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a b s t r a c t 

Throughout the somatosensory system, neuronal ensembles generate high-frequency signals in the range of sev- 

eral hundred Hertz in response to sensory input. High-frequency signals have been related to neuronal spiking, 

and could thus help clarify the functional architecture of sensory processing. Recording high-frequency signals 

from subcortical regions, however, has been limited to clinical pathology whose treatment allows for invasive 

recordings. Here, we demonstrate the feasibility to record 200–1200 Hz signals from the human spinal cord 

non-invasively, and in healthy individuals. Using standard electroencephalography equipment in a cervical elec- 

trode montage, we observed high-frequency signals between 200 and 1200 Hz in a time window between 8 and 

16 ms after electric median nerve stimulation ( n = 15). These signals overlapped in latency, and, partly, in fre- 

quency, with signals obtained via invasive, epidural recordings from the spinal cord in a patient with neuropathic 

pain. Importantly, the observed high-frequency signals were dissociable from classic spinal evoked responses. A 

spatial filter that optimized the signal-to-noise ratio of high-frequency signals led to submaximal amplitudes of 

the evoked response, and vice versa, ruling out the possibility that high-frequency signals are merely a spectral 

representation of the evoked response. Furthermore, we observed spontaneous fluctuations in the amplitude of 

high-frequency signals over time, in the absence of any concurrent, systematic change to the evoked response. 

High-frequency, “spike-like ” signals from the human spinal cord thus carry information that is complementary 

to the evoked response. The possibility to assess these signals non-invasively provides a novel window onto the 

neurophysiology of the human spinal cord, both in a context of top-down control over perception, as well as in 

pathology. 
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. Introduction 

Spatially and temporally resolved recordings of neuronal activity

re an important tool in neuroscience. To study neurophysiology in

ealthy humans, such recordings have to be non-invasive. Electro- and

agnetoencephalography (EEG, MEG) are non-invasive techniques that

rovide high temporal resolution, in principle high enough to detect

euronal population signals up to several kHz. Yet a major focus in

EG and EEG research has been on signals in the range of classic
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EG frequency bands, i.e., below approximately 100 Hz. Signals below

100 Hz are thought to reflect a population measure of synaptic input

as well as spike after-potentials and membrane potential oscillations;

ogothetis, 2003 ). 

However, neuronal ensembles generate signals that can be of much

igher frequency, i.e., above 400 Hz ( Buzsáki et al., 2004 ), and even

round 1 kHz ( Fedele et al., 2015 ). Input to the somatosensory sys-

em, for example, induces high-frequency oscillations (HFO) at around

00 Hz overlying the N20 evoked potential in scalp EEG and in MEG
MEG, Magnetoencephalography; SEP, somatosensory evoked potentials; DBS, 

, Event-related potential; DSS, Denoising separation of sources. 
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 Cracco and Cracco, 1976 ; Yamada et al., 1988 ; Curio et al., 1994 ;

ashimoto et al., 1999 ; for a review, see Ozaki and Hashimoto, 2011 ).

ignal frequencies above 400 Hz, or even around 1 kHz, approach

ime scales of action potentials, i.e., neuronal signals whose informa-

ion content is fundamentally different from synaptic input. Indeed,

FO around 600 Hz correlate with neuronal spiking ( Baker et al.,

003 ; Telenczuk et al., 2011 ), leading some authors to label them as

spike-like ” ( Gobbelé et al., 1999 ; Klostermann et al., 2001a , 2001 b;

edele et al., 2015 ). HFO may thus carry unique information that

s complementary to classic EEG frequency bands below 100 Hz

 Logothetis, 2003 ). For example, low-frequency signals may not dis-

ociate between excitation and inhibition (e.g., Peterson et al., 1995 ;

ikström et al., 1996 ), and between sub- and supra-threshold (mass)

ynaptic input, while (a population measure of) neuronal spiking could

 Telenczuk and Destexhe, 2014 ; Herreras, 2016 ). 

However, MEG and EEG research into human perception (e.g.,

rnal and Giraud, 2012 ), action (e.g., van Wijk et al., 2012 ), and cogni-

ion (e.g., Ward, 2003 ) has focused on classic EEG frequency bands, i.e.,

ignals below approximately 100 Hz, while the role of high-frequency

opulation signals above 400 Hz in these systems-level brain functions

as remained largely unknown. For example, it is largely unknown

hether, and in which regions of the nervous system, modulatory effects

f attention or expectation involve HFO. This is surprising, given that

heir relation to neuronal spiking ( Baker et al., 2003 ; Telenczuk et al.,

011 ) could, in principle, help understand the functional architecture of

odulatory factors such as attention or expectation, beyond information

rovided by lower-frequency signals. 

Indeed, others have considered a possible involvement of HFO in

odulatory effects of attention before. Klostermann et al. (2001b) ob-

erved that the amplitude of HFO in scalp EEG fluctuates more strongly

ver time than the amplitude of the N20 evoked response, fluctua-

ions which, the authors proposed, may reflect a floating focus of at-

ention (but see Gobbelé et al., 2000 ). Other studies have provided

urther evidence for a functional dissociation between HFO in scalp

EG and somatosensory evoked potentials. For example, the N20 so-

atosensory evoked potential and somatosensory induced HFO show

ifferential modulation by sleep ( Hashimoto et al., 1996 ), hyperven-

ilation ( Mochizuki et al., 2003 ), and tactile interference stimulation

 Hashimoto et al., 1999 ). While these studies point to specific cell

ypes that may generate HFO ( Hashimoto et al., 1996 , 1999 ; Ozaki and

ashimoto, 2011 ), they reveal relatively little about the role of these

ignals in bottom-up and/or top-down information flow for perception.

A dissociation between HFO and evoked responses exists also for sub-

ortical signals. HFO are elicited by electric stimulation of the median

erve in the hand area in somatosensory cortex ( Curio et al., 1994 , 1997 ;

aker et al., 2003 ), but are also found in invasive recordings from tha-

amus ( Klostermann et al., 1999a ), brainstem ( Restuccia et al., 2004 ),

nd in epidural recordings from the human spinal cord ( Insola et al.,

008 ). Similar to their respective counterparts in scalp EEG, thalamic

FO vary over time independently from thalamic evoked responses

 Klostermann et al., 1999a ). Even at pre-thalamic stages of somatosen-

ory processing, HFO are modulated systematically, and independently

f longer-latency HFO in scalp EEG. Recording from nasopharyngeal

lectrodes, i.e., in the vicinity of the medulla oblongata, for example,

how an increase in the amplitude of HFO when opening the eyes, while

ortical HFO remain unchanged ( Restuccia et al., 2004 ; but see Gobbelé

t al., 2000 ). 

The earliest possible stage of somatosensory processing in the central

ervous system is the spinal cord. Previous functional imaging studies

uggest that the spinal cord may pre-process nociceptive input as a func-

ion of attention ( Sprenger et al., 2012 ) and expectation ( Eippert et al.,

009 ). A particularly early mechanism of gating input to the central ner-

ous system is a pre-synaptic modulation of afferent drive to the spinal

ord, e.g., during movement ( Seki et al., 2003 ). Such pre-synaptic gating

echanisms may contribute to symptom generation in movement dis-

rders ( Lira et al., 2020 ) and to pain control ( Melzack and Wall, 1965 ;
2 
uo and Hu, 2014 ). Given that HFO may represent a population sig-

al of neuronal spiking ( Baker et al., 2003 ; Telenczuk et al., 2011 ), i.e.,

re-synaptic processes, studying spinal HFO has the potential to reveal

hysiological, pathophysiological, and therapeutically relevant princi-

les of early somatosensory processing in the central nervous system. 

To date, however, spinal HFO have received little attention. An im-

ortant reason for this is that recordings of spinal HFO have been ex-

lusively invasive. Insola et al. (2008) have demonstrated HFO at the

evel of the human spinal cord, recorded via epidural electrodes im-

lanted for pain relief (pain relief is achieved via electric stimulation).

oreover, Insola et al. (2008) observed a decrease in the amplitude

f HFO (at ∼1200 Hz) during wrist movements. This underscores the

dea that somatosensory input is pre-processed as early as at the level of

he spinal cord, and that such pre-processing involves HFO. However,

nsola et al’s. (2008) invasive recordings also illustrate that data in sup-

ort of this idea have only been available in a clinical, post-surgical

ontext to which such invasive recordings have been limited, to date.

an HFO be recorded non-invasively from the human spinal cord, in

he absence of pathology, medication, and recent surgery? 

Here, we demonstrate that HFO between 200 and 1200 Hz, which are

etectable in invasive, epidural recordings in a patient with pain, can

lso be recorded non-invasively from healthy humans, using standard

lectroencephalography equipment and an established, cervical elec-

rode montage ( Restuccia and Mauguière, 1991 ). We show that these

pinal HFO are dissociable from classic spinal evoked responses. Specif-

cally, a spatial filter that maximizes the evoked response does not fully

apture the observed high-frequency signals, and vice versa. Further-

ore, the amplitude of high-frequency signals spontaneously fluctuates

ver time in the absence of any systematic change to the evoked re-

ponse. Spinal HFO therefore carry information that is complementary

o spinal evoked responses. Non-invasive recordings of spinal HFO thus

rovide a novel window onto the neurophysiology of the human spinal

ord. 

. Materials and methods 

.1. Subjects 

We recruited 17 healthy volunteers (nine men, eight women; age

ange 18–37 years, mean 27.5 years) for the non-invasive recording of

pinal potentials from the skin surface of the neck. Two participants

ere excluded because median nerve stimulation did not result in a re-

iable thumb twitch throughout the recording session, so that stability of

timulation across the recording session could not be monitored. In ad-

ition, we recorded local field potentials (LFP) via an epidural electrode

laced alongside the dorsal spinal cord, spanning vertebra levels four to

ix (Boston Scientific Linear SC-2218–70), in a 40-year-old female pa-

ient with neuropathic pain due to complex regional pain syndrome of

he right hand. At the time of the recording, the patient was medicated

ith 50 mg Amitriptyline, 60 mg Duloxetine, 300 mg Pregabalin, and

0/10 mg Oxycodone. Recordings were conducted on the third day af-

er surgery, when leads were still externalised as part of the standard

edical procedure. All participants gave written informed consent. The

tudy was approved by the local ethics committee, and conducted in

ccordance with the Declaration of Helsinki. 

.2. Median nerve stimulation & experimental task 

Experiments were conducted in a dimly lit, electrically shielded, and

ound-attenuated chamber (Industrial Acoustics Company GmbH). The

eft median nerve was electrically stimulated via surface electrodes at

he wrist (Ambu Neuroline 700) using a DS7 stimulator (Digitimer Ltd.).

he stimulator delivered a constant current square wave pulse (proxi-

al electrode positive) at a stimulus intensity above motor threshold.

otor threshold was determined as the stimulator’s output voltage that
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Fig. 1. Experimental task, electrode montage, and 

grand-average evoked response across channels for 

healthy volunteers . Flashes in A represent electric 

median nerve stimulation. The red circle rep- 

resents an omission of stimulation. In B (elec- 

trode montage) , reference and ground electrodes 

(placed onto right and left acromion, respec- 

tively) are not shown, nor are scalp electrodes. 

Colors used for time-courses in C (grand-average 

evoked response) code for channels, as shown in 

the inset: C6 (spinous process of C6); LB , left 

back; LM , left middle; LF , left front; F , front; RF , 

right front; RM , right middle; RB , right back; U , 

5 cm cranial of C6; L , 3 cm caudal of C6. 
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licited a visible thumb twitch at least 5 out of 10 times. Stimulation in-

ensity was set to 110% of the individually determined motor threshold

mean 75 mA, range 25–100 mA). The elicited thumb twitch allowed us

o monitor stability of stimulation across the recording session. Stimula-

ion pulse width was set to 50 μs (two healthy participants, as well as for

he patient), 200 μs (four participants), or 500 μs (10 participants), de-

ending on which pulse width was sufficient for eliciting a thumb twitch

elow the maximum output voltage of the stimulator. We excluded two

articipants from analysis because they did not show any visible thumb

witch, or only an inconsistent/rare thumb twitch, even at the maximum

olerable median nerve stimulation intensity, likely due to suboptimal

lacement of stimulation electrodes. 

We applied median nerve stimulation at a frequency of 3 Hz (2 Hz in

he patient). 15% of stimuli were pseudo-randomly omitted ( Fig. 1 A ),

uch that there were no consecutive omissions, and the median nerve

as always stimulated in the first and last trial in each block of one

inute. Our motivation to include unexpected omissions was twofold.

irst, we wanted to add task-relevance to the median nerve stimulation

y asking participants to count, silently, the number of omissions. Stim-

lation was stopped after 60 s and participants reported the number of

missions in the preceding minute. Second, we wanted to test for omis-

ion responses at latencies that would indicate a spinal locus. Because

e found no evidence of an evoked or induced response to an omission

t a latency that would indicate a spinal locus ( < ∼15 ms after median

erve stimulation), omission trials are not considered further through-

ut the manuscript. 

Healthy volunteers completed between 57 and 109 one-minute

locks (mean 82.9, SD 14.6; the session was terminated once a volunteer

eported fatigue), while the patient completed 34 one-minute blocks. 

.3. Montage and recording of spinal potentials 

Eight standard EEG electrodes were placed in a ring formation

round the neck ( Fig. 1 B and C ), using an established, cervical elec-

rode montage ( Restuccia and Mauguière, 1991 ), with the electrode at

he back of the neck above the spinous process of the sixth cervical verte-

ra, and the electrode at the front placed onto the thyroid cartilage. The

emaining six electrodes were evenly spaced around the neck between

ront and back, both on the left and right side, in a transverse plane de-

ned by the spinous process of the sixth cervical vertebra ( Restuccia and

auguière, 1991 ). Additionally, two more electrodes were attached

 cm above and 3 cm below the sixth cervical spinous process elec-

rode. The reference electrode was placed over the right acromion, and

he ground electrode was placed over the left acromion. Electrodes were

ttached to the skin using electrode holders and double adhesive elec-

rode washers. The void between the electrode and the skin was filled
3 
ith a conductive abrasive gel, and the impedance of the electrodes was

aintained below 5 kOhms. Non-invasive spinal recordings were digi-

ized at a sampling frequency of 5000 Hz using a 32 channels BrainAmp

C apparatus (Brain Products GmbH). The hardware highpass filter was

et to 0.1 s to avoid low frequency drifts, and a hardware anti-aliasing

ow pass filter was set to 1000 Hz (30 dB/octave roll-off). Simultaneous

o cervical recordings, and via the same amplifier, we recorded scalp

EG from a total of 9–13 channels, as well as the electrooculogram and

n ECG (not reported). 

In the patient receiving spinal cord stimulation (SCS) for the treat-

ent of neuropathic pain, epidural LFP were recorded via an implanted

CS-electrode with eight contacts ( Fig. 6 A, left ). The fourth contact

rom the top was used as a reference. LFP recordings were grounded

o a wire wrapped around the cables connecting electrode contacts to

ur recording system. Invasive recordings were digitized at a sampling

requency of 2500 Hz, with the same online filter settings as described

bove. SCS was turned off during recording. 

.4. EEG analysis 

.4.1. ECG removal, epoching, and trial rejection 

EEG analysis used FieldTrip ( Oostenveld et al., 2011 ), Noise-

ools ( De Cheveigne and Parra, 2014 ; http://audition.ens.fr/adc/

oiseTools/ ), and custom-written scripts in Matlab. For data from both

on-invasive and invasive recordings, we first removed ECG artefacts

sing template subtraction. We identified R peaks after band pass filter-

ng data from the ECG electrode between 3 and 25 Hz (no spectral filter

as applied to any of the other channels). The first R peak was marked

anually. Subsequent R peaks were identified via a threshold to cor-

elation coefficients derived from a correlation with a moving average

cross the last ten PQRST complexes detected so far. For each PQRST

omplex, the mean across the preceding and subsequent five PQRST

omplexes, from − 600 to + 600 ms around each R peak, was subtracted

fter filtering with a Hanning taper to avoid edge artefacts. 

Data were epoched from − 350 ms to 350 ms relative to each median

erve stimulus. Epochs from non-invasive recordings were demeaned

nd de-trended (linear trend). We rejected epochs based on three cri-

eria. These were the maximum absolute z-value across time (cut-off:

0), the mean absolute z-value across time (cut-off: 3), and the vari-

nce across time (cut-off: 5 standard deviations above the mean across

pochs; for all three parameters, we focused on a time window between

 150 and + 50 ms around median nerve stimulation). All three param-

ters for trial exclusion correspond to standard parameters for trial ex-

lusion used in FieldTrip. Cut-off values were chosen after visual inspec-

ion of the three abovementioned parameters for each individual, such

hat cut-offs reliably isolated clearly visible outliers across individuals.

http://audition.ens.fr/adc/NoiseTools/
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ased on these exclusion criteria, between 0.45 and 6.9% of trials were

xcluded (mean: 1.3%, SD: 1.6%). Between 8583 and 16,698 trials were

vailable for analysis (mean: 12,541 trials, SD: 2225 trials). 

.4.2. Spatial filtering 

Data from non-invasive recordings were analysed both in the orig-

nal montage, i.e., without re-referencing ( Fig. 2 ), and following spa-

ial filtering, a procedure recommended for efficient analysis of high-

requency signals in non-invasive cortical recordings ( Waterstraat et al.,

015 ). Denoising Separation of Sources (DSS; also called Joint Decor-

elation; De Cheveigne and Parra, 2014 ) was used to construct a spa-

ial filter that optimized the signal-to-noise ratio of short-latency, high-

requency signals (400–1200 Hz, 8 to 16 ms). DSS jointly diagonalizes

he covariance matrix of the original data (C0), and the covariance ma-

rix after applying a “bias filter ” that emphasizes the signal of inter-

st (C1). In general, such bias filtering can involve spectral filtering,

election of a time window of interest, and/or averaging across trials

 De Cheveigne and Parra, 2014 ). 

Given our a priori hypothesis about the approximate frequency band

400–1200 Hz) and time window (8 to 16 ms) of spinal high-frequency

ignals ( Insola et al., 2008 ), we combined spectral filtering with a “bias

lter ” that emphasized our time window of interest to construct spa-

ial filters optimized for spinal high-frequency signals. Specifically, we

and-pass filtered continuous data between 400 and 1200 Hz (4th order

utterworth filter) after ECG removal (see above). Importantly, we used

and-pass filtering only to construct spatial filters, while the data subse-

uently projected through these filters were not band-pass filtered, and

hus uncontaminated by potential filter artefacts, and without temporal

ncertainties due to convolution in the time-domain. To construct spa-

ial filters, band-pass filtered data were epoched, omitting previously re-

ected epochs (see above). Epoching was followed by trial- and channel-

ise z-transformation (subtraction of the mean amplitude and division

y its standard deviation, both computed across time for each trial and

hannel separately). Z-transformation was included to allow for con-

truction of spatial filters at the group level. We chose group-level over

ubject-wise construction of spatial filters for three reasons. First, we ex-

ected estimation of covariance matrices to profit from the large number

190,550) of trials available across subjects. Second, spatial topogra-

hies of spinal signals were expected to be sufficiently similar across in-

ividuals to allow for construction of a group-level spatial filter. Third,

nd most importantly, we wanted to minimize the risk of amplifying

oise via spatial filters, a risk we considered higher at a single-subject

evel. 

Z-transformed epochs were concatenated across individuals. Covari-

nce matrix C0 was computed across a large time window from 8 to

00 ms after median nerve stimulation. Covariance matrix C1, on the

ther hand, was derived from our time window of interest, i.e., 8 to

6 ms after median nerve stimulation, i.e., a time window indicative of

ignals at the level of the spinal cord ( Fig. 1 C). With these covariance

atrices as input, DSS (nt_dss0.m) provides a spatial filter that optimizes

he power-ratio score comparing signals between 400 and 1200 Hz in

ur time window of interest, and signals between 400 and 1200 Hz

cross a much larger, 8–200 ms time window (c.f Waterstraat et al.,

015 ., for a similar logic underlying spatial filtering of scalp-level HFO).

SS filter coefficients were rescaled such that filter coefficients for each

omponent summed to 1. As a result, units are unchanged, and signal

mplitudes after projecting through different filters (see Section 2.4.5 )

re comparable. 

To ensure that spatial filtering did not simply amplify noise, we con-

ucted a resampling test. To this end, we re-computed C1 after shifting

he 8 ms duration time window for which C1 was computed randomly

ithin an interval between 16 and 200 ms after median nerve stimula-

ion, separately for each trial. Such random shifts of the time axis fol-

ow from a null hypothesis assuming purely noise in the time window

etween 8 and 16 ms after median nerve stimulation. Given this null

ypothesis, any other time window should yield a similar power-ratio
4 
core after filtering. C1 was thus re-computed 1000 times (each time

hifting the time axis of individual trials anew) to obtain a distribution

f power-ratio scores under this null hypothesis. We then compared the

true ” power-ratio score, computed for a consistent time window be-

ween 8 and 16 ms after median nerve stimulation, with this distribution

nder the null hypothesis. We obtained a p-value for each DSS compo-

ent as the proportion of resampling iterations with a power-ratio score

hat exceeded that component’s actual, “true ” power-ratio score. 

To estimate topographies for DSS components, we calculated how

trongly data projected through the DSS filter ( Fig. 3 A and B) correlated

ith the original data, i.e., with data before projecting through the DSS

lter. This yielded one (Pearson’s) correlation coefficient per channel,

rial, and component. Correlation coefficients were Fisher z-transformed

atanh.m), averaged across trials, transformed back (tanh.m) and plot-

ed. The resulting spatial distribution of averaged correlation coeffi-

ients indicates how similar data at each channel is to a given DSS com-

onent. De Cheveigne and Parra (2014) refer to this distribution as a

patial pattern. More generally, a spatial pattern has been defined as

he inverse of a spatial filter matrix ( Haufe et al., 2014 ), such as the

SS filter. We therefore compared spatial topographies obtained with

he correlation approach described above and spatial topographies that

esulted from taking the inverse. 

.4.3. Pre-processing of data from invasive recordings 

In the patient, the precise placement of the epidural electrode de-

ended purely on medical considerations. We therefore had no a priori

ypothesis which of the seven channels would be most responsive to

edian nerve stimulation. Instead, we computed a single channel of-

ine by subtracting data obtained in the most caudal channel from data

btained in the most cranial channel. The rationale was that any spinal

esponse to median nerve stimulation along the extent of the electrode

ould be captured by this channel. 3436 trials were available for anal-

sis after rejecting epochs (same criteria as described above; 0.1% of

rials excluded). 

.4.4. Time-frequency analysis 

Time-frequency analysis was performed in FieldTrip, using Field-

rip’s multitaper method (mtmconvol) and a frequency-dependent Han-

ing taper (5 cycles). Power was computed trial-wise across frequencies

anging from 200 to 1200 Hz in steps of 50 Hz, and at time samples sep-

rated by 0.2 ms (corresponding to the sampling frequency), and then

veraged across trials. In separate analyses, we minimized signals phase-

ocked to median nerve stimulation by subtracting the mean, across

rials, of the complex-valued Fourier spectra from single-trial Fourier

pectra before computing power as the square of the magnitude of the

ourier spectra ( Bauer et al., 2012 ). To examine the spectro-temporal

attern of the evoked response, we conducted time-frequency analy-

es after averaging across trials. In all time-frequency analyses, baseline

ower was defined as mean power across a time window from − 100 to

 20 ms relative to median nerve stimulation, computed for each fre-

uency bin and channel separately. For visualization, time-frequency

epresentations were spectrally interpolated and displayed using More-

and’s “cool/warm ” color map ( Moreland, 2009 ). 

.4.5. Dissociation of HFO power and evoked response amplitude via 

patial filters 

To examine whether the power of high-frequency signals is dissocia-

le from the amplitude of the spinal evoked response, and thus rule out

he possibility that high-frequency signals are merely a spectral repre-

entation of the evoked response, we constructed a second DSS filter,

ptimized for the evoked response. The goal was to investigate whether

 spatial filter optimized for the evoked response would be suboptimal

or detecting HFO, compared to the spatial filter constructed for HFO,

nd vice versa. This would provide evidence that high-frequency sig-

als are not purely a spectral representation of classic spinal evoked

esponses. 
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Construction of a DSS filter optimized for the evoked response fol-

owed similar steps as described above for spatial filtering of HFO

 Section 2.4.2 ), with two differences. First, data were not band-pass fil-

ered. Second, C1 was computed across the same time window as for

FO (8 to 16 ms), but after averaging across epochs, while C0 was com-

uted for a time window between 8 and 200 ms, and across individual

rials. In this way, DSS provides a spatial filter that emphasizes signals

etween 8 and 16 ms, over and above signals in a broader time window

p to 200 ms, specifically signals between 8 and 16 ms that are con-

istent (reproducible) across trials, as expected for the evoked response

 Fig. 1 C; De Cheveigne and Parra, 2014 ). A similar resampling test was

onducted as described in Section 2.4.2 to ensure that spatial filtering

id not simply amplify noise. 

We then projected pre-processed data through the DSS filter opti-

ized for HFO, and separately through the DSS filter optimized for

he evoked response. To baseline-correct individual-subject evoked re-

ponses, we used a time window between − 10 and − 1 ms relative to

edian nerve stimulation. We then compared the evoked response ob-

ained after spatial filtering optimized for the evoked response with the

voked response obtained after spatial filtering optimized for HFO. This

as done using a cluster-based permutation test (see Section 2.5 ), and by

ubjecting single-subject peak amplitudes to a t -test (significance level

t p < .05). For the latter, single-subject peak latencies were identified

isually. A cluster-based permutation test was used to compare time-

requency power obtained after spatial filtering optimized for HFO with

ime-frequency power obtained after spatial filtering optimized for the

voked response. 

.4.6. Decoupling of spontaneous fluctuations in HFO from the evoked 

esponse 

We were curious whether spinal HFO displayed spontaneous fluctu-

tions in amplitude that were independent from the evoked response, as

emonstrated for cortical HFO ( Waterstraat et al., 2021 ). However, un-

ike the ultra-low noise MEG previously employed to demonstrate such

ecoupling at the level of cortex, the low signal-to-noise ratio in our

ecordings prevented reliable estimation of single-trial HFO amplitude.

ather than sorting individual trials into bins with high vs. low HFO

ower, as in Waterstraat et al. (2021) , we therefore randomly resampled

rom the total number of trials available for each individual and formed

ub-averages, which were then sorted according to trial-averaged HFO

mplitude. Specifically, in each of 1000 iterations, we randomly drew

 subset of 3000 trials for each individual (for the non-invasive record-

ngs; given the lower number of trials, we drew subsets of 1000 trials

ach in our analysis of invasive recordings). For each subset, we com-

uted power averaged across the time-frequency extent of the cluster

reviously identified in a group-level, cluster-based permutation test,

hich compared power in a time-frequency window of interest (200

o 1200 Hz, 8 to 16 ms) to baseline power (200 to 1200 Hz, − 100 to

 20 ms), across all trials (cluster displayed in Fig. 4 , left). For each in-

ividual, the two trial subsets with lowest and highest average power

ere retained. Trials that were common to both subsets were removed

rom each subset in order to further amplify any difference between sub-

ets. On average, each subset consisted of 2258.8 ± 137.2 trials (mean ±
tandard deviation; range: 1935 to 2486). For the invasive recordings,

20 trials were available per subset. 

We computed single-subject evoked responses for each of these sub-

ets ( “low HFO power ”, “high HFO power ”), which were baseline-

orrected ( − 10 to − 1 ms) and statistically compared at the group level. A

ignificant difference in HFO power despite no difference in the evoked

esponse would provide evidence of a partial uncoupling of the two sig-

als ( Waterstraat et al., 2021 ). For an optimal signal-to-noise ratio of

FO, and to reduce dimensionality, this analysis was done after pro-

ecting data through the DSS filter optimized for HFO (i.e., at the level

f the first HFO-DSS component; see Fig. 3 A). 
5 
To corroborate any lack of a difference in the evoked response, we

ubjected peak amplitudes, and peak-to-peak amplitudes, to a Bayesian

NOVA. This ANOVA included as one factor the three peaks of the

rand-average evoked response ( Fig. 1 C), or the two inter-peak dif-

erences (second minus first peak, and third minus second peak), and

s a second factor the two subsets ( “low HFO power ” vs. “high HFO

ower ”). The resulting 3 × 2 (with peaks as a factor) and 2 × 2 (with

nter-peak differences as a factor) Bayesian ANOVAs were computed in

ASP ( JASP Team, 2019 ). Single-subject peak latencies for this analysis

ere identified visually (see also section 2.4.5 ). 

.4.7. Statistical analysis of EEG data 

We used a nonparametric cluster-based permutation test imple-

ented in FieldTrip, which corrects for multiple comparisons across

ime, frequency, and channels ( Maris et al., 2007 ). Standard FieldTrip

ettings were used for this test. Adjacent time bins, frequency bins, and

hannels for which a two-sided, dependent-samples t -test provided a

 -value of < 0.05 were clustered. T-values were summed within each

bserved cluster to obtain a cluster-level statistic. A distribution un-

er the null hypothesis of no difference (e.g., between baseline and a

ost-stimulus interval of interest) was obtained by randomly permuting

ondition labels ("baseline"/"post-stimulus interval") 1000 times, each

ime computing cluster-level statistics within the observed clusters as

escribed above, and extracting the two clusters with maximum (pos-

tive and negative) cluster-level statistics. The cluster-level statistic of

ach cluster observed in the non-permuted data was then compared to

his distribution, and clusters were identified as significant if less than

.5% of permutations yielded clusters with larger cluster-level statistics.

iven our a priori focus on spinal high-frequency signals, we searched

or clusters in a time-frequency region of interest between 200 and

200 Hz, and between 8 and 16 ms after median nerve stimulation.

imilarly, cluster-based permutation tests of differences in the evoked

esponse included time points between 8 and 16 ms after median nerve

timulation. 

.5. Data and code availability 

Raw EEG data from all healthy individuals, as well as Matlab code,

re publicly available on zenodo.org (doi: 10.5281/zenodo.6110595 ). 

. Results 

We asked whether high-frequency signals from the human spinal

ord, previously detected in invasive, epidural recordings in response

o median nerve stimulation ( Insola et al., 2008 ), could also be detected

on-invasively via skin electrodes. We also tested whether spinal high-

requency signals carry unique information that is complementary to

he spinal evoked response. To this end, separate analyses controlled

or phase-locking to stimulation, and tested for a dissociation of high-

requency signals from the evoked response via spatial filtering, and

ased on their spontaneous dynamics over time. 

.1. Behavior: counting task 

In the counting task, healthy volunteers missed, on average, 1.9 ± 1.7

f the 26.8 ± 0.33 omissions present in a block (mean ± SD). There was a

ignificant correlation between true and estimated numbers of omissions

n 13 of the 15 healthy volunteers ( p < .01 after Bonferroni-correction).

imilarly, the patient missed, on average 0.4 ± 0.8 of the 18 ± 3.5 omis-

ions present in a block, and we observed a significant correlation be-

ween the true and estimated number of omissions in her behavioral

ata as well ( p < .001). Reported numbers of omissions thus provided

vidence that participants were attending to median nerve stimulation.

http://www/zenodo.org
https://doi.org/10.5281/zenodo.6110595
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Fig. 2. Time-frequency representation of the spinal response to electric median nerve stimulation, recorded non-invasively . A , computed for individual trials, and then 

averaged across trials. B , computed after averaging across trials (i.e., for the evoked response). Color codes for T values, comparing data to a pre-stimulus baseline 

( − 100 to − 20 ms). Insets to individual time-frequency panels (lower left corner) correspond to channel names. The large power increase observed around the time 

of median nerve stimulation (at time 0, black vertical line) corresponds to the electric stimulation artefact. Black contours indicate the spectral and temporal extent 

of clusters identified in a cluster-based permutation test ( p = .002). 
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.2. Grand-average evoked response 

Fig. 1 C shows the grand-average evoked response to median nerve

timulation across the 15 healthy volunteers. Peak deflections were ob-

erved at 9.6, 11.2, and 14 ms (see Restuccia and Mauguière, 1991 , for

urface recordings of the evoked response using a similar electrode mon-

age). A similar pattern with three peaks at approximately these laten-

ies could be identified in each of the 15 healthy volunteers, confirming

hat median nerve stimulation was providing effective afferent drive to

he spinal cord in each tested individual. Single-subject peak latencies

anged from 8.4 to 10.8 ms for the first peak, from 9.6 to 12.4 ms for

he second peak, and from 12.2 to 15.4 ms for the third peak. 

.3. High-frequency signals 

Our main interest was in the spectral decomposition of the spinal re-

ponse to median nerve stimulation. When time- and frequency-resolved

ower was computed for individual trials, and then averaged across tri-

ls, a cluster-based permutation test revealed a significant increase in

ower above baseline in an a priori defined time-frequency window of

nterest (200 to 1200 Hz, 8 to 16 ms; Fig. 2 A (T values); black contour:

 = .002, cluster-based permutation test; see Inline Supplementary Re-

ults 1 for corresponding time-frequency representations showing per-

entage change in power). A similar, significant increase above baseline

as found when time-frequency power was computed after averaging

cross individual trials, i.e., in the spectral representation of the evoked

esponse ( Fig. 2 B (T values); black contour: p = .002, cluster-based per-

utation test). 

We next examined whether high-frequency signals in our time-

requency window of interest were purely a spectral representation
6 
f the evoked response, or whether they carried information that was

artly independent from the evoked response. 

.3.1. Dissociation between high-frequency signals and the evoked response

ia spatial filters 

First, we tested whether a spatial filter that optimized the signal-

o-noise ratio of high-frequency signals would result in a submaximal

mplitude of the evoked response, compared to a spatial filter that op-

imized the signal-to-noise ratio of the evoked response, and vice versa.

his would rule out the possibility that the observed high-frequency sig-

als are purely a spectral representation of the spinal evoked response.

f high-frequency signals were purely a spectral representation of spinal

voked responses, we would expect that their power is maximized when

he amplitude of the evoked response is maximized, and vice versa. 

To test this, we constructed a spatial filter optimized for signals be-

ween 400 and 1200 Hz and between 8 and 16 ms (henceforth labelled

HFO-DSS ”). The first HFO-DSS component displayed a significantly

igher power-ratio score than would be expected for pure noise, as re-

ealed by a resampling test ( Fig. 3 A ; no resampling iteration yielded a

tronger power-ratio score, i.e., p < .001). The topography of this com-

onent showed a lateralization to the left side of the neck, and a bias

owards the front of the neck ( Fig. 3 A, right ; see Inline Supplementary

esults 2 for a comparison of topographies obtained via a correlation,

s in De Cheveigne and Parra, 2014 , vs. the inverse of the DSS filter, as

escribed in Haufe et al., 2014 ). 

We then compared high-frequency power after projecting through

he HFO-DSS filter (first HFO-DSS component) with high-frequency

ower after projecting through a DSS filter optimized for the evoked

esponse (see Section 2.4.5 ; henceforth labelled “ERP-DSS ”). Our goal

as to examine whether a spatial filter that maximized the signal-to-
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Fig. 3. Dissociation of high-frequency signals and the evoked response via spatial filtering . A , power-ratio score for each of the ten components of a DSS filter optimized for 

high-frequency power between 400 and 1200 Hz and 8 to 16 ms (HFO-DSS). The gray shading represents 95% confidence intervals of power-ratio scores obtained in 

a resampling test. The topography of the first DSS component is displayed on the right (same schematic outline as in Fig. 1C). Color represents correlation coefficients 

of the first DSS component with unfiltered data at each of the ten channels. B , same as A , but for a DSS filter optimized for the evoked response (ERP-DSS). The 

inset shows power-ratio scores after log-transformation, so that “true" power-ratio scores can be visually compared to the distribution under the null hypothesis 

of a resampling test (gray shading). Topographies of the first three ERP-DSS components are displayed on the right. C , time- and frequency-resolved changes in 

power, relative to a pre-stimulus baseline ( − 100 to − 20 ms) for the first HFO-DSS component (left), and for the second ERP-DSS component (right; i.e., the ERP-DSS 

component with the highest power between 200 and 1200 Hz, and 8 to 16 ms). The right panel shows T values comparing the two components. The black contour 

represents the spectral and temporal extent of a cluster identified in a cluster-based permutation test ( p = 0.002). D , Grand-average evoked responses ( ± standard 

error of the mean) of the first three ERP-DSS components, and the first HFO-DSS component. E , Grand-average evoked responses ( ± standard error of the mean) of 

the sum of the first three ERP-DSS components, and of the first HFO-DSS component. F , time- and frequency-resolved changes in power, relative to a pre-stimulus 

baseline ( − 100 to − 20 ms) for the sum of the first three ERP-DSS components (left). The right panel shows T values comparing time- and frequency-resolved power 

between the first HFO-DSS component (left in C ) and the sum of the first three ERP-DSS components. The black contour represents the spectral and temporal extent 

of a cluster identified in a cluster-based permutation test ( p = .008). 
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oise ratio of the evoked response (ERP-DSS) would be suboptimal for

etecting HFO, and vice versa. This would provide evidence that the

mplitudes of the two signals are dissociable. 

ERP-DSS yielded eight components whose power-ratio scores were

ignificantly higher than would be expected for pure noise ( Fig. 3 B ). Of

hese eight components, the second displayed the highest power in our

ime-frequency window of interest. Still, we found that high-frequency

ower of this second component was significantly lower than high-
7 
requency power obtained after projecting through the HFO-DSS filter

first HFO-DSS component; Fig. 3 C ; p = .002; cluster-based permutation

est). 

A cluster-based permutation test also revealed significant differences

etween evoked responses obtained after projecting through the two

lters. Specifically, the third peak of the evoked response was higher in

mplitude for the first ERP-DSS component, compared to the first HFO-

SS component ( p = .002). The first peak of the evoked response, on the
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Fig. 4. Phase-locking of high-frequency signals . The 

left column shows time- and frequency-resolved 

power changes from baseline (top) and T val- 

ues against baseline (bottom) of the first HFO- 

DSS component without subtraction of phase- 

locked responses. The right column shows the 

same, but after mean Fourier spectra across tri- 

als were subtracted from single-trial Fourier spec- 

tra before computing power, thus minimizing 

phase-locked responses. The top row shows power 

change across an extended time interval to allow 

inspection of the time window chosen as a base- 

line ( − 100 to − 20 ms). Black and white contours 

show the spectral and temporal extent of clus- 

ters identified in a cluster-based permutation test 

( p = .002 (left column), p = .014 (right column, 

black), and p = .022 (right column, white)). The 

top left panel shows the same data as Fig. 3 C, left, 

however, with a different color scale that facili- 

tates visual comparison with the top right panel 

(in addition to the abovementioned extended time 

axis). 
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ther hand, was lower in amplitude for the first ERP-DSS component,

ompared to the first HFO-DSS component ( Fig. 3 D ; p = .002). A likely

eason for this is that the ERP-DSS filter represented the evoked response

y eight different components ( Fig. 3 B). We therefore examined whether

umming several ERP-DSS components would yield amplitudes of each

f the three peaks of the evoked response that are at least as large as

he evoked response obtained from the first HFO-DSS component. If the

bserved high-frequency signals were purely a spectral representation

f the evoked response, then comparable or even higher amplitudes of

he evoked response due to summing of ERP-DSS components should

esult in comparable or even larger high-frequency power than observed

or the first HFO-DSS component. If, on the other hand, the first HFO-

SS component still displayed a larger increase in high-frequency power

han this sum of ERP-DSS components, then this increase could not be

xplained purely as a spectral representation of the evoked response.

his would reveal the presence of a high-frequency signal whose power

s dissociable from the amplitude of the evoked response. 

Summing the first three ERP-DSS components was sufficient to

bolish the significant decrease in the amplitude of the first peak of

he evoked response when compared to the first HFO-DSS component

 Fig. 3 E ; p > .1 for any decrease in amplitude; p = .002 for an increase

n amplitude around the time of the third peak; cluster-based permuta-

ion test). Instead, when comparing amplitudes of the first and second

eak at subject-specific peak latencies between the first HFO-DSS com-

onent and the sum of the first three ERP-DSS components, we found

hat the latter yielded significantly higher peak amplitudes (t(14) = 2.6,

 = .04, for the first peak, and t(14) = 6.6, p < .001, for the second peak;

onferroni-corrected (2 tests); see Inline Supplementary Results 3 for

ingle-subject evoked responses, together with visually identified peak

atencies). Summing the first three ERP-DSS components thus yielded

n evoked response whose three peaks had larger amplitudes than ob-

erved for the first HFO-DSS component. 

i  

8 
Importantly, however, the significant increase in high-frequency

ower for the first HFO-DSS component, compared to the ERP-DSS com-

onents, persisted even after summing the first three ERP-DSS compo-

ents ( Fig. 3 F ; p = .008), i.e., despite the significantly lower amplitudes

f the evoked response observed for the first HFO-DSS component. 

.3.2. Phase-locking of high-frequency signals 

Second, we examined to what extent this increase in high-frequency

ower was phase-locked to median nerve stimulation. To this end, we

ubtracted, for each individual, the mean across complex-valued Fourier

pectra across trials from single-trial complex-valued Fourier spectra be-

ore computing power, and then averaged power across trials. Taking

dvantage of the increase in signal-to-noise ratio by spatial filtering,

his was done for the first HFO-DSS component. While subtraction of

hase-locked components substantially decreased high-frequency power

 Fig. 4 , left vs. right), a significant increase in power above baseline per-

isted even after subtraction of phase-locked responses (black and white

ontours in Fig. 4 , right; black contour: p = .014; white contour: p = .022;

luster-based permutation test). 

.3.3. Decoupling of spontaneous fluctuations in HFO from the evoked 

esponse 

Third, we tested whether high-frequency power displayed sponta-

eous fluctuations in the absence of any concurrent, systematic change

n the amplitude of the evoked response. To this end, we identified

ubsets of trials which differed significantly in high-frequency power

 p = .002; cluster-based permutation test between 200 and 1200 Hz,

nd 8 to 16 ms; Fig. 5 A ; for an optimal signal-to-noise ratio of HFO,

nd to reduce dimensionality, we focused on the first HFO-DSS com-

onent, see Fig. 3 A). Importantly, despite this significant difference in

igh-frequency power, the same trial subsets did not differ significantly

n their evoked responses (no clusters identified in a cluster-based per-
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Fig. 5. Decoupling of spontaneous fluctuations in high-frequency power from the evoked response . A , change in power from baseline for two trial subsets chosen to 

minimize (left) and maximize (right) power between 200 and 1200 Hz, and 8 to 16 ms. B , grand-average evoked response ( ± standard error of the mean) for the 

two trial subsets shown in A . 

m  

d  

H  

p  

f  

s  

t  

f  

s  

s  

t

3

 

t  

f  

f  

H  

i  

a  

p  

r  

p  

s  

fi  

w  

t  

F  

p  

s  

l

3

 

f  

(  

i

4

 

p  

v  

8  

t  

i  

f  

c  

n  

l  

a  

t  

i  

p  

h  

w  

t  

t  

s  

n  

g

 

E  

s  

l  

s  

p  

t  

p  

(  

e  

i  

s  

(  

r  

h  

s  

m  

s  

b  

t  

h  

o  

t  

l  

2

 

h  

H  

v  

I  

2  

t  

n  
utation test, 8 to 16 ms; Fig. 5 B ). A Bayesian ANOVA provided evi-

ence that there was indeed no difference in the evoked response when

FO power was high vs. low for any of the three peaks (subject-specific

eak latencies, see Inline Supplementary Results 3; BF excl = 5.8 for the

actor “trial subset ”, and BF excl = 8 for the interaction between “trial

ubset ” and “peak ”) or any of the two inter-peak differences (i.e., be-

ween peak 1 and 2, and between peak 2 and 3; BF excl = 4.4 for the

actor “trial subset ”, and BF excl = 3,4 for the interaction between “trial

ubset ” and “inter-peak difference ”). We confirmed these results in a

eparate analysis which controlled for differences in baseline power be-

ween trial subsets (see Inline Supplementary Results 4 ). 

.3.4. High-frequency signals in epidural recordings 

This increase in power between 200 and 1200 Hz, and between 8

o 16 ms, observed in non-invasive cervical recordings overlapped in

requency and latency with a signal observed in epidural recordings

rom the cervical spinal cord in a patient with neuropathic pain ( Fig. 6 ).

ere, we also observed a significant increase in power above baseline

n our time-frequency window of interest between 200 and 1200 Hz,

nd between 8 and 16 ms (black contours in Fig. 6 A: p = .016, and

 = .02, cluster-based permutation test). Similar to the non-invasive

ecordings, this high-frequency signal fluctuated in amplitude at least

artly independently from the evoked response. Specifically, despite a

ignificant difference in high-frequency power between randomly de-

ned trial subsets ( p = .002, cluster-based permutation test; Fig. 6 B ),

e found no significant difference in the evoked response between these

wo subsets (no clusters identified in a cluster-based permutation test;

ig. 6 C ). A Bayesian independent-samples T test comparing peak am-

litudes of the evoked response provided evidence that the evoked re-

ponse did, indeed, not differ when high-frequency power was high vs.

ow (BF = 14.7). 

.3.5. Single-subject high-frequency signals in non-invasive recordings 

Finally, we examined single-subject time-frequency representations

or inter-individual consistency of a short-latency, high-frequency

 ∼200–1200 Hz, 8–16 ms) signal. An increase in power was observed

n the majority of healthy volunteers ( Fig. 7 ). 

. Discussion 

We report three findings. First, non-invasive recordings of electro-

hysiological signals via skin electrodes placed around the neck re-

eal high-frequency signals between 200 and 1200 Hz, and between

 and 16 ms after median nerve stimulation. Second, while the spectro-

emporal representation of the evoked response, too, shows an increase

n power in this time-frequency window, we demonstrate that high-

requency signals can be dissociated from the evoked response. Specifi-
9 
ally, we show that spatial filters optimized for the evoked response can-

ot fully capture the observed high-frequency signal, i.e., significantly

ess than a spatial filter optimized for these high-frequency signals. We

lso demonstrate uncoupling of spontaneous fluctuations in the ampli-

ude of high-frequency signals from the evoked response. In addition, an

ncrease in high-frequency power following median nerve stimulation

ersists after minimizing phase-locked responses. Third, the observed

igh-frequency signal overlaps in latency and, partly, in frequency range

ith a signal recorded epidurally in response to median nerve stimula-

ion. We discuss possible generators underlying these short-latency HFO,

heir potential to provide complementary information to the evoked re-

ponse, including a possible window onto pathophysiology, benefits of

on-invasive recordings in this regard, and limitations of our study, to-

ether with potential future directions. 

Since their description in scalp recordings ( Cracco and Cracco, 1976 ;

isen et al., 1984 ; Yamada et al., 1988 ; Emori et al., 1991 ), it has been

hown that HFO ( ∼600 Hz), elicited by electric median nerve stimu-

ation, are at least partly independent from the concurrent evoked re-

ponse. Compared to the N20, HFO show different dynamics when com-

aring sleep and wakefulness ( Hashimoto et al., 1996 ), when opening

he eyes ( Gobbelé et al., 2000 ; but see Restuccia et al., 2004 ), during hy-

erventilation ( Mochizuki et al., 2003 ), as a function of stimulation rate

 Klostermann et al., 1999b ), tactile interference stimulation ( Hashimoto

t al., 1999 ), and movement ( Klostermann et al., 2001a ). HFO thus carry

nformation that is complementary to evoked responses. The N20 is con-

idered a population measure of (excitatory) post-synaptic potentials

 Wikström et al., 1996 ), in line with the idea that signals < ∼100 Hz

eflect mass synaptic input ( Logothetis, 2003 ). HFO, on the other hand,

ave been associated with neuronal spiking. Baker et al. (2003) have

hown that single-unit bursts and individual spikes in S1 of macaque

onkeys are phase-locked to ∼600 Hz signals recorded epidurally in re-

ponse to median nerve stimulation. Such phase-locking was confirmed

y Telenczuk et al. (2011) , who additionally observed a correlation be-

ween trial-to-trial variability in single-cell spiking in S1 on the one

and, and trial-to-trial variability in epidurally recorded HFO on the

ther. Together, these findings suggest that HFO represent a popula-

ion measure related to neuronal spiking. Some authors have therefore

abelled HFO as “spike-like ” ( Gobbelé et al., 1999 ; Klostermann et al.,

001a , 2001b ; Fedele et al., 2015 ). 

The possibility to obtain information about neuronal spiking in the

uman nervous system via population signals has inspired research into

FO also at subcortical sites. Invasive recordings from (sub)thalamus

ia deep brain stimulation (DBS) electrodes ( Klostermann et al., 1999a ;

nsola et al., 2015 ), and from brainstem via DBS electrodes ( Insola et al.,

014 ), epidural electrodes ( Insola et al., 2010 ), or nasopharyngeal elec-

rodes ( Restuccia et al., 2004 ), have revealed HFO in response to median

erve stimulation also at these subcortical sites. Similar to scalp record-
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Fig. 6. Epidural electrode location, and time- 

frequency representation of the spinal response 

to electric median nerve stimulation, recorded in- 

vasively . A , left , X-ray of electrode placement. 

V4 and V6, spinous processes of vertebrae 4 

and 6. Right , T values comparing time- and 

frequency-resolved power to a pre-stimulus 

baseline ( − 100 to − 20 ms). The large power 

increase observed around the time of median 

nerve stimulation (at time 0, black vertical 

line) corresponds to the electric stimulation 

artefact. Black contours indicate the spectral 

and temporal extent of clusters identified in a 

cluster-based permutation test ( p = .016 and 

p = .02). B , change in power from baseline 

for two trial subsets chosen to minimize (left) 

and maximize (right) power between 200 and 

1200 Hz, and 8 to 16 ms. The black contour 

corresponds to the cluster identified in panel 

A , right. C , evoked response ( ± standard er- 

ror of the mean, across trials) for the two trial 

subsets shown in B . 
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ngs of longer-latency HFO, these invasive recordings have also con-

rmed a partial independence between HFO and the evoked response

 Klostermann et al., 1999a ; Restuccia et al., 2004 ). 

With the exception of nasopharyngeal recordings, these invasive

ecordings are confined to a context of pathology, medication, and

urgery, and often to relatively small cohorts. This may limit the gen-

ralizability of findings from invasive recordings. HFO are abnormal in

everal clinical disorders, including disorders treated via DBS. For exam-

le, HFO at the scalp are enlarged in patients with Parkinson’s Disease

 Mochizuki et al., 1999 ; Inoue et al., 2001 ), and diminished in patients

ith cervical dystonia ( Inoue et al., 2004 ). It is therefore possible that

nvasive recordings of subcortical HFO in these disorders, and possi-
10 
ly others, do not reflect the normal physiology of these signals in the

ealthy nervous system. 

A restriction to invasive recordings has also been a likely reason for

he low number of studies into HFO at the earliest possible stage of

omatosensory processing in the human central nervous system, i.e., in

he spinal cord. Based on recordings from epidural electrodes implanted

longside the cervical spinal cord for pain relief, Insola et al. (2008) re-

orted high-frequency signals in response to median nerve stimulation.

he latency of these signals, starting at 9.8 ms, and the close prox-

mity of the electrode to the spinal cord, pointed to spinal generators

or these signals. Specifically, two different high-frequency signals were

dentified: A lower-frequency signal, with a mean frequency of ∼500 Hz,
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Fig. 7. Single-subject spectral power in response to median nerve stimulation, recorded non-invasively . Each panel corresponds to data from one healthy volunteer (first 

HFO-DSS component). Color codes for T values comparing power to a pre-stimulus baseline, within subjects. The black contour indicates the spectral and temporal 

extent of the cluster identified in a cluster-based permutation test at the group level (i.e., identical to Fig. 4 , bottom-left panel). 
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hich was not attenuated during movement of the ipsilateral wrist; and

 higher-frequency signal, with a mean frequency of ∼1200 Hz, which

id show this attenuation, as did the evoked response. Based on the as-

umption that gating through movement acts on post-synaptic potentials

but see Seki et al., 2003 ), Insola et al. (2008) argued that the higher-

requency signal around 1200 Hz represents a post-synaptic signal from

he spinal dorsal horn. 

Here, we replicate a similar, higher-frequency ( ∼1000 Hz) power

ncrease in response to median nerve stimulation in epidural recordings

rom the cervical spinal cord. Importantly, we also show that HFO can be

ecorded non-invasively, via skin electrodes placed around the neck, and

t latencies that are similar to those reported by Insola et al. (2008) . Our

tudy thus demonstrates the feasibility of recording HFO at very short

atencies non-invasively in humans, circumventing potential confounds

hat arise in a context of pathology, medication, and surgery. Given that

he maximum cut-off frequency of the anti-aliasing low-pass filter of

ur equipment was 1000 Hz, we were reluctant to examine signals >

200 Hz, limiting comparison of results with Insola et al. (2008) . 

Previous research has distinguished HFO at ∼500–600 Hz from HFO

t ∼1000 Hz for supra-spinal regions. The former are sometimes called

-bursts ( Curio, 2000 ), and the latter 𝜅-bursts ( Fedele et al., 2015 ). Sig-

als in the frequency range of 𝜅-bursts have been reported in thalamus

 Hanajima et al., 2004 , 2006 ), as well as in low-noise, non-invasive scalp

ecordings ( Fedele et al., 2015 ). Together with Insola et al. (2008) , our

tudy demonstrates that signals in the range of 𝜎- and 𝜅-bursts can also

e recorded at latencies indicative of spinal processing. Curio has ar-

ued that signals at 12–14 ms after median nerve stimulation may orig-

nate from cuneothalamic relay neurons, i.e.,. from the lower brainstem.

ime-frequency analysis entails some degree of uncertainty about sig-

al latencies. However, given that local, epidural recordings from the

orsal cervical spinal cord reveal short-latency HFO, both in our study,

s well as in Insola et al. (2008) , we conclude, like Insola et al. (2008) ,

hat these short-latency signals originate in the spinal cord. 

Why have previous studies into HFO that included cervical skin elec-

rodes not detected the signals reported here? Coppola et al. (2005) , for
11 
xample, reported peak latencies of HFO ∼16–17 ms, even though their

tudy included a cervical electrode. Apart from their focus on a rela-

ively low frequency range (450–750 Hz) and on phase-locked signals,

hey only included one cervical electrode (on the fifth cervical spinous

rocess). In this regard, it may be critical to include electrodes on the lat-

ral portion of the neck, given that LM and LF showed the largest signal

n our study ( Fig. 2 ). Whether this reflects a true lateralization relative to

he side of stimulation remains to be tested. If so, non-invasive record-

ngs may reveal additional, important information about laterality of

pinal processing. 

Non-invasive recordings of HFO from the spinal cord provide a novel

indow onto physiological and pathophysiological mechanisms of so-

atosensory pre-processing in the spinal cord. It is unclear how spinal

FO relate to natural somatosensory input, such as touch, or to propri-

ceptive or nociceptive input. Spinal gating has been long associated

ith pain control ( Melzack and Wall, 1965 ; Guo and Hu, 2014 ), and,

ore recently, freezing of gait in Parkinson’s disease ( Lira et al., 2020 ).

on-invasive neck recordings may help elucidate the role of HFO in

hese processes. Furthermore, previous studies using functional imag-

ng of the cervical spinal cord have demonstrated an involvement of

he human spinal cord in placebo and nocebo effects, i.e., effects of

rior belief/expectation, as well as attention effects on nociceptive pain

 Eippert et al., 2009 ; Sprenger et al., 2012 ; Geuter and Büchel, 2013 ).

unctional imaging lacks the temporal resolution to clarify whether this

pinal involvement in expectation and attention relates to feedforward,

r feedback processes. Non-invasive recordings of spinal HFO may help

larify this issue, given their high temporal resolution. 

One limitation of our study is the relatively low cut-off frequency

f the anti-aliasing low-pass filter of our equipment, which we had

et to the maximum possible cut-off frequency (1000 Hz). This cut-

ff frequency prevented us from investigating signals > 1200 Hz, unlike

nsola et al. (2008) , and may have caused us to underestimate spec-

ral power between 1000 and 1200 Hz. Amplifiers with a higher cut-off

requency are commercially available, and may reveal the full spectral

xtent of HFO in non-invasive neck recordings. 
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Furthermore, while our study shows the feasibility of recording high-

requency signals using standard, commercially available EEG equip-

ent, this equipment is likely not optimal for detecting signals in the

ange of several hundred Hz, whose signal-to-noise ratio is typically

trongly influenced by thermal and electronic noise determined by the

xperimental equipment ( Scheer et al., 2006 ). Such noise plays little

r no role when analysing neural signals at lower frequencies (e.g., be-

ow 100 Hz). However, due to the 1/f spectral pattern of neurophys-

ological data, high-frequency signals in the range of several hundred

z can fall below such equipment noise. Research into cortical high-

requency signals has demonstrated benefits of using low-noise EEG

quipment ( Waterstraat et al., 2012 , 2015 ; Fedele et al., 2015 ). Record-

ngs of spinal high-frequency signals, too, would likely profit from such

ow-noise equipment. 

A second potential limitation is that our approach to minimize phase-

ocked responses relies on estimation of phase, which, in turn, is vulner-

ble to low power ( Van Diepen and Mazaheri, 2018 ). Given that the

bserved HFO signals in our study were low in amplitude, estimation of

hase, and therefore removal of phase-locked responses, may not have

een complete. In addition, a finite sampling frequency imposes limita-

ions on how consistently even highly phase-locked signals are recorded

cross repetitions. Indeed, “removal ” of phase-locked components in our

tudy did not fully abolish the stimulation artefact ( Fig. 4 ), i.e., a signal

hat is highly phase-locked. 

However, our conclusion that the observed HFO signals are at least

artly dissociable from the evoked response, does not rest exclusively

n their incomplete phase-locking. In addition, we show that the ob-

erved high-frequency signals are dissociable from the evoked response

ia spatial filtering, and in their spontaneous dynamics over time. Our

omparison of high-frequency power, and evoked response amplitude,

etween HFO-DSS and ERP-DSS filters provides no evidence of a spa-

ial dissociation of the two signals. However, this comparison did show

hat a spatial filter optimized for the evoked response cannot fully cap-

ure the observed high-frequency signals, ruling out the possibility that

igh-frequency signals are purely a spectral representation of the evoked

esponse. A higher density of electrodes placed around the neck may

urther help in constructing signal-specific spatial filters in the future.

n addition, future studies may address the functional significance of

he spontaneous fluctuations in high-frequency power observed in our

tudy, which were at least partly independent of the evoked response. 

In summary, we provide first evidence that high-frequency signals

an be recorded non-invasively, via surface electrodes around the neck,

t latencies that are indicative of a spinal source. Importantly, the

on-invasive nature of our recording protocol allows for testing HFO

n healthy individuals, circumventing limitations of previous, invasive

tudies to contexts of pathology, medication, and surgery. We further

how a dissociation between HFO and the evoked response. Our record-

ng protocol thus provides a novel window onto the physiology, and

athophysiology, of the human spinal cord. 
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