMS-compatible ~ multitrodes”, = Easycap =~ GmbH,  Herrsching, @ Germany).  For
795  electroencephalography (EEG), 64 electrodes were arranged on an EEG cap (Easycap GmbH) with
796  standard positions according to the 10-10 system and referenced to the right mastoid (RM).
797  Recorded EEG- channels were: Fpl, Fp2, F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T7, TS, P7, P8,
798  AFz, FCz Cz, Pz, FC1, FC2, CP1, CP2, FC5, FC6, CP5, CP6, FT9, FT10, LM (left mastoid), Fz,
799  F1, F2, Cl1, C2, AF3, AF4, FC3, FC4, CP3, CP4, PO3, PO4, F5, F6, C5, C6, P5, P6, AF7, AFS,
800  FT7, FT8, TP7, TP8, PO7, POS8, FPz, CPz, F9, and F10. An active ground electrode was placed at
801 POz.
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802  For electrospinography (ESG), 39 electrodes were placed on the upper body, with the largest part
803  of the electrodes placed into one cervical and one lumbar electrode patch. These patches were
804  custom-made and consisted of the same fabric used for the EEG cap (kindly provided by Easycap
805  GmbH). ESG data was referenced to an electrode positioned over the spinous process of the 6%
806  thoracic vertebra (TH6) and the following electrodes were located at anatomical positions: electrode
807  SCI at the 1° cervical vertebra, electrode SC6 at the spinous process of the 6 cervical vertebra,
808  electrode L1 at the spinous process of the 15 lumbar vertebra, and electrode L4 at the spinous
809  process of the 4™ lumbar vertebra. An additional 16 electrodes were organized in a grid around each
810  one of the two spinal target electrodes SC6 and L1 (Figure 1). The grid organization, which was
811  developed in pilot experiments, aimed at capturing the spatial distribution of the spinal signal. The
812  midline of this grid was positioned vertically on the spine and consisted of 5 electrodes (the 3™ one
813  being the spinal target electrode) with a vertical inter-electrode distance of 2 cm. Two further
814  vertical lines of 4 electrodes each were placed 1 cm to the right and left of the midline electrodes
815  and another two vertical lines of two electrodes each were placed 5 cm to the right and left of the
816  midline. In addition to these dorsally placed electrodes, there were two ventrally placed electrodes
817  —one supra-glottic (AC) and one supra-umbilical electrode (AL). Such ventral electrodes have been
818  described to be beneficial for SEP extraction in the literature [26,27,112,113]. Because the EEG
819  and ESG montage used different references, we added Fz to both montages with channel name “Fz”
820  inthe EEG montage and “Fz-TH6” in the ESG montage, as this allows to combine the two montages
821  into one by re-referencing at a later point. In 6 out of the 36 participants (sub-001 to sub-006) Fz-
822  TH6 was missing in the ESG setup due to a technical error. The active ground electrode stabilized
823  the signal via the “driven right leg” principle. It was placed at POz in the EEG montage and in the
824  middle between TH6 and S20 in the ESG montage. Please see also our reasoning regarding the
825  placement of the spinal reference in the Supplementary Material.

826  Inaddition to EEG and ESG, we also recorded several other types of data. First, electroneurographic
827  (ENG) data — i.e., peripheral nerve action potentials (NAPs) — of the median nerve were recorded
828 at the level of the left axilla (over the biceps, reference electrode proximal, distance 3 cm between
829  electrodes) and the left Erb’s point (referenced to right Erb’s point). Peripheral NAPs of the
830  posterior tibial nerve were recorded from the popliteal fossa (with 5 electrodes: one electrode was
831  placed in the center of the fossa and 4 electrodes around it at a distance of 1 cm; all knee channels
832  were referenced to a 3 cm proximal electrode). Second, electrocardiographic (ECG) data were
833  recorded from an electrode placed at the left lower costal arch and referenced to a right sub-
834  clavicular electrode. Third, electromyographic (EMG) data were recorded at the hand from the
835  abductor pollicis brevis muscle and at the foot from the flexor hallucis brevis muscle, with the EMG
836  electrode being placed over the muscle belly and the reference electrode being proximal (please
837  note that EMG data are not reported in this manuscript). Fourth, we recorded the participants’
838  respiratory activity (with a respiration belt: “reusable respiratory effort sensor”, Spes Medica S.r.1.,
839  Genova, Italy; data also not reported here).

840  We aimed at keeping impedances at all electrodes below 10 kOhm. All electrographic signals were
841  recorded with NeurOne Tesla amplifiers and software (Bittum Corporation, Oulu, Finnland),
842  applying an anti-aliasing filter at 2500 Hz with a lower cutoff at 0.16 Hz and sampled at a rate of
843 10000 Hz.

844  Experiment 2. The employed recording equipment as well as the ESG, ECG and ENG electrode
845  placement was identical to what is described above for Experiment 1. EEG was recorded using 39
846  electrodes arranged on an EEG cap with standard positions according to the 10-10 system and
847  referenced to the right mastoid (RM). Recorded EEG-channels were: Fpl, Fp2, F3, F4, C3, C4, P3,
848 P4, 01, 02, F7, F8, T7, T8, P7, P8, AFz, Fz, Cz, Pz, FC1, FC2, CP1, CP2, FCS5, FC6, CP5, CP6,
849 LM (left mastoid), FCz, C1, C2, FC3, FC4, CP3, CP4, C5, C6, and CPz. The electrooculogram was
850  placed lateral to the outer canthi (EOGH) and in the center below (EOGV) the right eye and used
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851  the same reference as EEG. An active ground electrode was placed at POz. EMG was not recorded
852  in this experiment.

853
854  Experimental procedure

855  Experiment 1. First, the EEG, ESG, ENG, EMG, and ECG electrodes were attached to the
856  participant’s skin. Next, the respiration belt was attached at the level of the 9"/10% rib. Then
857  participants were asked to lay down on a cushioned bench on their back in a semi-darkened and
858  acoustically shielded EEG-cabin. For participant comfort, the head support of the bench was
859  slightly raised and a cushion roll was placed under their knees. Next, electrical stimulation location
860  and intensity were determined and participants were instructed to look at a fixation cross during the
861  stimulation blocks, which was attached to the ceiling. The experiment started with 5 minutes of
862  resting-state recording (eyes open) followed by eight stimulation blocks, each consisting of 500
863  stimuli. During one block, stimuli were delivered to one nerve only, i.e., either the median or the
864  posterior tibial nerve (thus, there were four median and four posterior tibial nerve stimulation blocks
865 in total). The stimulation blocks were presented in alternating order and the order was
866  counterbalanced across participants. Another two blocks of similar length followed at the end of
867  the experiment — these are not discussed here as they were part of another project and are thus
868  explained in further detail elsewhere [71]. We used an inter-stimulus-interval of 763 ms with a
869  uniformly distributed jitter of +/— 50 ms in steps of 1 ms. Taken together, each nerve received 2000
870  stimuli overall. The experiment took approximately 5.5 - 6 hours, with the presentation of the
871  experimental stimulation blocks (including breaks) taking approximately 90 minutes.

872  Experiment 2. Since the attachment of the recording equipment to the participants and the
873  instruction of the participants were identical to Experiment 1, in the following we only list details
874  specific to Experiment 2. Before each experimental block started, the individual stimulation
875  intensity was adjusted if necessary. The experiment started with 5 minutes of resting-state recording
876  followed by 10 stimulation blocks (with short breaks between blocks). There were four different
877  types of stimulation: i) mixed nerve stimulation of the median nerve (1 block), ii) mixed nerve
878  stimulation of the tibial nerve (1 block), iii) sensory nerve stimulation at the fingers (4 blocks), and
879  1iv) sensory nerve stimulation at the toes (4 blocks). All blocks of one stimulation type were
880  presented in a row (with pauses between blocks) but the order in which the four stimulation types
881  were presented was balanced across subjects. There was one block for hand-mixed and one block
882  for foot-mixed stimulation and each of these blocks contained 2000 stimuli. Sensory nerve
883  stimulation was separated into four blocks (1500 stimuli each) of finger and four blocks (1500
884  stimuli each) of toe stimulation. During each finger stimulation block, fingerl, finger2, and
885  fingersl&2 were stimulated in a pseudo-random order, such that each of the three stimulation
886  conditions occurred 500 times. The same procedure was employed for the toe stimulation blocks,
887  with the only difference that toel, toe2, and toel2 were stimulated in pseudorandom order. Each
888  type of digit stimulation (fingerl/toel, finger2/toe2, fingers1&2/ toes12) thus consisted of 2000
889  stimuli. All stimuli were delivered with an inter-stimulus-interval of 257 ms with a uniformly
890  distributed jitter of +/- 20 ms in steps of 1 ms. The experiment took approximately 6-6.5 hours, with
891  the presentation of the experimental blocks (including breaks) taking approximately 90 minutes.

892
893 Data processing and statistical analysis (Experiment 1)

894  Unless noted otherwise, all data were analyzed using MATLAB R2019b (The MathWorks Inc.,
895  Natick, Massachusetts, USA) and the EEGlab toolbox [114].

896  Stimulation artifact removal. Electrical stimulation of peripheral nerves as employed here induces
897  an artifact in all channels at the time point of stimulation and was removed by interpolation (using
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898  a piecewise cubic hermite interpolating polynomial). Since the temporal spread of this artifact
899  differed among participants, as well as in cervical and lumbar channels, we defined individual
900  artifact windows for cervical and lumbar levels by finding the beginning and the end of the artifact
901 in the average over all trials and all cervical or lumbar ESG channels. At the cervical level, average
902 artifact windows ranged from -1.8 ms (SD = 0.8 ms) to 4.4 ms (SD = 1.4 ms) and at the lumbar
903  level from -2.9 ms (SD = 1.4 ms) to 7.1 ms (SD = 2.8 ms).

904  EEG data preprocessing. First, the stimulation artifact was interpolated using the previously
905  identified cervical artifact windows and the continuous EEG signal was down-sampled to 1000 Hz
906  (anti-aliasing filter with cutoff at 0.9 and transition bandwidth at 0.2). Second, artifact sources were
907  identified in the signals using ICA. For this, overly noisy channels were removed from the signal —
908  based on visual inspection of the power spectral density and the trial-based root mean square
909  activity in each channel — and interpolated (this was the case for one channel in five participants).
910  Zero-phase IIR filtering was then applied to the continuous concatenated signal from all stimulation
911  blocks (i.e., median and tibial nerve stimulation), consisting of a high-pass filter at 0.5 Hz and a
912 low-pass filtered at 45 Hz (Butterworth, 4" order). On the filtered signal, independent component
913  analysis (ICA, Infomax [115]) was performed and ICs reflecting eye blink, heart and muscle
914  artifacts were identified. Third, ICs identified as representing artifactual sources were removed
915  from the EEG signal preprocessed in the same ways as for ICA, with the difference that it 1)
916  consisted of concatenated blocks of each stimulation condition only (i.e., hand-mixed or foot-
917  mixed) and ii) was zero-phase IIR filtered with a notch (48-53 Hz) and a band-pass (30-400 Hz)
918  Butterworth filter of 4th order. Fourth, the ICA-cleaned signal was re-referenced to average
919  reference and remaining noisy time points were identified in lower frequencies (1 - 15 Hz) using a
920  threshold of 5 standard deviations and in higher frequencies (15 - 45 Hz) using a threshold of 60
921 V. If more than 50% time points were identified in one channel, this channel was removed from
922 the data and interpolated. In one participant 7 channels were removed from the hand-mixed
923  condition and in another participant 18 channels were removed from the foot-mixed condition.
924  Fifth, the cleaned signal was cut into epochs from 200 ms before to 700 ms after stimulus onset and
925  baseline-corrected (with a reference interval from -110 ms to -10 ms before stimulus onset). In the
926  hand-mixed condition, this procedure led to an average of 97.9% remaining trials (range across
927  participants: 886 trials to 2000 trials) and in the foot-mixed condition to an average of 97.5%
928  remaining trials (range across participants: 992 trials to 2000 trials).

929  ESG data preprocessing. After the stimulation artifact was interpolated in the individually defined
930  cervical and lumbar artifact windows, the ESG data were down-sampled to 1000 Hz.

931  Since ESG data are known to present with severe cardiac artifacts [21], we aimed to correct for
932 these. In each participant, we therefore first identified R-peaks in the ECG channel using an
933  automatic procedure provided by the FMRIB plugin for EEGlab
934  (https:/fsl.fimrib.ox.ac.uk/eeglab/fmribplugin/), which was followed by visual inspection and
935  manual correction if necessary. Next, the heart artifact was removed from each ESG channel
936  separately, using an approach that is a modification of a method previously developed for removing
937  ballistocardiographic artifacts in simultaneous EEG-fMRI recordings [85]. First, a principal
938  component analysis (PCA) was applied to a matrix of all heart artifacts (artifact x time) in one
939  channel, with the time window of each heart artifact ranging from —0.5 * median(RR) to +0.5 *
940  median(RR) around each R-peak (with RR referring to the interval between R-peaks, i.e., the heart-
941  period). Then, an optimal basis set (OBS) was created based on the mean heart artifact and the first
942 4 components obtained from the PCA. Finally, this OBS was fitted to each heart artifact and then
943  removed from it.

944  After correction for cardiac artifacts, noisy channels were identified via visual inspection of the
945  power spectral density and one channel in five participants was removed (no interpolation of
946  missing channels was performed at the spinal level).
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947  The analysis steps described below were performed in the concatenated blocks of one condition
948  (rest, hand-mixed or foot-mixed) and, because we wanted to investigate SEPs with different
949  references, were carried out separately for differently referenced datasets. In addition to the
950  recording reference located over the spinous process of the 6" thoracic vertebra (TH6), we also
951  made use of a ventrally located reference, because it has been reported that this can be beneficial
952 for SEP extraction [26,112] — the ventral reference was channel AC in the hand-mixed and channel
953 AL in the foot-mixed condition. First, a zero-phase IIR filtering was applied to the data with a notch
954  (48-53 Hz) and a band-pass (30-400 Hz) Butterworth filter (4th order). Second, time points with
955  absolute ESG activity above 100 uV were removed from the continuous data. If in one channel
956  more than 50% of time points were identified, the whole channel was excluded instead. No further
957  channels were removed and together with the channel exclusion based on the spectrum in the whole
958  sample an average of 0.1 channels were removed (SD = 0.4). Third, the signal was cut into epochs
959  with the same time range as reported for the EEG signal (from -200 ms to 700 ms around stimulus)
960  and epochs were baseline-corrected (reference window -110 ms to -10 ms before stimulus onset).
961  In the hand-mixed condition, 93.7% of trials remained in the data set on average (range across
962  participants: 1210 trials to 2000 trials) and in the foot-mixed condition, 93.6% trials remained
963  (range: 1193 trials to 1997 trials).

964  For the investigation of late potentials, the signals were pre-processed in the same way as described
965  above, except that the reference was kept at the recording reference (at TH6) and the band-pass
966  filter was set to 5-400 Hz.

967  ENG data preprocessing. The peripheral NAPs of interest have very short latencies (i.e., occur
968  almost immediately after the electrical stimulation), meaning that in some participants the
969  interpolation windows defined at the cervical or lumbar level might be too wide and thus contain
970  the NAPs of interest. Therefore, in order to remove the stimulation artifact, but retain the NAPs,
971  the ENG data were interpolated in a time window from 1.5 ms before to 4 ms after stimulus onset.
972 Data were then down-sampled to 1000 Hz, band-pass and notch filtered in the same range as ESG
973  data and cut into epochs and baseline-corrected (with the same epoch and baseline windows used
974  for ESG data).

975  CCA. In order to enhance the signal-to-noise ratio and also allow for single-trial analysis, we made
976  use of our multi-channel setup and applied canonical correlation analysis (CCA) to EEG and to the
977  ventral referenced ESG data, separately for the mixed median and tibial nerve stimulation
978  conditions. In the context of EEG, CCA has for example been used as blind source separation
979  approach to remove noise such as muscle activity [116] and as a technique to improve single-trial
980 classification of evoked potentials [117]. In both cases, the goal is to obtain a spatial filter and
981  consequently a projected component with the largest similarity between two data matrices.
982  Inverting a spatial filter creates corresponding topographies which can then be interpreted in a
983  neurophysiologically meaningful manner [118]. We employed a variant of CCA as used previously
984  for single-trial extraction in EEG data[40-42], also known as canonical correlation average
985  regression [41]. For two multi-channel signals X and Y, CCA finds the spatial filters wy and w) that
986  maximize the correlation

987 max corr(w,fX, W;Y).
Wx,Wy

988  While both multi-channel matrices X and Y have the same size with the structure channel X time,
989 X is a multi-channel signal that contains all concatenated epochs from 1 to N and Y is a signal that
990  contains N times the average over all epochs concatenated (with N being the number of all epochs
991  from one participant’s recording); in other words, Y is the same size as X, only that instead of single
992 trials (as in the case of X) it is made up of repetitions of the average of all trials, again using the
993  same latency range as in X. More precisely, both X and Y are of size [number of channels X number
994  of samples] and both w, and w), are of size [number of channels X number of channels] (in the case
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995  of full rank), with “number of channels” being 64 for EEG and 17 for ESG and “number of samples”

996  being N (2000 in case of no trial rejection) * 11 (see below for rationale). Applied in this way, the

997  CCA procedure serves as a template matching between the single-trial and the average of all trials.

998  The spatial filter wy corresponds to a spatial weighting of the multi-channel signal to separate SEP-

999  related activity from background noise [42]. Since we were interested in early components of the
1000  SEP, we only subjected a short time window to CCA (and not the whole epoch length), namely a
1001  window from 5 ms before to Sms after the peak of the cortical or spinal SEP component of interest
1002  (resulting in 11 data points per trial). The extracted spatial filter was then applied to the whole
1003 length of the epochs. To compute the spatial activity pattern of each CCA component, the spatial
1004 filters wy were multiplied by the covariance matrix of X in order to take the data’s noise structure
1005  into account [118]. For each stimulation (median or tibial nerve stimulation), one CCA component
1006  was selected for further analyses. These components differed in the different data sets and in the
1007 different stimulation conditions: in EEG data of median nerve stimulation, the spatial pattern of the
1008  selected CCA component corresponded to the typical N20-P35 tangential dipole over the central
1009  sulcus and in EEG data of tibial nerve stimulation, it corresponded to the typical P40 radial dipole
1010  over medial somatosensory areas. In ESG data of median nerve stimulation, the spatial pattern of
1011 the selected CCA component corresponded to a radial dipole (ventral-dorsal direction) over cervical
1012 areas as typical for N13 and in ESG data of tibial nerve stimulation it corresponded to a radial dipole
1013 over lumbar areas of the spinal cord as typical for the N22. As expected, the selected component
1014 was present in all participants among the first two CCA components, i.e., those with the largest
1015  canonical correlation coefficients: for spinal data, we selected the first component in every
1016  participant (median first component: N = 36; tibial first component: N = 36) and for cortical data,
1017 we nearly always selected the first component (median first component: N = 32; median second
1018  component: N = 4; tibial first component: N = 35; tibial second component: N = 1). Because CCA
1019 s not sensitive to the polarity of the signal, the spatial filters were multiplied by -1 if necessary, so
1020 that the extracted SEP component of interest would always result in the expected peak direction
1021 (negative for the cortical N20 and the spinal N13 in the mixed-hand condition, positive for the
1022 cortical P40 and negative for the spinal N22 in the mixed-foot condition). Note that for EEG, all
1023 channels were subjected to CCA, while for ESG only channels from the electrode patch of interest
1024 were subjected to CCA (i.e., the cervical patch in the hand-mixed condition and the lumbar patch
1025  in the foot-mixed condition). Last but not least, it is important to note that for such a multivariate
1026  analysis the number of samples should in principle be at least ten times the number of variables
1027  [119], though more recent efforts also taking into account the effect size suggest an even larger
1028  sample-to-feature ratio: e.g. in the case of a between-set correlation of 0.3 (close to the average
1029  canonical correlations we observed: 0.25 for median and 0.29 for tibial nerve stimulation) at least
1030 50 samples per feature [120]. In our case, we far exceed the suggested sample-to-feature ratio due
1031  to very large number of trials used for training (i.e. in the case of no trial rejections, 2000 trials with
1032 11 data points each compared to 64 (EEG) or 17 (ESG) channels).

1033 Brainstem potentials. Cleaned and epoched EEG and ESG signals, which had been re-referenced
1034  during preprocessing to Fz, were combined into one dataset and referenced to a common reference
1035  at FPz, since frontal channels have been suggested for the investigation of brainstem potentials
1036 [27,121,122]. The N14 brainstem potential following median nerve stimulation was extracted from
1037 channel SC1 and the N30 brainstem potentials following tibial nerve stimulation was extracted from
1038 channel S3 (these potentials have also been described as P14 and P30 in the literature, when using
1039  FPz as the active electrode). Please note that we also aimed to apply CCA to brainstem potentials
1040  as well, but did not succeed.

1041  Potential amplitude and latency. For each participant, NAP and SEP latencies were defined
1042 individually at the peak of the potential in the average trace over all trials. At the cortical level, SEP
1043 latency and amplitude were determined in the CCA component [40—42]. At the spinal level, SEP
1044  latency was determined in anatomically-defined channels (SC6 for cervical and L1 for lumbar
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1045  potentials, both thoracic (TH6) referenced) and in the CCA component. Spinal amplitudes were
1046  determined in the same channels with thoracic or anterior reference as well as in the cervical or
1047  lumbar CCA component. Note that all average traces were visually inspected. In case one of the
1048  potentials was not visible in a participant, its latency was estimated based on the average latency of
1049  that potential over all participants and the amplitude was extracted at the estimated latency (Table
1050 1 shows in the column “#” the number of participants in which potentials were detected at the
1051  individual level).

1052 Statistical analysis. First, to statistically characterize the response in well-known early potentials,
1053 we tested peripheral NAP and early SEP peak-amplitudes against zero using one-sample t-tests.
1054  Second, we investigated whether we might also observe possible later-occurring potentials. For this
1055  analysis, we followed the same preprocessing steps, but now filtered with a broader frequency band
1056 (5 Hz to 400 Hz), since later components could have lower frequency content. Using resting-state
1057  data from the same participants obtained at the very beginning of Experiment 1, we created a
1058  surrogate time series with the same stimulation sequence that we preprocessed in the same way.
1059  Over a region of interest consisting of the three central columns of the cervical or lumbar electrode
1060  grid, we systematically compared the signal from stimulation-runs and from rest-runs in the time
1061  window from 0 ms (stimulation onset) to 600 ms using a cluster-based permutation test (in space
1062 and time using the FieldTrip toolbox [123]) and focused on responses occurring after the above-
1063 reported early potentials (the cluster-based permutation test also identified the N13 and N22, but
1064  these are ignored here). In all analyses, significance was established at p < 0.05.

1065  Time-frequency analysis. For each participant, time-frequency analysis was performed on the
1066  averaged trial signal using a continuous short-time fast Fourier transform with a window length of
1067 21 ms and normalized to a baseline interval from 200 ms to 10 ms before stimulus onset. The
1068  average over all participants was then displayed.

1069  Signal-to-noise ratio (SNR). For all potentials, the SNR was quantified as the root-mean-square of
1070 the signal (extracted in a in a time window of +/-1 ms around the individual peak latency) divided
1071 by the root-mean-square of the noise (extracted in the same time window before the stimulus onset).

1072 Assessing the robustness of spinal SEPs. In order to aid in the planning of future experiments, we
1073 assessed the robustness of spinal SEPs as a function of trial number and sample size. Towards this
1074 end, we extracted single-trial SEP amplitudes from each participant at the peak latency identified
1075  in the average over all trials of that participant, both from anatomically-defined channels (with
1076  reference at TH6) and from CCA components (trained on the entire data).

1077  Based on these data, we carried out two analyses. First, we assessed the minimum number of trials
1078  to obtain a significant result at the level of a single participant. For each participant, a subset of
1079 trials (trial number varying between 5 and 1000 in steps of 10, including 1000) was sampled with
1080  replacement and the significance of amplitudes in the sampled trials was determined using a one-
1081  sample t-test (p < 0.05). This procedure was repeated 1000 times for each participant and we report
1082 the proportion of significant results for each participant. Second, we determined the minimum
1083 number of trials and participants to obtain a significant group-level effect. Therefore, we employed
1084  Monte Carlo analyses and simulated a large number of experiments[124]. For each ‘experiment’,
1085  first, a subset of participants (number varying between 5, 10, 15, 20, 25, 30, 35, 36) was sampled
1086  with replacement and then a subset of trials (number varying between 5 to 1000 in steps of 10,
1087  including 1000) was sampled with replacement. The trials were then averaged and a one-sample t-
1088  test was used to determine the significance. Each experiment was repeated 1000 times and we report
1089  the proportion of experiments that yielded a significant result (at p < 0.05). It is important to note
1090  that CCA was only trained once on all trials of mixed-nerve data and then spatial filters were applied
1091  to the relevant data, as re-running CCA for each “experiment” was not feasible computationally.

1092
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1093 Data processing and statistical analysis (Experiment 2)

1094  Data processing and analyses followed what is described above for Experiment 1, except that in
1095  addition to the hand-mixed and foot-mixed conditions, there were also the hand-sensory (fingerl,
1096  finger2, fingers1&2) and foot-sensory (toel, toe2, toes1&2) conditions.

1097  Stimulation artifact removal. 1dentical to Experiment 1, we defined individual artifact windows in
1098  cervical and lumbar ESG channels. At the cervical level, average artifact windows ranged from -
1099 2.0 ms (std = 1.1 ms) to 4.2 ms (std = 1.8 ms) and at the lumbar level from -2.0 ms (std = 1.1 ms)
1100  to 4.8 ms (std = 2.0 ms).

1101  EEG data preprocessing. EEG preprocessing was performed in the same way as described above
1102 for Experiment 1. One noisy channel was identified in each of 6 participants and interpolated before
1103 ICA. One difference to the EEG analysis described in Experiment 1 was that in step three the ICs
1104  identified as representing artifactual sources were removed from the EEG signal that 1) consisted
1105  of concatenated blocks of each stimulation condition only (i.e., hand-mixed, foot-mixed, hand
1106  sensory, or foot-sensory) and ii) had zero-phase IIR filtering applied with a 50-Hz comb filter (40th
1107  order, bandwidth 0.003) and a band-pass (30-400 Hz) Butterworth filter (4th order); the change in
1108  filtering was due to additional line noise and its harmonics introduced by electrical stimulation via
1109  ring electrodes. Identical to Experiment 1, noisy time points were removed, but here this did not
1110 result in the exclusion of additional channels. In Experiment 2, epochs were cut from 200 ms before
1111 to 300 ms after stimulus onset and baseline-corrected (with a reference interval from -110 ms to -
1112 10 ms before stimulus onset). Across conditions, this procedure resulted in the following number
1113 of trials remaining on average: hand-sensory 99.5% (range across participants: 5795 trials to 6000
1114 trials), hand-mixed 99.4% (range across participants: 1921 trials to 2000 trials), foot-sensory 99.2%
1115  (range across participants: 5678 trials to 6000 trials), and foot-mixed 99.8% (range across
1116  participants: 1978 trials to 2000 trials).

1117  ESG data preprocessing. Since ESG data were preprocessed the same way as described in
1118 Experiment 1, only the differences are listed in the following. After cardiac artifact correction, an
1119 average of 1.8 channels (std = 1.0) were removed in four participants. Due to the use of ring
1120  electrodes for digit stimulation, more line noise and its harmonics were visible in the data.
1121 Therefore, zero-phase IIR filtering was applied with a 50-Hz comb filter (40th order, bandwidth
1122 0.003) and a band-pass (30-400 Hz) Butterworth filter (4th order). Similar to Experiment 1, time
1123 points with ESG activity above 100 pV were removed from the continuous data, and if more than
1124 50% of data points were removed from a channel, the whole channel was excluded instead. In one
1125  participant, two additional channels were removed. The signal was cut into epochs with the same
1126  time range as reported for the EEG signal (from -200 ms to to 300 ms around stimulus onset) and
1127 epochs were baseline-corrected (reference window -110 ms to -10 ms before stimulus onset). On
1128  average, 91.3% of trials remained in the hand-mixed condition (range across participants: 999 trials
1129 to 2000 trials), 90.5% of trials remained in the hand-sensory conditions (range across participants:
1130 3873 trials to 5993 trials), 94.2% of trials remained in the foot-mixed condition (range across
1131 participants: 1433 trials to 2000 trials), and 91.4% of trials remained in the foot-sensory conditions
1132 (range across participants: 3751 trials to 5988 trials).

1133 ENG data preprocessing. ENG data were processed the same way as described for Experiment 1
1134 above.

1135 CCA. CCA was trained in the same way as explained above for Experiment 1. More specifically, it
1136 was trained on data from mixed nerve conditions (due to their higher SNR) and the spatial filters
1137 were then applied to the respective mixed and sensory nerve conditions. The selected component
1138 was present in all participants among the first two CCA components, i.e., those with the largest
1139 canonical correlation coefficients: for spinal data, we selected the first component in every
1140  participant (median first component: N = 24; tibial first component: N = 24) and for cortical data,
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1141 we nearly always selected the first component (median first component: N = 20; median second
1142 component: N = 4; tibial first component: N = 22; tibial second component: N = 2).

1143 Brainstem potentials. We did not investigate brainstem potentials in Experiment 2 due to the lower
1144 SNR of SEPs after sensory nerve stimulation.

1145  Potential amplitude and latency. These metrics were calculated in identical fashion as described
1146 for Experiment 1.

1147 Statistical analysis. SEP amplitudes from all experimental conditions were compared against zero
1148 using one-sample t-tests. SEP amplitudes and latencies in mixed and sensory conditions were
1149 compared using paired t-tests. To balance the number of stimuli for mixed and sensory conditions
1150  only the double stimulation conditions were subjected to this statistical comparison.

1151 Signal-to-noise ratio (SNR). For all potentials, the SNR was quantified as the root-mean-square of
1152 the signal (extracted in a in a time window of +/-1 ms around the individual peak latency) divided
1153 by the root-mean-square of the noise (extracted in the same time window before the stimulus onset).

1154 Assessing the robustness of spinal SEPs. In order to also assess the robustness of the spinal SEPs
1155  elicited by sensory nerve stimulation, we repeated the same analyses as outlined for Experiment 1,
1156 though this time for the conditions fingerl, finger2, fingers1&2, toel, toe2, and toes1&2). Please
1157  note that we adjusted the number of participants (number varying between 5, 10, 15, 20, 24)
1158 according to the smaller sample size of Experiment 2.

1159 Linear-mixed-effects models across somatosensory processing levels. To examine whether
1160  electrophysiological signals covaried across different stages of somatosensory processing, we
1161  employed linear-mixed-effects (LME) models. Specifically, we tested whether the effect of
1162 stimulation condition (mixed nerve, finger/toel, finger/toe2, fingers/toes1&2) on signal amplitude
1163  propagated through the somatosensory processing hierarchy. For this, we used random-intercept
1164  LME models with the random factor subject, and in- or excluding the factor stimulation condition
1165  (with mixed nerve as reference level) to the regressions of peak amplitudes on consecutive
1166 ~ somatosensory processing levels in the following way:

1167 spinal cord ~ 1+ periphery + (1 | subject)

1168 spinal cord ~ 1+ periphery * condition + (1 | subject)
1169

1170 S1 ~ 1+ spinal cord + (1 | subject)

1171 S1 ~ 1+ spinal cord * condition + (1 | subject).

1172 These analyses were separately performed for stimulation conditions of the hand and the foot.
1173 Variables ‘spinal cord’ and ‘S1’ correspond to the single-trial peak amplitudes of the respective
1174 signals extracted using CCA as explained in the methods section “2.6.5: CCA”, and ‘periphery’ to
1175  the peripheral single-trial NAP peak amplitude measured at the axilla or popliteal fossa in hand and
1176 foot stimulation, respectively (in foot stimulation, the signal was derived from the knee electrode
1177 with the largest evoked potential). All amplitude measures were z-transformed before including
1178 them in the LME models. The fixed-effect coefficients were estimated based on the maximum
1179 likelihood (ML) and p values of the fixed-effect coefficients were obtained adjusting the
1180  denominator degrees of freedom according to Satterthwaite’s method [125]. The LME models were
1181  calculated in R (version 4.2.0 [126]) with the Imer function of the Ime4 package (version 1.1-30
1182 [127]), as well as including the ImerTest package (version 3.1-3 [128]) for the implementation of
1183 the Satterthwaite method.
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1184 Interaction ratio. If the information from the simultaneous stimulation of two digits (fingers or toes)
1185 is integrated at a certain neural processing stage, then the SEP amplitude following this
1186  simultaneous digit stimulation should be reduced compared to arithmetic sum of the SEP
1187  amplitudes following separate stimulation of the two digits. To quantify this attenuation effect for
1188  each participant, we calculated an interaction ratio (IR) as suggested previously [44,45,129]. The
1189 IR captures the amplitude attenuation caused by the simultaneous stimulation of two digits and
1190  describes this attenuation as percentage of the expected amplitude sum of single-digit stimulations:

1191 IR = (Y(D1,D2) - DID2) /¥ (D1,D2) * 100

1192 where }(D1,D2) is the sum over SEP (or NAP) amplitudes following single-digit (finger/toel or
1193 finger/toe2) stimulation and D1D2 the SEP (or NAP) amplitude following double-digit stimulation
1194  (fingers/toes1&2). A positive IR would reflect the percentage of SEP amplitude attenuation from
1195  the expected amplitude (i.e., the sum of SEP amplitudes to single-digit stimulation) and an IR of
1196 0% would suggest that there is no integration happening, meaning SEP amplitudes to double-digit
1197  and the sum of single-digit stimulations have the same size (a negative IR would mean that there is
1198  an amplification effect of SEP amplitudes to double-digit stimulation). IR values from each
1199  participant to finger and toe stimulation were tested against zero using one-sample t-tests.

1200
1201 Experiment 3: nociceptive stimulation

1202 Participants. We acquired data from seven healthy volunteers (5 female; mean age: 30.6 years,
1203 range: 23-36 years), all of whom provided written informed consent. The study was approved by
1204 the Ethics Committee at the Medical Faculty of the University of Leipzig

1205 Laser stimulation. Individually calibrated painful heat stimuli (duration 125ms) were delivered to
1206 the dorsum of left hand using a CO»-laser with a with a wavelength of 10.6pum and a beam diameter
1207 of 6mm (LSD; Laser Stimulation Device, SIFEC s.a., Ferriéres, Belgium). The LSD contains a
1208 closed loop temperature control system to maintain constant skin temperature during stimulation
1209 by adjusting the energy output. The stimulus position was controlled by an electric motor moving
1210 the laser head relative to a participant’s hand, allowing for precise control of stimulation position.
1211 Throughout the entire experiment, participants wore protective goggles.

1212 Experimental design. The here-reported data are part of a larger experiment also involving other
1213 stimulation modalities, but we solely focus on laser stimulation in this report. Before any electrodes
1214 were attached to the participant, the experiment started with a calibration procedure in order to find
1215 temperatures that would be perceived as clearly painful, but tolerable (mean temperature: 55.9°C;
1216 range: 53-59°C). There were 10 blocks of laser stimulation (with a break of ~5-10 minutes between
1217 blocks), with each block containing 36 stimuli, separated by an ISI of 1.53s with a jitter between
1218  +/-100ms (drawn from a uniform distribution). In each block, the laser beam was shifted over the
1219 dorsum of the left hand in an S-shaped pattern along a 6x6 grid (size 5x5cm): the start could be in
1220  any of the 4 corners of the grid and the laser would always move along the rows in the
1221  anterior/posterior direction before moving to the next column, until all 36 cells had been stimulated
1222 once.

1223 Electrographic recordings. ECG, EEG, EOG, and ESG data were acquired using the same
1224 equipment as described in Experiment 1 and Experiment 2. ECG data were recorded via an
1225  electrode placed on the left costal arch, referenced to an electrode placed underneath the right
1226  clavicular. EEG data were recorded via a standard 32-channel montage according to the 10-20
1227 system and referenced to the nose. EOG data were recorded via two additional electrodes placed
1228 on the canthus of the right eye (referenced to nose) and below the right eye (referenced to Fp2).
1229  ESG recordings were again based on a custom-made electrode patch (consisting of the same fabric
1230 as the EEG cap), but now with a higher electrode number than in Experiment 1 and Experiment 2
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1231 and focused solely on the cervical spinal cord. The patch consisted of 38 electrodes centred around
1232 an electrode over the spinous process of the 7th cervical vertebra. The midline of this electrode-
1233 grid was positioned vertically along the spine and consisted of 7 electrodes (the 4th one being
1234 centered on vertebra C7) with a vertical inter-electrode distance of 2 cm. Two further vertical lines
1235  of 6 electrodes each were placed 1.5 cm to the right and left of the midline electrodes, another two
1236 vertical lines of 5 electrodes were placed 3 cm to the right and left of the midline, and another two
1237  vertical lines of 2 electrodes each were placed 5 cm to the right and left of the midline. Additional
1238 electrodes were placed on the 1st cervical vertebra and on the inion. In addition to the dorsal
1239 electrodes, there were also 3 ventral electrodes at the anterior neck (one supra-glottic electrode
1240  (CA1), one above the suprasternal notch (CA3) and the third one in the middle between these two
1241  (CA2)). ESG data were referenced to an electrode positioned over the spinous process of the 6th
1242 thoracic vertebra (Th6). The active ground electrode stabilized the signal via the “driven right leg”
1243 principle. It was placed at POz in the EEG montage and on the spinous process of the 10th thoracic
1244 vertebra in the ESG montage.

1245 Data analysis — EEG. All analyses were performed using Python 3.10 and MNE
1246 (https://mne.tools/stable/index.html; version 1.6.0). Data from the 10 experimental blocks were
1247 concatenated and down-sampled to 5S00Hz. Down-sampled data were then high-pass filtered at 1
1248  Hz (using a 4™ order Butterworth filter, effective order 8) and notch filtered around 50Hz and
1249  harmonics (using an 8th order Butterworth filter, effective order 16). Subsequently, data were
1250  epoched in a window between 300ms before and 1000ms after stimulus onset. Invalid trials (i.e.
1251  aborts of the laser) were removed, followed by a manual removal of extremely noisy epochs as
1252 determined by visual inspection. Data was further low-pass filtered with a cutoff frequency of 30Hz
1253 (4™ order Butterworth filter) and either re-referenced to the average of all EEG electrodes (for
1254 analysis of the N2P2 complex) or to Fz (for analysis of the N1).

1255  Data analysis — ESG. All analyses were performed using Python 3.10 and MNE
1256 (https://mne.tools/stable/index.html; version 1.6.0). First, in order to remove possible artefacts
1257 resulting from stimulation, data were linearly interpolated between -13ms and 13ms relative to
1258 stimulus onset. Data were then down sampled to 1kHz, and notch filtered to remove powerline
1259  noise at 50Hz and all harmonics up to 200Hz with an IIR filter. Next, the cardiac artefact was
1260  removed using signal space projection with 6 projectors and the data were bandpass filtered from
1261 30Hz to 150Hz using a 4™ order Butterworth, zero-phase filter. The data were then epoched from —
1262 100ms to 300ms relative to stimulation, with the baseline period defined from —100ms to —10ms.
1263 Finally, CCA was applied as described previously for Experiment 1 and Experiment 2, with the
1264 onset and duration of the training window changed based on the following reasoning.

1265  Surface recordings show that with appropriate task / analysis, one can observe laser-evoked cortical
1266 responses peaking as soon as 83ms (EEG data; [130]) or 98ms (MEG-data; onset at 84ms; [131])
1267  after stimulation onset, with invasive recordings revealing that the onset of cortical responses to
1268 laser stimulation can be early as ~70ms in S1 [132]. Invasive thalamic recordings demonstrate
1269  spikes between 60 and 70ms [133] and induced responses in the gamma range at ~90ms [134] after
1270 laser stimulation (but see [135] for later responses). fMRI-EEG fusion results points towards
1271 thalamic responses to laser stimulation from 65ms (in a lateral nucleus) and 89ms (in a medial
1272 nucleus) onwards [136]. Together, these evoked-response data suggest that initial spinal responses
1273 could occur even before 60ms. With respect to conduction-velocity data, estimates of human
1274 spinothalamic tract conduction velocity vary between laboratories and employed methods (see
1275 [137] and responses by Rossi et al. and Kagiki) and have been shown to differ in various
1276 spinothalamic pathways [138—140]. We thus did not base our estimation as to when expect spinal
1277  responses on these estimates, but instead additionally relied on peripheral nerve conduction velocity
1278 estimates of A-delta fibres mediating responses to laser stimulation. These have been estimated to
1279 vary between 9-18m/s ([141]: 9m/s; [142]: 11m/s; [143]: 13m/s; [144]: 16m/s; [133]: 18m/s) and
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1280  thus suggest possible initial spinal responses to occur roughly 45ms to 90ms after stimulation when
1281 1) considering an approximate distance of 80cm between hand dorsum and spinal cord and ii)
1282 ignoring any delay between laser stimulation onset and action potential generation in the peripheral
1283  nerve. Based on the above considerations, we trained CCA on a time-window of 45ms to 90ms
1284  after laser stimulation onset - this is only a heuristic for this first proof-of-principle experiment and
1285 it is likely that future studies investigating electrophysiological spinal responses in much more
1286  detail might lead to more optimized training windows.

1287  For each participant, the first CCA component (as ranked by their canonical correlation coefficient)
1288  was selected and the resulting time-courses were averaged across participants to obtain a group-
1289  average response. Since CCA is not sensitive to the polarity of the signal and since we observed a
1290  negative deflection at ~50ms in the component time-course in 6 out of 7 participants (but a positive
1291  deflection at this time-point in participant 2), we multiplied this participant’s time-course by -1 and
1292 used this sign-inverted time-course in all further analyses (similar to the procedure used in
1293 Experiment 1 and Experiment 2). In order to demonstrate the robustness of the obtained results, we
1294 also performed a within-participant four-fold split of the data (i.e. first split: trials 1,5,9,...; second
1295  split: trials 2,6,10,...; third split: trials 3,7,11,...; fourth split( trials: 4,8,12,...) after having applied
1296  the spatial filter and then averaged the results of each fold across participants.

1297
1298  Open science

1299  Experiment 1 and Experiment 2 were preregistered on the Open Science Framework before the start
1300  of data acquisition and the preregistrations are openly available (see https://osf.io/sgptz and
1301 https://osf.io/mjdha); differences between the analyses suggested in the preregistrations and the
1302 analyses carried out here are listed in the Supplementary Material. All data are openly available
1303 (https://openneuro.org/datasets/ds004388, https://openneuro.org/datasets/ds004389,
1304  https://openneuro.org/datasets/ds005307) in EEG-BIDS format [145,146]. All analysis code has
1305  been deposited on GitHub and is openly available (see https://github.com/eippertlab/spinal sepl,

1306  https://doi.org/10.5281/zenodo.13383050; https://github.com/eippertlab/spinal_sep2,
1307 https://doi.org/10.5281/zenodo.13383046; https://github.com/eippertlab/spinal-lep1,
1308  https://doi.org/10.5281/zenodo.13383056).
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