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a b s t r a c t 

The brain and the spinal cord together make up the central nervous system (CNS). The functions of the human 
brain have been the focus of neuroscience research for a long time. However, the spinal cord is largely ignored, 
and the functional interaction of these two parts of the CNS is only partly understood. This study developed a novel 
method to simultaneously record spinal cord electrophysiology (SCE) and electroencephalography (EEG) signals 
and validated its performance using a classical resting-state study design with two experimental conditions: eyes- 
closed (EC) and eyes-open (EO). We recruited nine postherpetic neuralgia patients implanted with a spinal cord 
stimulator, which was modified to record SCE signals simultaneously with EEG signals. For both EEG and SCE, 
similar differences were found in delta- and alpha-band oscillations between the EC and EO conditions, and the 
spectral power of these frequency bands was able to predict EC/EO behaviors. Moreover, causal connectivity 
analysis suggested a top-down regulation in delta-band oscillations from the brain to the spinal cord. Altogether, 
this study demonstrates the validity of simultaneous SCE-EEG recording and shows that the novel method is a 
valuable tool to investigate the brain-spinal interaction. With this method, we can better unite knowledge about 
the brain and the spinal cord for a deeper understanding of the functions of the whole CNS. 
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. Introduction 

Like in all mammals, the human central nervous system (CNS) in-
ludes a brain and a spinal cord. To fully understand the functions of
he CNS, we need to unite knowledge about the brain and the spinal
ord. Yet, the brain is doubtlessly the favorite of cognitive neuroscience
esearch; the spinal cord, on the other hand, is often ignored. To study
he functions of the brain, researchers have developed a wealth of in-
ovative techniques ( Raichle, 2000 ; Sakkalis, 2011 ; Stam, 2005 ). Some
f them — for example, electroencephalography (EEG) and magnetoen-
ephalography (MEG) — record brain activities directly, whereas others,
ike positron emission tomography (PET) and functional magnetic reso-
ance imaging (fMRI), invoke metabolic or other physiological changes
o indirectly record brain signals. These techniques have contributed
ubstantially to our understanding of the brain and are widely used
n almost all domains of cognitive neuroscience ( Cameron et al., 2017 ;
ollins et al., 2018 ; Greene et al., 2001 ; Huang et al., 2013 ). 
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In stark contrast, few techniques have been or can be applied to
tudy the functions of the human spinal cord, except, notably, spinal
ord fMRI. Yoshizawa and colleagues performed the first fMRI study in
he human spinal cord over twenty years ago ( Yoshizawa et al., 1996 ),
ollowed by a handful of task-based spinal cord fMRI studies ( Madi et al.,
001 ; Moffitt et al., 2005 ; Stroman et al., 1999 ) and a few resting-state
pinal cord fMRI studies in the last two decades ( Barry et al., 2014 ;
ippert et al., 2017 ; Kinany et al., 2020 ; Wei et al., 2010 ). These inter-
sting studies notwithstanding, spinal cord fMRI studies are still facing
ome technical challenges, for example, cardiac- and respiratory-related
otion artifacts and small cross-sectional dimensions ( Harita and Stro-
an, 2017 ). Also, fMRI measures blood oxygenation level-dependent

BOLD) signals, which only indirectly reflect spinal neural activities and
ave a relatively poor temporal resolution. 

Consequently, it would be of great interest to cognitive neurosci-
ntists, especially for those working on the somatosensory and mo-
or systems, if human spinal cord electrical activities can be measured
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irectly. Some researchers have attempted to record spinal cord poten-
ials with electrodes attached to the skin around the spine ( Small et al.,
978 ) or directly inserted into the epidural space ( Beri ć et al., 1986 ;
imitrijevic et al., 1980 ; Jones et al., 1982 ). However, the former ap-
roach, recording signals only from the skin, suffers from poor signal-
o-noise ratio (SNR) due to signal loss induced by the vertebra and
pinal column. This problem is less concerning for epidural record-
ngs. For example, Dimitrijevic et al. (1980) proved that signal qual-
ty was markedly improved when signals were recorded with electrodes
rom the epidural space. With improved SNR, some researchers have
ecorded different components (e.g., P10, N13, and P18) of the cervical
omatosensory evoked potentials in the epidural space at the dorsal as-
ect of the cervical spinal cord ( Beri ć et al., 1986 ). Nevertheless, record-
ng signals only from the epidural space is unable to reveal how the brain
nd the spinal cord interact since no cortical signals are simultaneously
btained. Simultaneous recording of electrical signals from the brain
nd the spinal cord would be a powerful tool to understand how the
NS as a whole implements mental processes and encodes pathological
tates. For example, simultaneous corticospinal recording can be used
o reveal how some chronic pain is jointly encoded in the brain and the
pinal cord. However, simultaneous recording is rarely adopted. For a
ew studies which did record both cortical and spinal electrophysiolog-
cal signals ( Shimoji et al., 1971 ), the functional relationship between
he brain and the spinal cord was not fully investigated. As a result, the
eural mechanisms of many behaviors and mental processes still remain
nly partly understood. 

To address these issues, we modified a spinal cord stimulator origi-
ally implanted to treat pain from postherpetic neuralgia (PHN) to di-
ectly record spinal cord electrophysiological (SCE) activities and com-
ined it with simultaneous EEG recording to reveal how the brain and
he spinal cord interact functionally. With high temporal resolution, the
imultaneous SCE-EEG recording can track the temporal interaction be-
ween the brain and the spinal cord and help understand the functions
f the CNS more thoroughly. To validate this novel method and show-
ase its potential applications, we recruited nine PHN patients implanted
ith the stimulator and obtained SCE and EEG signals using a classi-

al resting-state study design, i.e., two conditions: eyes-closed (EC) and
yes-open (EO). According to previous resting-state studies ( Chen et al.,
008 ; Kan et al., 2017 ), we hypothesized that the EEG spectral power
f the delta frequency band would be lower in the EC condition than in
he EO condition, while the EEG spectral power of the alpha frequency
and would be higher in the EC condition than in the EO condition.
o explore the relationship between EEG and SCE signals and show-
ase the extra information that simultaneous SCE-EEG recording could
rovide, we also performed functional connectivity and causal connec-
ivity analyses between EEG and SCE signals. Note that these implanted
timulators, while modified to record spinal neural activities, will not
ause any extra trauma to patients and can still work properly after the
ompletion of the experiment. 

. Materials and methods 

.1. Subjects 

Nine patients with PHN were recruited from September 2019 to
ecember 2019 at the Department of Pain Management, the Second
ffiliated Hospital of Guangzhou Medical University. The diagnosis of
HN was based on clinical symptoms (including medical history, typical
cars, pain severity, and pain types) and was confirmed by pain special-
sts in the hospital. Exclusion criteria included a history of neurologi-
al diseases or dementia, psychiatric disorders, or inability to complete
he testing procedure. One patient withdrew from the study due to per-
onal reasons. Therefore, data from 8 PHN patients (5 females) aged
8.1 ± 8.7 years (mean ± SD, range = 53–84 years) were collected in
his study (see Table 1 for detailed information). All patients gave their
ritten informed consent and were paid for their participation. The clin-
2 
cal research and application ethics committee of the Second Affiliated
ospital of Guangzhou Medical University approved the procedures. 

.2. Equipment installation 

All patients were implanted with a spinal cord stimulator (the im-
lanted electrode locations, confirmed using X-Rays, were shown in
upplementary Fig. 1), a device that delivers weak electrical pulses
ia a set of electrodes placed on the spinal cord epidural. The weak
lectrical pulses, stimulating certain segments of the dorsal part of the
pinal cord, could block the transmission of nociceptive signals trav-
ling from peripheral sensory nerves to the brain, thus causing pain
elief ( Jensen and Brownstone, 2019 ; Jeon, 2012 ). After implantation,
he electrical stimulator generally remains in operation until the end of
he treatment ( Jeon, 2012 ). In this study, the spinal cord stimulator, a
roduct of Medtronic (Medtronic, Inc.), consists of two main parts: the
n vivo implant (Model: 3777/3778) and the in vitro control set (Model:
55,531) (Supplementary Fig. 2). The in vivo implant mainly includes
lectrodes and a lead, and the in vitro control set includes a lead housing,
 cable, a connector plug, and an external neurostimulator. There are
ight electrodes at the end of the lead (E1 – E8, in vivo ), and the other
nd of the lead ( in vitro ) is placed in the extracorporeal lead housing to
e connected to the external neurostimulator by the cable and connector
lug. 

To ensure that the in vivo implant could be used for SCE data col-
ection, we removed the in vitro control set and connected the in vitro

nd of the lead with a new lead housing for SCE data collection (the
etails about how to make a lead housing for SCE data collection were
hown in Supplementary Fig. 2). The lead housing for SCE data col-
ection was then connected with a Brain Products system (Brain Amp
C 64-channels), which was also used for EEG data collection. In other
ords, the eight-electrode SCE data were simultaneously collected with
EG data using the same recording equipment. Please note that we pre-
ared a new in vitro lead housing, which was originally used to connect
he in vivo implant with the external neurostimulator. In this study, the
ew lead housing was adopted to connect the implant with the Brain
roducts recording system when used to collect electrophysiological
ata during our experiment. The modification only involved this new

n vitro lead housing and its connections and did not involve the in vivo

mplant. As a result, our modification would neither cause any harm to
he patients nor destroy the patients’ treatment device (as emphasized
n Supplementary Fig. 2). 

.3. Experimental procedures and data collection 

EEG and SCE signals were recorded simultaneously from all patients.
o make sure that patients did not experience severe and prolonged pain
uring data collection, we scheduled the experiment for 7–10 days af-
er the spinal cord stimulation (SCS) implantation, at which time pa-
ients would not feel pain even if the stimulator is turned off. Before the
xperiment, we replaced the lead housing for SCS treatment with the
ead housing for SCE data collection. After the experiment, we changed
he setting back and resumed the electrical stimulator for all patients.
hroughout the entire experiment, the experimenters were disinfected
nd wore disposable medical gloves. 

During the experiment, patients were seated in a comfortable chair
n a silent, temperature-controlled room. The experiment consisted of
wo sessions: an EC session and an EO session. In the EC session, pa-
ients were asked to close their eyes, keep relaxed but not fall asleep
or 3 min. In the EO session, patients were asked to look at a fixation
oint on a computer screen and keep relaxed for 3 min. The order of the
wo sessions was counterbalanced across subjects. In both sessions, EEG
ata were collected from 21 AgCl electrodes (FPz, FP1, FP2, Fz, F3, F4,
z, C3, C4, Pz, P3, P4, Oz, O1, O2, P7, P8, T7, T8, F7, and F8) placed
n the scalp according to the International 10–20 system (pass band:
–1000 Hz; sampling rate: 5000 Hz). FCz was used as the recording
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Table 1 

Demographic and clinical information of PHN patients. 

Patients Gender Age (years) Pain duration Shingles distribution SCS electrode position 

#1 female 65 > 1 month Left shoulder and neck C2, C3, C4, C5 

#2 female 61 > 2 months Right abdomen T4, T5, T6, T7 

#3 male 72 > 2 months Left abdomen and back T4, T5, T6, T7 

#4 female 84 1 month Left chest and back T2, T3, T4, T5 

#5 male 70 3 weeks Left waist abdomen T9, T10, T11, T12 

#6 female 65 > 1 month Left armpit and inner arm C7, T1, T2, T3 

#7 female 75 1 month Left chest and back T2, T3, T4, T5 

#8 male 53 > 1 year Right chest and back T5, T6, T7, T8 
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eference, and the impedances of all electrodes were kept lower than
0 k Ω. SCE data were collected from eight electrodes (E1–E8) placed
n the surface of the spinal cord epidural (Supplementary Fig. 1). The
arameters for SCE recording were identical to those for EEG data col-
ection. 

.4. Data preprocessing 

EEG and SCE data were preprocessed using EEGLAB ( Delorme and
akeig, 2004 ), an open-source toolbox running in the MATLAB (Math-
orks, USA) environment. The data were first bandpass filtered from 1

o 100 Hz, and then notch filtered from 48 to 52 Hz. Artifacts of eye-
links, movements, and heartbeats were removed using an independent
omponent analysis algorithm ( Delorme and Makeig, 2004 ). For each
ubject and each condition, continuous EEG/SCE data (3 min) were seg-
ented into 90 two-second epochs without overlap between consecutive

pochs, and epochs contaminated with gross artifacts were manually ex-
luded for further analysis. EEG signals were not re-referenced, that is,
he reference was still FCz, whereas SCE signals were re-referenced to
he common average reference of all eight SCE electrodes. This oper-
tion would ensure that EEG and SCE signals were not influenced by
ach other due to the choice of a common physical reference. Raw SCE
races and their artifact-corrected versions from two representative pa-
ients were shown in Supplementary Fig. 3. 

.5. Spectral analysis 

To extract the spectral information of EEG and SCE signals, we fast
ourier transformed both signals to the frequency domain for each sub-
ect and each condition, yielding the spectra ranging from 1 to 100 Hz
 Li et al., 2020 ; Zhang et al., 2019 ). The spectra of each frequency were
ormalized by dividing them by the summated spectral power from 1
o 100 Hz. For all frequency bands (delta: 1–4 Hz, theta: 4–8 Hz, alpha:
–13 Hz, beta: 13–30 Hz, low gamma: 30–50 Hz, and high gamma: 50–
00 Hz), the summated power within their respective spectral ranges
as calculated for both EC and EO conditions. For EEG signals, scalp

opographies of spectral power at different frequency bands were com-
uted by spline interpolation ( Fig. 1 A). For SCE signals, the spectral
ower of all electrodes was vertically displayed to show their spatial
istributions for different frequency bands ( Fig. 1 B). 

.6. Machine learning-based classification 

To assess whether EEG and SCE spectral power in delta- and alpha-
and oscillations was able to predict the behaviors associated with EC
nd EO, we built nine support vector machine (SVM) classifiers with
lpha-power, delta-power, and the combination of alpha- and delta-
ower of EEG, SCE, and the combination of EEG and SCE signals as
redictors of the EC and EO conditions ( Barry and De Blasio, 2017 ). We
dopted the leave-one-out cross-validation method (LOOCV) to assess
he performance of SVM classifiers. Specifically, the spectral power of
elta and alpha-band oscillations was extracted for all single epochs,
he extracted spectral power of all but one epoch was used to train SVM
3 
lassifiers using the linear kernel function based on the libSVM toolbox
 Chang and Lin, 2011 ), and the remaining epoch was used to test the
lassification performance. The whole process was repeated for as many
imes as the number of epochs, each time with a different epoch as the
est set. The classification performance was quantified as the prediction
ccuracy, namely, the proportion of epochs in which the behaviors (EC
nd EO) were correctly predicted. 

.7. Corticospinal connectivity analysis 

To determine whether EEG and SCE signals were functionally con-
ected, we computed phase- and power-based connectivity between
hese two types of signals. For the phase-based connectivity, we cal-
ulated the weighted phase lagged index (wPLI) ( Vinck et al., 2011 )
etween EEG and SCE signals in the EO and EC conditions. WPLI is a
hase synchronization index less sensitive to noise and the volume con-
uction problem ( Li et al., 2020 ; Vinck et al., 2011 ). It is defined as:

𝑃 𝐿𝐼 ( 𝑓 ) = 

𝑀 

−1 ∑𝑀 

𝑚 =1 
|||𝑖𝑚𝑎𝑔 (𝑋 𝑎 ( 𝑓 ) ⋅𝑋 

∗ 
𝑏 
( 𝑓 ) 

)||| ⋅ 𝑠𝑖𝑔𝑛 (𝜑 𝑓 ,𝑎,𝑚 − 𝜑 𝑓 ,𝑏,𝑚 

)
𝑀 

−1 ∑𝑀 

𝑚 =1 
|||𝑖𝑚𝑎𝑔 (𝑋 𝑎 ( 𝑓 ) ⋅𝑋 

∗ 
𝑏 
( 𝑓 ) 

)|||
(1)

here 𝑓 is the frequency of interest, 𝑀 is the number of trials, 𝑋 𝑎 ( 𝑓 ) is
he Fourier coefficients for signals at sensor 𝑎 , 𝑋 

∗ 
𝑏 
( 𝑓 ) is the complex con-

ugate of 𝑋 𝑏 ( 𝑓 ) , 𝑖𝑚𝑎𝑔() takes the imaginary part of a complex number,
𝑖𝑔𝑛 () is the sign function, and 𝜑 𝑓 ,𝑎,𝑚 is the phase angle of frequency

from sensor 𝑎 on trial 𝑚 . In this study, 𝑎 and 𝑏 stand for EEG and
CE signals. The value of wPLI ranges from 0 to 1, with higher values
ndicating higher connectivity. 

For the power-based connectivity, we calculated Spearman’s rank-
rder correlation between EEG power changes (EC-EO) and SCE power
hanges. Specifically, for all six frequency bands (defined in 2.5 Spectral

nalysis ), the power in the EO condition was first subtracted from that
n the EC condition, and then the power differences were rank-ordered
nd used to compute the Spearman’s rank-order correlation coefficient
etween EEG and SCE. 

.8. Causal connectivity analysis 

To explore the causal relationship between EEG and SCE signals,
agged partial directed coherence (lPDC), which was estimated based
n an extended multivariate autoregressive (eMVAR) model, was cal-
ulated using the eMVAR toolbox ( Baccalá and Sameshima, 2001 ;
aes et al., 2013 ). Specifically, EEG and SCE epochs were first down-
ampled to 200 Hz and then modeled using the following Equation: 
 

𝑋 1 ( 𝑡 ) 
𝑋 2 ( 𝑡 ) 

] 
= 

𝑝 ∑
𝑟 =1 

𝑩 ( 𝑟 ) 
( [ 

𝑋 1 ( 𝑡 − 𝑟 ) 
𝑋 2 ( 𝑡 − 𝑟 ) 

] ) 

+ 

[ 
𝑢 1 ( 𝑡 ) 
𝑢 2 ( 𝑡 ) 

] 
(2)

here [ 𝑋 1 ( 𝑡 ) , 𝑋 2 ( 𝑡 ) ] represents the EEG and SCE signals; [ 𝑢 1 ( 𝑡 ) , 𝑢 2 ( 𝑡 ) ]
s uncorrelated Gaussian noise representing the model residuals; 𝑩 ( 𝑟 )
s the MVAR coefficients, which describe the dependence of 𝑋( 𝑡 ) on
( 𝑡 − 𝑟 ) ( 𝑟 = 1 , 2 , … , 𝑝 ) while excluding the coefficients related to

he instantaneous effects from the desired spectral causality measure
i.e., 𝑟 ≠ 0); and 𝑝 , the largest number of time points prior to 𝑡 used to
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Fig. 1. The comparison of EEG (A) and SCE (B) spectral power between eyes-closed (EC) and eyes-open (EO) conditions. (A) The EEG spectral power in 
the delta frequency band, which showed a topographical distribution maximal in the frontal-central region of the brain, was significantly lower in the EC condition 
than in the EO condition. In contrast, the EEG spectral power in the alpha frequency band, which was maximally distributed at the occipital region of the brain, 
was significantly higher in the EC condition than in the EO condition. (B) The SCE spectral power in the delta frequency band was also significantly lower in the EC 
condition than in the EO condition. The SCE spectral power in the alpha frequency band was marginally higher in the EC condition than in the EO condition. In EEG 

and SCE boxplots, the PSD values of each subject in EC and EO conditions are marked with colored dots, and results from the same subject are connected with lines. 
Different colors represent different subjects, and the same color represents the same subject. Please note that the displayed EEG and SCE spectra are the summated 
values from all EEG and SCE electrodes, respectively. ∗ : p < 0.05, ∗ ∗ : p < 0.01. 
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odel 𝑋( 𝑡 ) , is determined by the performance of the model assessed by
kaike Information Criterion. The lPDC value, i.e., |𝐶 𝑖 ← 𝑗 ( 𝑓 ) |, is defined
s follows: 

𝐶 𝑖 ← 𝑗 ( 𝑓 ) 
||| = 

𝐵 𝑖𝑗 ( 𝑓 ) √ ∑𝑘 1 
𝜎
𝑘 2 

|||𝐵 𝑘𝑗 ( 𝑓 ) 
|||2 

(3)

here 𝐵 𝑖𝑗 ( 𝑓 ) is the Fourier transformation of the MVAR coefficient, i.e.,
 ( 𝑟 ) in Eq. (2) ; and 𝜎𝑘 represents the standard deviation of the model

esiduals. The lPDC value is in the interval of [0 1], where 0 stands for
he absence of an influence of the source 𝑗 on the target 𝑖 , and 1 stands
or a linearly predictable target 𝑖 from the source 𝑗. 

.9. Statistical analysis 

For spectral analysis, we used the paired-samples t -tests to assess the
ifference of spectral power between EC and EO conditions in all fre-
uency bands (delta, theta, alpha, beta, low gamma, and high gamma)
or EEG and SCE signals, respectively. 

For machine learning-based classification, the prediction accuracy
f the nine classifiers was first tested against the chance level (50%) us-
ng the one-sample t -test and then evaluated by the two-way repeated-
easures analysis of variance (ANOVA) to assess possible effects of “sig-
al type ” (three levels: EEG, SCE, and EEG & SCE), “feature type ” (three
evels: delta-power, alpha-power, delta- & alpha-power), and their in-
eraction. Planned contrasts using the paired-samples t -test were also
onducted to test whether prediction accuracy could be enhanced by in-
luding delta-power and alpha-power in the classifiers or including EEG
nd SCE signals in the classifiers. Specifically, first we tested whether
delta- & alpha-power ” classifiers had more accurate predictions than
delta-power ” or “alpha-power ” classifiers in EEG, SCE, and EEG & SCE
ignals, respectively; then we tested whether “EEG & SCE ” classifiers
chieved better prediction accuracy than “EEG ” and “SCE ” classifiers in
elta, alpha, and delta & alpha frequency bands, respectively. 

For corticospinal connectivity analysis, we used the paired-samples
 -test to assess the difference of wPLI between the EC and EO conditions
nd test whether the Spearman’s rank-order correlation between EEG
nd SCE was significant or not. 

For causal connectivity analysis, we used the paired-samples t -test to
ssess the difference of lPDC values (from EEG to SCE and from SCE to
EG respectively) between EC and EO conditions to determine whether
lectrophysiological signals in the spinal cord were regulated by brain
ctivities or vice versa. 

. Results 

.1. Spectral power of EEG and SCE 

The spectrogram suggested that EEG spectral power differences be-
ween the EC and EO conditions were mainly in the delta and alpha
requency bands ( Fig. 1 A and Supplementary Fig. 4). The scalp topogra-
hies showed that delta-power had a spatial distribution maximal in the
rontal-central region of the brain and that alpha-power was maximally
istributed in the occipital area of the brain ( Fig. 1 A). Delta-power in
EG was significantly lower in the EC condition than in the EO condi-
ion (EC: 0.33 ± 0.04, mean ± standard error, the same hereinafter; EO:
.50 ± 0.05; t (7) = − 3.621, p = 0.008, Cohen’s d = − 1.496), while alpha-
ower in EEG was significantly higher in the EC condition than in the
O condition (EC: 0.22 ± 0.05; EO: 0.12 ± 0.03; t (7) = 2.525, p = 0.040,
ohen’s d = 0.938). No significant power differences were observed in
ther frequency bands (see Supplementary Fig. 5 and Supplementary
able 1 for details). 

The spectrogram of SCE showed a dominant spectral power at low
requencies, e.g., at the delta frequency band, which also displayed re-
arkable differences between the EC and EO conditions ( Fig. 1 B and
5 
upplementary Fig. 4). Statistical comparisons revealed that the delta-
ower in SCE was significantly lower in the EC condition than in the
O condition (EC: 0.51 ± 0.09; EO: 0.64 ± 0.07; t (7) = − 2.991, p = 0.020,
ohen’s d = − 0.579). Compared to the EO condition, the alpha-power

n SCE was higher in the EC condition, but slightly missed the conven-
ional significance level even though the effect was of medium size (EC:
.04 ± 0.01; EO: 0.03 ± 0.01; t (7) = 2.193, p = 0.063, Cohen’s d = 0.725).
oreover, significant EC vs. EO power differences were found in the

eta (EC: 0.11 ± 0.02; EO: 0.07 ± 0.02; t (7) = 2.708, p = 0.030, Cohen’s
 = 0.592), low gamma (EC: 0.10 ± 0.02; EO: 0.07 ± 0.02; t (7) = 3.188,
 = 0.015, Cohen’s d = 0.439), and high gamma frequency bands (EC:
.18 ± 0.04; EO: 0.13 ± 0.03; t (7) = 2.745, p = 0.029, Cohen’s d = 0.485).
o significant difference between the EC and EO conditions was ob-

erved in the theta frequency band (see Supplementary Fig. 6 and Sup-
lementary Table 2 for details). 

.2. Machine learning-based classification 

As showed in Fig. 2 , the “delta-power ” classifier (0.66 ± 0.05,
 (7) = 3.477, p = 0.010, Cohen’s d = 1.229), “alpha-power ” classifier
0.69 ± 0.06, t (7) = 3.064, p = 0.018, Cohen’s d = 1.083), and “delta-
nd alpha-power ” classifier (0.74 ± 0.05, t (7) = 4.558, p = 0.003, Co-
en’s d = 1.611) in EEG signals were able to predict EC/EO conditions
bove the chance level (i.e., 50% prediction accuracy). In contrast, in
CE signals only the “delta- and alpha-power ” classifier could predict
C/EO conditions more accurately than the chance level (0.68 ± 0.06,
 (7) = 3.067, p = 0.018, Cohen’s d = 1.084). If both EEG and SCE signals
ere fed into the classifiers, the “delta-power ” classifier (0.73 ± 0.06,

 (7) = 4.211, p = 0.004, Cohen’s d = 1.489), “alpha-power ” classifier
0.73 ± 0.06, t (7) = 3.934, p = 0.006, Cohen’s d = 1.391), and “delta-
nd alpha-power ” classifier (0.81 ± 0.05, t (7) = 5.736, p = 0.0007, Co-
en’s d = 2.208) all predicted the EO/EC conditions above the chance
evel. 

Two-way repeated-measures ANOVA showed that the prediction ac-
uracy was modulated by the factor “signal type ” ( F (2,14) = 4.467,
 = 0.028, partial 𝜂2 = 0.118), but not by the factor “feature type ”
 F (2,7) = 3.250, p = 0.069, partial 𝜂2 = 0.194) and their interaction
 F (4,14) = 1.614, p = 0.198, partial 𝜂2 = 0.011). Post hoc multiple com-
arisons showed that the prediction accuracy of classifiers with EEG
nd SCE signals was significantly higher than that with only SCE signals
 p = 0.009). 

Descriptively, a better prediction accuracy seemed to be achieved by
ncluding EEG and SCE signals or delta- and alpha-powers in the clas-
ifier. Indeed, among the nine classifiers we considered, the highest ac-
uracy (0.81 ± 0.05) occurred when EEG and SCE signals, and delta- and
lpha-powers were used as predictors. This observation was largely con-
rmed by planned contrasts. For classifiers with EEG and SCE signals,
he prediction accuracy of the “delta- & alpha-power ” classifier was sig-
ificantly higher than that of the “delta-power ” classifier ( t (7) = 2.597,
 = 0.035, Cohen’s d = 0.918). Similarly, for EEG classifiers, the “delta-
 alpha-power ” classifier had higher accuracy than the “delta-power ”
lassifier ( t (7) = − 2.409, p = 0.047, Cohen’s d = 0.852). In addition, for
CE classifiers, the prediction accuracy of the “delta- & alpha-power ”
lassifier was significantly higher than that of the “alpha-power ” clas-
ifier ( t (7) = 2.490, p = 0.042, Cohen’s d = 0.881), and marginally sig-
ificantly higher than that of the “delta-power ” classifier ( t (7) = 2.261,
 = 0.058, Cohen’s d = 0.799) ( Fig. 2 ). 

For classifiers with delta- and alpha-power, the “EEG & SCE ” classi-
er achieved higher accuracy than the “SCE ” classifier ( t (7) = 3.168,
 = 0.016, Cohen’s d = 1.120). This pattern also occurred in clas-
ifiers with other signal types. For classifiers with delta-power, the
EEG & SCE ” classifier had higher accuracy than the “SCE ” classifier
 t (7) = 3.469, p = 0.010, Cohen’s d = 1.226). For classifiers with alpha-
ower, the “EEG & SCE ” classifier had higher accuracy than the “SCE ”
lassifier ( t (7) = 3.594, p = 0.009, Cohen’s d = 1.271). 
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Fig. 2. Prediction accuracy of machine learning-based classifiers 

in predicting eyes-closed/eyes-open conditions. The prediction 
accuracy of classifiers with EEG and SCE signals was significantly 
higher than that with SCE signals. Specifically, the prediction accuracy 
of “delta-power ”, “alpha-power ”, and “delta- & alpha-power ” classi- 
fiers with EEG & SCE signals was all significantly higher than those 
with SCE signals. For EEG & SCE signals, the prediction accuracy of 
the “delta-power ”, “alpha-power ”, and “delta- & alpha-power ” clas- 
sifiers was all significantly higher than the chance level (i.e., 50% 

prediction accuracy). Besides, the prediction accuracy of the “delta- 
& alpha-power ” classifier was significantly higher than that of the 
“delta-power ” classifier. For EEG signals, the prediction accuracy of 
the “delta-power ”, “alpha-power ”, and “delta- & alpha-power ” clas- 
sifiers was all significantly higher than the chance level. Moreover, 
the prediction accuracy of the “delta- and alpha-power ” classifier was 
significantly higher than that of the “delta-power ” classifier. For SCE 
signals, the prediction accuracy of the “delta- & alpha-power ” classi- 
fier was significantly higher than the chance level and significantly 
higher than that of the “alpha-power ” classifier. Prediction accuracy 
of each subject is marked with colored dots. Different colors represent 

different subjects, and the same color represents the same subject. The dashed line represents 50% prediction accuracy. ∗ : p < 0.05, ∗ ∗ : p < 0.01, ∗ ∗ ∗ : p < 0.001. 

3

 

f  

w  

p  

C  

d  

(  

h  

t  

m
 

c  

p  

o  

d  

s  

b  

S  

r  

r  

r

3

 

o  

b  

u  

b  

v  

s  

0  

v  

a  

0  

f  

t  

0  

a  

d  

t  

a  

4

 

S  

r  

c  

r  

t  

f  

b  

b  

c  

m  

i  

E  

j  

t  

q  

w  

n  

d  

t  

a  

s  

t
 

i  

i  

2  

b  

2  

s  

t  

s  

v  

h  

i  

b  

2  

i  

I  

r  

c  

t  

c

.3. Corticospinal connectivity 

As shown in Fig. 3 A, wPLI remained stable across frequency bands
or both EC and EO conditions. No statistically significant differences
ere observed in all frequency bands: (1) delta band: t (6) = − 1.558,
 = 0.170, Cohen’s d = − 0.589; (2) theta band: t (6) = 0.482, p = 0.647,
ohen’s d = 0.182; (3) alpha band: t (6) = − 0.903, p = 0.401, Cohen’s
 = − 0.341; (4) beta band: t (6) = − 2.197, p = 0.070, Cohen’s d = − 0.830;
5) low gamma band: t (6) = − 0.561, p = 0.595, Cohen’s d = − 0.212; (6)
igh gamma band: t (6) = − 0.185, p = 0.859, Cohen’s d = − 0.070. Taken
ogether, these results suggest that corticospinal phase synchronization
ay not be modulated by EO/EC behaviors. 

Spearman’s rank-order correlation revealed a significant positive
orrelation between EEG and SCE power changes (EC - EO) at the al-
ha band, Spearman rho = 0.762, t (7) = 2.881, p = 0.028 ( Fig. 3 B). In
ther words, EEG alpha power changes between the EC and EO con-
itions were monotonically related with SCE alpha power changes. No
ignificant correlations were found in other frequency bands: (1) delta
and: Spearman rho = 0.262, t (7) = 0.665, p = 0.531; (2) theta band:
pearman rho = 0.405, t (7) = 1.084, p = 0.320; (3) beta band: Spearman
ho = − 0.143, t (7) = − 0.353, p = 0.736; (4) low gamma band: Spearman
ho = − 0.643, t (7) = − 2.056, p = 0.086; (5) high gamma band: Spearman
ho = 0.048, t (7) = 0.117, p = 0.911. 

.4. Causal relationship between EEG and SCE 

As showed in Fig. 4 A, lPDC values from EEG to SCE had two obvi-
us peaks for both EC and EO conditions, one in the delta frequency
and and the other in the alpha frequency band. However, lPDC val-
es from SCE to EEG had no marked fluctuation and was almost flat for
oth EC and EO conditions. Paired-samples t -tests indicated that lPDC
alues from EEG to SCE in the delta frequency band were significantly
maller in the EC condition than in the EO condition (EC: 0.19 ± 0.03; EO:
.25 ± 0.04; t (7) = − 2.660, p = 0.032, Cohen’s d = − 0.642), while lPDC
alues from EEG to SCE in the alpha frequency band between the EC
nd EO conditions were not significantly different (EC: 0.22 ± 0.04; EO:
.17 ± 0.03; t (7) = 1.559, p = 0.163, Cohen’s d = 0.466). For lPDC values
rom SCE to EEG, no significant differences between EC and EO condi-
ions were observed in both delta and alpha frequency bands (delta: EC:
.08 ± 0.01; EO: 0.07 ± 0.01; t (7) = 0.515, p = 0.623, Cohen’s d = 0.314;
lpha: EC: 0.07 ± 0.003; EO: 0.07 ± 0.01; t (7) = 0.902, p = 0.397, Cohen’s
 = 0.454). These results suggested that electrophysiological signals in
he spinal cord probably received top-down regulation from the brain
nd that this regulation could be reflected in the delta band oscillations.
6 
. Discussion 

In this study, we developed a novel method to simultaneously record
CE and EEG signals and demonstrated its validity using a classical
esting-state study design. Specifically, we validated the modified spinal
ord stimulator as a recorder of SCE signals, and, with simultaneously
ecorded SCE and EEG signals, explored the communication between
he spinal cord and the brain. For both EEG and SCE, signals in low-
requency bands, including delta (1–4 Hz) and alpha (8–13 Hz), changed
etween the EC and EO conditions. Combining the delta- and alpha-
and power of EEG and SCE predicted the EO/EC conditions more ac-
urately than the delta- or alpha-power alone, suggesting the comple-
entary nature of these two frequency bands. Furthermore, combin-

ng EEG and SCE signals achieved better prediction performance than
EG or SCE signals alone, indicating that EC/EO behaviors may be
ointly encoded by EEG and SCE signals. Whereas no significant cor-
icospinal phase synchronization differences were observed in any fre-
uency bands, EEG alpha power changes were significantly correlated
ith SCE alpha power changes. Causal connectivity analysis showed sig-
ificantly higher lPDC values from the brain to the spinal cord in the
elta band in the EC condition compared to the EO condition. Taken
ogether, these results implied that simultaneous SCE-EEG recording is
n effective and dependable tool to study spinal cord activity and brain-
pinal communication and can help better understand the functions of
he CNS. 

In EEG, we found that delta-band oscillations in the EO condition
ncreased significantly compared to the EC condition. This finding is
n line with many previous studies ( Chen et al., 2008 ; Kan et al.,
017 ; Zhang et al., 2019 ). Although functions and mechanisms of sub-
and neural oscillations have not been solidly revealed ( Buzsáki et al.,
013 ), it has been a consensus that oscillations have separate and
ignificant functions in the brain instead of just a by-product of
he activity of neural networks ( Lopes da Silva, 1991 ). Many re-
earchers believe that delta-band oscillations are related to the acti-
ation of cognitive processing ( Güntekin and Ba ş ar, 2016 ) and the in-
ibition of interfering neural activities ( Harmony, 2013 ). In the rest-
ng state, EC can be regarded as an “interoceptive ” state, characterized
y imagination and more sensitive somatosensation ( Brodoehl et al.,
015 ), while EO seems to be an “exteroceptive ” state, character-
zed by attention and ocular motor activity ( Marx et al., 2003 ).
n other words, the EO condition requires relatively more cognitive
esources than the EC condition. Therefore, delta-power would in-
rease under the relatively high cognitive loading situation where pa-
ients were passively exposed to possible visual stimuli in the EO
ondition. 



F. Wang, L. Zhang, L. Yue et al. NeuroImage 232 (2021) 117892 

Fig. 3. Corticospinal connectivity between EEG and SCE signals in the EC and EO conditions. (A) Phase-based connectivity between EEG and SCE in six 
frequency bands. The wPLI values of each subject in EC and EO conditions are shown with colored dots, and results from the same subject are connected with lines. 
Different colors represent different subjects, and the same color represents the same subject. No significant difference was found between EC and EO conditions in 
all frequency bands. Please note that data from one subject were removed from the statistical analysis due to their being more than 3 standard deviations away from 

the mean wPLI across subjects. (B) Power-based connectivity between EEG and SCE in six frequency bands. The x axis is the EEG power difference between the EC 
and EO conditions (EC - EO); the y axis is the SCE power difference between the EC and EO conditions. In the alpha band, a significant correlation between EEG 

power differences and SCE power differences was observed. ∗ : p < 0.05. 
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Another significant finding in EEG was the larger alpha-power in
he EC condition than in the EO condition, which is reminiscent of
ultitudinous previous studies dating back to almost a century ago

 Adrian and Matthews, 1934 ; Barry et al., 2007 ; Berger, 1929 ). Since
lpha-band oscillations were first described in Berger’s (1929) study,
lenty of research has confirmed that simply opening eyes lowers the
lpha-power ( Barry et al., 2007 ; Chen et al., 2008 ; Kan et al., 2017 ). Re-
ent studies associated the changes in alpha-band oscillations with the
nhibition of basic cognitive processes ( Jensen and Mazaheri, 2010 ). For
nstance, some studies used visual tasks and observed that a power de-
rease in the alpha-band oscillations was associated with the activation
f task-related brain regions and vice versa ( Jensen and Mazaheri, 2010 ;
elly et al., 2006 ; Klimesch, 2012 ). These studies indicated that expo-
ure to visual stimuli during the EO condition could trigger a power de-
rease in alpha-band oscillations. Our EEG results, highly aligned with
hese previous studies, therefore testified to the quality of our EEG sig-
7 
als and implied that the recording device itself introduced few, if any,
ignal distortions. Since EEG and SCE shared the same recording device
n the present study, the quality of SCE data would likely be acceptable
s well. 

In SCE, we found similar patterns of delta- and alpha-band power
hanges during EC/EO conditions. Delta-power was larger in the EO
ondition than in the EC condition, while alpha-power was marginally
ignificantly smaller in the EO condition than in the EC condition. These
ndings indicate that the spinal cord and the brain may encode EC/EO
ehaviors alike, even though we are not particularly sure whether the
unctions of alpha and delta frequencies in the spinal cord are similar or
dentical to those in the brain because of limited existing knowledge. Fu-
ure studies recording SCE signals may provide a clear answer. Notably,
n SCE, we also observed smaller power in beta, low gamma, and high
amma frequency bands in the EO condition than in the EC condition.
t should be noted that high-frequency signals are susceptive to muscle
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Fig. 4. The causal relationship between EEG and SCE signals. (A) lPDC values from EEG to SCE had two obvious peaks for both EC and EO conditions, one in the 
delta frequency band and the other in the alpha frequency band. In the boxplots, the lPDC values of each subject in EC and EO conditions are shown with colored 
dots, and results from the same subject are connected with lines. Different colors represent different subjects, and the same color represents the same subject. In 
addition, lPDC values in the delta frequency band only were significantly larger in the EO condition than in the EC condition. (B) lPDC values from SCE to EEG had 
no marked fluctuation and was almost flat for both EC and EO conditions. There were no significant differences in lPDC values between the EC and EO conditions 
in both delta and alpha frequency bands. ∗ : p < 0.05. 
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rtifacts ( Muthukumaraswamy, 2013 ) and that the spinal cord is more
ulnerable to physiological motion than the brain due to the fact that the
pinal cord is covered by many back muscles and moves together with
espiration and the flow of cerebrospinal fluid ( Stroman et al., 2014 ).
herefore, we are not able to rule out the possible contribution of muscle
rtifacts on different patterns of high-frequency power changes in SCE
ignals, especially when power changes in these frequency bands were
ot obtained in EEG signals. The detailed mechanisms associated with
hese high frequencies in SCE signals deserve to be explored in future
tudies. 

To further explore the role of CNS activities in the EC/EO conditions,
e fed delta- and alpha-band powers of EEG, SCE, and EEG & SCE signals

nto the support vector machine to learn and predict EC/EO behaviors.
he machine learning-based classification added some important pieces
f extra information to the traditional statistical analysis. First, in ad-
ition to confirming the results that delta- and alpha-band powers con-
ained information about EC/EO behaviors, the classification analysis
ndicated that delta- and alpha-band powers may contain complemen-
ary information, as improved prediction accuracy could be achieved by
ombining delta- and alpha-band powers. Moreover, EEG and SCE sig-
als were shown to jointly encode EC/EO behaviors because combining
8 
EG and SCE signals also achieved better prediction performance than
nly feeding SCE or EEG signals into classifiers. Taken together, these
esults suggest that EC/EO behaviors are probably encoded in different
requency band powers of EEG and SCE signals. 

To determine the functional relationship between the brain and the
pinal cord, we also investigated corticospinal connectivity by comput-
ng wPLI and Spearman’s rank-order correlation coefficients between
CE and EEG signals and the information flow within the CNS using
ausal connectivity analysis. It turned out that no significant phase syn-
hronization differences between the EO and EC conditions could be
bserved in any frequency bands. This result implied that corticospinal
hase synchronization is probably not modulated by EO/EC behaviors.
n contrast, alpha power changes (EC - EO) of EEG signals were signifi-
antly correlated with those of SCE signals, suggesting that cortical and
pinal alpha power changes tend to remain consistent across individu-
ls. More importantly, there was a significantly higher lPDC from EEG
ignals to SCE signals in the delta band for the EO condition than the EC
ondition, but not in other frequency bands. These findings supported
he speculation that different frequencies of oscillations favor different
ypes of connection ( Harmony, 2013 ) and indicated a top-down regula-
ion from the brain to the spinal cord during EC/EO conditions. Lower
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requencies are believed to facilitate large area information transmis-
ion and integration ( Buzsaki, 2006 ). Delta-band oscillations are thus
ell-suited to encode the information flow from the brain to the spinal

ord. 
In resting-state studies, subjects are asked to keep relaxed and do

ractically nothing. Their brains are thus likely to only process visual,
uditory, and somatosensory information from the environment and
andom thoughts which subjects happen to have at the moment. Our
ndings provided evidence that, in the resting-state, the spinal cord re-
eived top-down regulation from the brain. Therefore, the top-down reg-
lation from the brain may thus reflect the brain’s attempt to inhibit the
omatosensory information, which is probably dominated by visual in-
ormation when subjects’ eyes are open. However, the exact role of the
elta band in the brain-spine information flow could not be ascertained
n this study alone due to the lack of sufficient existing knowledge. Fu-
ure studies with experimental tasks (e.g., performing/planning a motor
ask or receiving tonic/phasic sensory stimulation) are required to im-
rove our understanding of the brain-spine connection. Crucially, these
ndings also suggested that the simultaneous recording of SCE and EEG
ay be able to reveal the causal relationship between the brain and the

pinal cord. 
This study has important implications. First and foremost, apart

rom recording epidural electrophysiological signals ( Beri ć et al., 1986 ;
imitrijevic et al., 1980 ; Jones et al., 1982 ), we recorded EEG signals

imultaneously, thus providing a valuable tool to investigate the brain-
pinal interaction. The spinal cord is in charge of transmitting informa-
ion from the body to the brain and vice versa. Although only available
o a specific population at present, SCE could reveal the spinal mech-
nism in somatosensory and motor processing, and, combined with si-
ultaneous EEG recording, help better understand the communication

etween the brain and the spinal cord under various behavioral tasks,
t least in certain patients whose SCE signals could be obtained. For ex-
mple, discovering neuro-markers of pain has been a hot topic recently
 Davis et al., 2017 ; Hu and Iannetti, 2019 ; Mouraux and Iannetti, 2018 ;
u et al., 2019 ), but most of these studies only make use of brain sig-
als. With simultaneous SCE-EEG recording, we can incorporate spinal
ignals as well and explore the interaction between the spinal cord and
he brain in pain conditions. Moreover, much like implanted electrodes
n the brain, SCE recording may also help understand more conven-
ional outcomes applicable to healthy subjects, for example, spinal cord
MRI and spinal surface recording ( Hubli et al., 2019 ). In fact, Cioni and
eglio (1986) have checked the consistency of epidural and surface

ecordings and found that epidural recordings of spinal cord potentials
voked by segmental volleys are similar to those obtained from the skin.
oupled with EEG, simultaneous EEG-SCE recording can further test the
eliability and validity of simultaneous EEG and spinal surface recording
n future studies. 

Albeit its promising theoretical and practical implications, this study
as several major limitations. The first is the small number of subjects
i.e., eight). This was due to two main difficulties in recruiting subjects:
1) SCE recording relied on an invasive and implanted stimulator and,
s far as this study is concerned, could only be obtained from patients
ho had received SCS treatment for pain; (2) PHN is often diagnosed

n the elderly ( Stankus et al., 2000 ), and very few PHN patients sat-
sfied our subject selection criteria. The problem of the small sample
ize could lead to insufficient statistical power to detect, for example,
he alpha-power difference between the EC and EO conditions in SCE,
hich slightly missed the conventional significance level in this study
 p = 0.063). To partly mitigate this insufficient power problem, we did
ot correct p values reported above. The conclusions of the present
tudy should thus be considered tentative and require further confir-
ation in future studies. Second, all subjects in this study were PHN pa-

ients. Even though we had to recruit patients implanted with the spinal
ord stimulator to collect SCE signals, characteristics of EEG and SCE
n these patients might have been altered by neuropathic pain. Conse-
uently, some of our findings may not be generalizable to other patients
9 
r healthy individuals. Nevertheless, it is important to note that some
ndings (e.g., alpha power increases in the EC condition as compared
ith the EO condition) are the same as those from healthy subjects. The

hird limitation of note is that each subject’s spinal cord stimulator was
ot aligned and only covered limited spinal segments according to each
ne’s individual medical condition. Importantly, aligned recorders and
ull spinal cord coverage would also require a much larger subject num-
er and long-term data acquisition process. Finally, we only collected
esting-state electrical signals. To fully reveal the mechanisms of so-
atosensory/motor processing in the spinal cord and brain-spinal com-
unication, future studies should include somatosensory/motor tasks
hile simultaneously collecting SCE and EEG signals. 

. Conclusions 

In the present study, we developed a novel method to simultaneously
ecord SCE and EEG signals and validated its performance using a classi-
al resting-state study design. Specifically, we provided a full character-
zation of the SCE and EEG spectra and demonstrated that the spectral
ower of SCE and EEG signals was able to predict EC/EO behaviors. Ad-
itionally, causal connectivity analysis suggested a top-down regulation
rom the brain to the spinal cord, and this regulation was reflected in the
elta-band oscillations. Altogether, this study demonstrated the validity
f simultaneous SCE-EEG recording and showed that the novel method
s a valuable tool to investigate the brain-spinal interaction . 
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