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A B S T R A C T

Background: The global signal of resting-state functional magnetic resonance imaging (fMRI) constitutes an
intrinsic fluctuation and presents an opportunity to characterize and understand the activity of the whole brain.
Recently, evidence that the global signal contains neurophysiologic information has been growing, but the global
signal of electroencephalography (EEG) has never been determined.
New methods: We developed a new method to obtain the EEG global signal. The EEG global signal was re-
constructed by the reference electrode standardization technique and represented the outer cortical electro-
physiological activity. To investigate its relationship with the global signal of resting-state fMRI, a simultaneous
EEG-fMRI signal was recorded, and this was analyzed in 24 subjects.
Results: We found that the global signal of resting-state fMRI showed a positive correlation with power fluc-
tuations of the EEG global signal in the γ band (30–45 Hz) and a negative correlation in the low-frequency band
(4–20 Hz).
Comparison with existing method(s): Compared with the global signal of fMRI, the global signal of EEG provides
more temporal information about outer cortical neural activity.
Conclusions: These results provide new evidence for the electrophysiology information of the global signal of
resting-state fMRI. More importantly, due to its high correlation with the fMRI global signal, the EEG global
signal may serve as a new biomarker for neurological disorders.

1. Introduction

The fMRI global signal (GS) refers to the average time series of
blood oxygen level dependent (BOLD) signal of all voxels in the whole
brain (Zarahn et al., 1997). Previous research has suggested that GS is a
nuisance regressor, mainly due to the disruption caused by its effects,
including head motion, respiration, cardiac effects, and even inter-
ference from the MRI system (Bianciardi et al., 2009; Power et al.,
2016; Yan et al., 2009). To improve the quality of the signal, the global
signal has been considered a covariate, and it has been removed from
the BOLD signal. An interesting consequence after global signal re-
gression (GSR) is an increase in the degree of inverse correlation be-
tween the default mode network (DMN) and dorsal attention network
(DAN) (Fox et al., 2005).

However, there is growing evidence that the GS is not noise but that
it contains valuable information, and many neuroscientists argue

strongly against the use of GSR (Murphy and Fox, 2016; Power et al.,
2016; Saad et al., 2012; Yeo et al., 2015). First, many studies suggested
that the GS is state dependent. For example, some behavioral inter-
ventions, such as sleep deprivation, can greatly change the amplitude of
the GS, and GSR during preprocessing would interfere with the com-
parison between the sleep deprivation and normal sleep groups (Yeo
et al., 2015). Second, a series of other studies based on simultaneous
EEG-fMRI recording indicated that the GS fluctuation is negatively
correlated with the EEG measures of vigilance (Wong et al., 2016, 2012;
Wong et al., 2013). Third, the GS also differs between normal persons
and patients with mental illness, and it may carry diagnostic informa-
tion. Yang et al. (2014) compared schizophrenia patients to healthy
subjects and people diagnosed with bipolar disorder by using biologi-
cally informed computational modeling and found that the variance of
the GS was significantly higher in the schizophrenia patients. The in-
crease in variance reflected the growth of the self-coupling of local
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nodes and the global coupling between distant nodes. A further study
found that the topography of the GS served as a robust clinical marker
in schizophrenia and that it could be used as a diagnostic tool (Yang
et al., 2016). Moreover, GSR has a certain impact on data analysis. For
instance, it would incur aberrant correlation patterns and distorted
intergroup differences (Fox et al., 2009; Murphy et al., 2009; Saad
et al., 2012), and it would reduce the test-retest reliability of the sal-
ience network estimation in two scans with an interval of a year (Guo
et al., 2012).

Recently, multimodal neuroimaging was employed to identify the
neurophysiologic signature of the GS. Lachaux et al. (2007) found that
fMRI activations were closely linked with EEG γ band activations spa-
tially. They combined fMRI and intracranial EEG recordings of epileptic
patients performing a semantic decision task. For a visual attention
task, a simultaneous EEG-fMRI study further reported that trial-by-trial
BOLD fluctuations were positively correlated with trial-by-trial fluc-
tuations in the EEG γ band (Scheeringa et al., 2011). An animal study
using combined LFP and fMRI indicated that the γ band of local field
potential (LFP) power was positively correlated with fMRI signals over
the cortex, indicating that the GS was tightly coupled with the under-
lying neural activity (Schölvinck et al., 2010). In summary, all of these
studies point to the fact that the power of a particular frequency band,
namely, the γ band, has a relatively high correlation with the GS
(Lachaux et al., 2007; Schölvinck et al., 2010; Scheeringa et al., 2011).
However, many other simultaneous EEG-fMRI studies indicated an
opposite change in vascular and electrical activity (Lenkov et al., 2013;
Middlebrooks et al., 2017; Mcsweeney et al., 2017), which suggests that
there may different EEG-fMRI relationships that need to be considered
when the cortex and subcortex structures are interpreted (Mishra et al.,
2011).

What is the EEG global signal? An intuitive answer to this might be
the average signal of all of the channels. However, an obstacle to this is
that the EEG signal must be quantified as a potential difference from a
reference channel. If the EEG global signal is obtained by calculating
the average of all original online signals, it will depend strongly on the
signal from the reference channel. For practical application, this
average signal is always subtracted from each channel, i.e., the so-
called “average reference” in the field of EEG study. The average re-
ference as an easy-to-use method is widely adopted. Theoretically, the
common average of all recorded EEG activity will approximately equal
zero if the spatial sampling sufficiently covers a whole spherical head
surface with sufficient density (Bertrand et al., 1985; Nunez and
Srinivasan, 2006; Yao, 2017). Practically, EEG recordings are usually
based on the hemi-head (the upper part of the head) electrode array.
The average signal is definitively not zero, and we use this average
signal as the practical global electrophysiology signal. However, it
seems impossible to obtain an absolute measure of the global electro-
physiology signal from scalp EEG because there is no way to find a
neutral or “quiet” reference location. When the average reference is
adopted, this global signal gets lost during subtraction. Fortunately, the
reference electrode standardization technique (REST) proposed by Yao
can transform the EEG signal into the potentials referenced to a point
located at infinity (Yao, 2001), and it provides a way to obtain the
global electrophysiology signal from scalp EEG. When reconstructing
the equivalent source, the potentials referenced at infinity are ap-
proximately calculated from the equivalent sources. In the present
study, we developed a signal, the average signal after re-reference of
REST (see Methods for more detail), as the infinite-reference yielded
average oscillation (YAO) signal. The YAO signal is the average elec-
trical activity reconstructed from the scalp EEG, regardless of which
original reference it used. Considering its similarity to the GS of fMRI,
we considered the YAO signal as the EEG global signal. It is worth
noting that the YAO signal reflects only the electrical signals of the
outer cortex. It may not include the electrical activity in the subcortical
structure.

In a study of simultaneous intracortical recordings of neural signals

and fMRI responses, the high-frequency band of LFP power, namely, the
γ rhythm, could predict the activation of the BOLD signal (Logothetis
et al., 2001), and this association was extended to the GS of fMRI, as the
resting-state data indicated its positive correlation with the LFP-mea-
sured spontaneous fluctuations in a single cortical site (Schölvinck
et al., 2010). Here, because the YAO signal is the average electrical
activity of the whole-brain with a reference at a point of infinity, we
speculated that the YAO signal was equivalent to the fMRI GS and that
the power of high frequency band, i.e., the γ band, had a positive
correlation with the GS. In the present study, a simultaneous EEG-fMRI
recording was performed to collect the resting-state data from 24 sub-
jects and to explore the relationship between the YAO signal of EEG and
the global signal of fMRI. Specifically, we hoped to address the fol-
lowing questions: What are the spectrum properties of the YAO signal?
Is there any linear correlation between the YAO signal and the global
signal of fMRI, especially in the γ band? If so, what is the relation in
other frequency bands of the YAO signal?

2. Methods

2.1. Subjects

Twenty-four college students, ranging from 18 to 25 years in age
(mean ± std: 21.4 ± 2 years; 12 males) were recruited through online
advertisement. All subjects had normal or corrected-to-normal vision
and had no history of psychiatric or neurological illness when evaluated
by the psychiatric clinical assessment. This study was approved by the
ethics committee of Southwest University, and consent to participate in
the study was received from the subjects. The 24 students received a
monetary reward after they completed the study. The study contained
an eyes-open (EO) and an eyes-closed (EC) five-minute resting state.
Under the EO condition, the subjects were requested to concentrate on
the "+" in the middle of the screen, while in the EC condition, they
were informed that they needed to calm their mind into a relaxed state
and avoid consciously thinking about something.

2.2. Acquisition of MRI data

The whole-brain resting-state BOLD signals were acquired by a 3 T
Siemens Trio scanner. There were 200 functional volumes obtained in
each period with a T2-weighted gradient-echo planar imaging (EPI)
sequence (TR/TE=1500/29ms, FOV=192×192mm2, flip angle=
90°, acquisition matrix= 64×64, thickness/gap= 5/0.5mm, in-
plane resolution=3.0× 3.0mm2, axial slices= 25). Finally, there was
an acquisition of T1 that continued for 5min, and no other instructions
were given except to keep relaxed and hold still. With the 3D spoiled
gradient-echo (SPGR) sequence (TR/TE=8.5/3.4 ms,
FOV=240×240mm2, flip angle= 12°, acquisition matrix= 512×
512, thickness/gap=1/0mm), the whole-brain structural image was
acquired. The high-resolution T1-weighted structural volume provided
an anatomical reference for the functional scan. Head movements were
minimized by using a cushioned head fixation device.

2.3. Acquisition of EEG data

The Brain Products system was used for EEG data collection in the
present study (BrainAmp MR plus, Brain Products, Munich, Germany).
Thirty-two Ag/AgCl channels were placed on the scalp, and the channel
position was in accordance with the International 10–20 System. All
impedances were below 10 kΩ. The amplifier was a nonmagnetic MRI-
compatible EEG system. The FCz point was used as the reference for
online signal collection, and the sampling rate was 5 kHz. The EEG
amplifier was charged by a rechargeable power pack placed outside the
scanner bore. To ensure the temporal stability of the EEG acquisition in
relation to the switching of the gradients during the MR acquisition, we
used a SyncBox (SyncBox MainUnit, Brain Products GmbH, Gilching,
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Germany) to synchronize the amplifier system with the MRI scanner’s
system. The amplified and digitized EEG signal was transmitted to the
recording computer with fiber optic cables. The computer was placed
outside the scanner room and the Adapter (BrainAmp USB-Adapter,
Brain products, Gilching, Germany) converted optical signal into elec-
trophysiology signal.

2.4. fMRI preprocessing

The fMRI data were preprocessed using SPM8 (http://www.fil.ion.
ucl.ac.uk/spm/), which was developed by the Welcome Department of
Cognitive Neurology, London, UK. The preprocessing steps included
slice timing, head motion correction, spatial normalization, and
smoothing (6mm full-width at half-maximum Gaussian kernel). None
of the subject’s head motions exceeded 3mm. Based on the whole-brain
template (threshold: 0.1) from SPM, global signal (GS) was extracted.
At the same time, we used the gray matter template (threshold: 0.6)
from SPM to obtain an alternative version of the GS: the global signal of
the gray matter. Considering the contribution of white matter and
cerebrospinal fluid (CSF), these covariates were obtained by using the
white matter and CSF template of SPM. In the subsequent analysis,
these covariates, additionally including 6 head motion parameters,
were regressed as interference factors.

2.5. Estimation of the YAO signal

As illustrated in Fig. 1, the EEG preprocessing contained a series of
crucial steps to obtain the predictor of each band for the fMRI global
signal. Each step was described in detail as follows (see Fig. 1).

Step 1: MRI artifact correction. According to the average template
subtraction procedure, we first removed the fMRI gradient and ballis-
tocardiographic artifacts from the original EEG signal (Allen et al.,
2000; Niazy et al., 2005). Then, the EEG data were downsampled to
250 Hz and digitally filtered within the 0.1–45 Hz frequency band using
a Chebyshev II-type filter. The residual fMRI gradient and ballisto-
cardiographic artifacts, ocular artifacts and the muscle activity artifact
from the EEG data were further eliminated through temporal in-
dependent component analysis (ICA). The filtered EEG recordings were
re-referenced to the average reference for further analyses. All of these
processes were implemented with Vision Analyzer software (Version
2.0, Brain Products, Inc., Munich, Germany), and more details on this
were given in Supplementary Materials.

Step 2: estimation of the YAO signal. The average-referenced EEG
signals were further processed with reference electrode standardization
technique (REST) software (http://www.neuro.uestc.edu.cn/rest)
(Dong et al., 2017). REST translated the artifact-corrected signal into
another signal with the reference of a point at infinity by a transfer
matrix (Yao, 2001). The head model and equivalent source model were
the key components in estimating the transfer matrix, and we chose the
three-concentric-sphere model and equivalent source model provided
in the software (Dong et al., 2017). Then, the reconstructed signals of
all channels were averaged to obtain a new signal of a virtual channel,
namely, the infinite-reference yielded average oscillation (YAO) signal.
Basically, the YAO signal is the vector V’ as per the original paper by
(Yao, 2001). The YAO signal represents the outer cortical electro-
physiological activity. To estimate the YAO signal, here, we recommend
using a number of channels more than 32 and using channels that cover
the upper part of the head.

Step 3: calculation of the band power. The YAO signal was epoched
to 1.5 s, corresponding to the TR of our fMRI acquisition. Using fast
Fourier transform, we calculated the power in seven frequency bands: δ
(2–4 Hz), θ (4–8 Hz), α1 (8–10.5 Hz), α2 (10.5–13 Hz), β1 (13–20 Hz),
β2 (20–30 Hz), and γ (30–45 Hz). To approximate a normal distribu-
tion, the power value was transformed into logarithms (10× log10(μv2/
Hz)) before statistical analysis was performed. Because of the remnants
of the gradient artifact, micromovements and muscle activity, epochs of

power appearing to contain artifacts by visual inspection, were dis-
carded and replaced by interpolating the band power linearly between
segments before and after the artifacts.

Step 4: convolution of the hemodynamic response function with
band power. The band power curves of the YAO signal were convolved
with the canonical hemodynamic response function (HRF). This HRF
comprised the sum of two gamma functions and was the default option
in SPM (Friston et al., 1998). The canonical HRF exhibited a rise
peaking approximately 5 s, followed by an undershoot. Then, the HRF-
convolved band power curves were correlated with the fMRI global
signal. We calculated the correlation coefficient for each band in each
subject, and these coefficients were further transformed by Fisher’s r-to-
z to improve their normality. We conducted a one-sample t-test to check
whether there was consistent correlation between the EEG band power
and the fMRI global signal. As all of the above analyses were ex-
ploratory studies, all of the p-values were uncorrected for multiple tests.
However, we also reported the Bonferroni-corrected results of our
major results.

2.6. Statistical comparisons

The YAO signal, which was generated after the re-reference of REST
was performed, was a new signal representing the average global
electrical activity. To explore the relationship between the YAO signal
and the signal of each channel, we used fast Fourier transform to cal-
culate the power of the YAO signal across frequencies on each subject.
Meanwhile, the power of each channel in each frequency band was
calculated, and the mean power of all the channels were calculated to
obtain the grand average power (GAP). In Supplementary Fig. S1, the
data flow diagram for calculating the grand average power and the
power of the YAO signal is illustrated. It should be noticed that the two
power were constructed based on the average-referenced signal, and
both describe the neural activity band power of the outer cortex. 2
(signal types: YAO or GAP)× 7 (frequency bands) ANOVA was applied
separately in the EO and EC conditions (see Fig. 2A, B).

2.7. Complementary analyses

To test the replicability of the research, we conducted several
complementary analyses. For the fMRI global signal, we extracted the
signal of the whole brain and, at the same time, considered the signal
from the gray matter, which greatly reduced the effect of white matter.
We further employed the subject’s individual segmentation of gray
matter to increase the accuracy of the global signal estimation. We used
the modified Gaussian mixture model in SPM to segment MR images
into different tissue classes. This algorithm can produce a more robust
classification based on the prior spatial probability of each voxel from
gray matter, white matter or cerebrospinal fluid (Ashburner and
Friston, 2005). For the EEG global signal, an alternative choice was the
band power of each channel after the average-reference was computed.
In this analysis, the signal of each channel was epoched to 1.5 s, and
then, the band power was calculated in each epoch and logarithmically
transformed. Because of the low signal-to-noise ratio for a single
channel, we automatically discarded the time point with an artifact and
replaced it by an interpolating one (the same procedure described in
Step 3). The artifact time point was defined as the absolute amplitude
2.5 times larger than the median amplitude. The number of the artifact
time points on a channel for each participant ranged from 1 to 23
(mean ± std= 11.2 ± 5.2). Each channel corresponded with a time
course in each frequency band, and the correlation coefficient of it with
the fMRI global signal was calculated for each band in each channel.
This analysis would indicate the spatial distribution of the fMRI global
signal in the scalp surface.
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3. Results

3.1. Spectrum properties of the YAO signal

In the EO condition, the main effects of the signal types and fre-
quency bands were significant (F(2.28, 52.48)= 171.77, p < 0.001; F
(1, 23)= 187.13, p < 0.001), and the interaction within the two fac-
tors was significant too (F(3.16, 72.77)= 9.68, p < 0.001). In the EC
condition, we had similar results: the main effects for signal types (F(1,
23)= 288.49, p < 0.001), frequency bands (F(2.65, 60.91)= 216.27,
p < 0.001), and interaction (F(3.31, 76.09)= 18.16, p < 0.001) were
significant. These results illustrated that the YAO signal was not simply
the linear weighting of the grand average power of all of the scalp
channels but that it differed in frequencies of both EO and EC condi-
tions. We calculated the correlation coefficients between the two sig-
nals in each frequency band, and they were highly related to the total
(see Fig. 2C, D). The range of the correlation coefficient was
0.4353–0.7896, corresponding to β1 (p=0.0335) in the EC condition
and to γ (p < 0.001) in the bands in the EO condition (Fig. 2). As α
rhythm is the dominate rhythm for the comparison between the EO and
EC conditions, we conducted separate t-tests between these conditions
in the YAO signal and found the reserved larger value of α1 rhythm in
the EC condition (t= 2.016, p=0.028), but it was not significant for

α2 (t= 1.396, p=0.088, see Supplementary Fig. S2).

3.2. Correlation between HRF-convolved YAO signal and fMRI global signal

Correlation analyses were applied between the HRF-convolved band
power of the YAO signal and that of the fMRI global signal, as illu-
strated in Fig. 3 and Table 1. In the EC condition, there was a significant
positive correlation between the γ band of the YAO signal and the fMRI
global signal (r= 0.667, p < 0.001, Supplementary Fig. S3). In the
other frequency bands, ranging from θ to β1, inverse correlation existed
(θ, r=−0.450, p < 0.001; α1, r=−0.296, p=0.003; α2,
r=−0.326, p < 0.001; β1, r=−0.201, p=0.003). However, there
was no significant correlation in the frequency bands of δ (r=−0.183,
p=0.033) or β2 (r= 0.086, p=0.211). There were similar strong
correlations in the EO condition, especially in γ (r= 0.232, p=0.003).
In short, our data demonstrated that the YAO signal had opposite re-
lationships to the fMRI global signal in two broad frequency domains:
(i) a low-frequency band (4–20 Hz) with slightly negative correlation,
and (ii) a high-frequency band (γ, 30–45 Hz) that showed a consistent
positive correlation in both the EO and EC conditions (Fig. 3 and
Table 1).

Because gray matter is the main contributor to the BOLD signal, we
alternatively used the template of gray matter to extract the global

Fig. 1. The flow diagram of data analysis. Step 0: the raw EEG signal recorded in MRI gantry; Step1: EEG cleaned of the fMRI gradient and ballistocardiographic
artifacts; Step 2: the amplitude profile of the YAO signal oscillations in a time window of 10 s; Step 3: the band power of all the seven rhythms over the entire session
in the time window of 300 s; Step 4: the time courses of seven band power after convolution with the hemodynamic response function.
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signal. The result was similar to that based on the template of the whole
brain even further employed the subject’s individual segmentation of
gray matter (see Supplementary Table S1 for more information). We
also considered the contribution of different subbands of the fMRI
global signal in the correlation to the EEG signal, as all frequency bands
below 0.33 Hz (TR=1.5 s) may contribute to the strong correlation
observed. The result was very similar to the band of 0-0.01 Hz
(Supplementary Table S1). However, in a condition of the band of
0.01–0.08 Hz, which was considered the main contribution to the fMRI
signal, the correlation disappeared, and the mean correlation ranged
from −0.1847 to 0.1685 among different EEG frequency bands. We
further analyzed the correlation between the power of each channel and
the fMRI global signal. The result indicated that the correlation with
each single channel was also significant. As illustrated in Fig. 4, in the
EC and EO conditions, the range of the correlation with each channel

after the average reference was from −0.3514 (θ band) to 0.6265 (γ
band) (Fig. 4).

4. Discussion

We aimed to investigate how changes in the average electro-
physiology activity of the whole scalp in different frequency bands were
related to the global signal of resting-state fMRI. Here, we developed a
new signal to represent the global electrophysiology signal referenced
to a point at infinity, i.e., the YAO signal. One important finding of this
study is that the HRF-convolved γ band (30–40 Hz) of the YAO signal
was positively correlated with the global signal of fMRI (0-0.33 Hz),
both in the eyes-closed (EC) and eyes-open (EO) conditions. Inversely,
the low frequency band (4–20 Hz) of the YAO signal was negatively
correlated with the global signal. Our findings implied that the YAO

Fig. 2. The comparison of the power of YAO
signal and the grand average power (GAP) of
all the channels. (A) In the EO condition, (B) in
the EC condition, the grand average power
(green) and the power of YAO signal (blue).
ANOVA tests found Yao signal had lower
power, and their interaction with frequency
bands was significant. (C) In the EO condition,
(D) in the EC condition, the grand average
power was highly related with the power of
YAO signal in all frequency bands. The bars
and the error bar stand for mean and standard
error. (For interpretation of the references to
colour in this figure legend, the reader is re-
ferred to the web version of this article.)

Fig. 3. Correlation between the YAO signal of scalp EEG and
fMRI global signal. The left panel is for the EO condition, and
the right is for the EC condition. In the EO condition, the α2
band was correlated negatively with the fMRI global signal
(r=−0.163, p= 0.008) while the γ band positively
(r= 0.232, p=0.003). In the EC conditions, the low fre-
quency bands (θ, α1, α2, and β1) showed negative correlation
with GS (r=−0.4450, p < 0.001; r=−0.296, p=0.003; r
= -0.325, p < 0.001; r=−0.201, p= 0.003 respectively)
while the γ band had significant positive correlation
(r= 0.667, p < 0.001). The bars and the error bar stand for
mean and standard error. * represent p < 0.05 and ** re-
present p < 0.01 after Bonferroni correction.
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Table 1
Correlation between the HRF-convolved band power of YAO signal of EEG and fMRI global signal in eyes-closed and eyes-open conditions. The results for each
frequency band (δ, θ, α1, α2, β1, β2, γ) and each subject were listed. The descriptive statistic (mean, stand deviation, t- and p-value) were listed in the last four rows.
Boldfaced values represented the significant correlation after Bonferroni correction (p < 0.05/14). The original correlation coefficient was Fisher’s r-to-z trans-
formed to improve their normality.

subject Eyes-open Eyes-closed

δ θ α1 α2 β1 β2 γ δ θ α1 α2 β1 β2 γ

1# −0.428 −0.312 −0.308 −0.211 0.309 0.266 0.134 −0.440 −0.297 −0.492 −0.457 −0.147 0.232 0.685
2# −0.668 −0.468 −0.521 −0.411 −0.297 0.503 0.650 0.142 −0.588 −0.418 −0.040 0.107 −0.028 0.611
3# −0.172 −0.472 0.347 −0.165 −0.560 0.345 0.341 −0.652 −0.546 0.204 −0.279 0.071 −0.011 0.808
4# −0.148 −0.269 −0.217 0.009 0.172 0.164 0.133 −0.334 −0.095 −0.331 −0.472 −0.542 0.291 0.633
5# 0.215 −0.098 −1.227 −0.544 −0.251 0.742 0.700 −0.864 −0.438 −0.236 −0.389 −0.348 0.110 1.014
6# −0.414 −0.281 −0.167 0.020 −0.107 −0.104 0.558 −0.790 −0.842 −0.526 −0.263 −0.344 0.560 0.984
7# 0.003 0.130 0.204 −0.525 −0.154 0.066 0.098 0.211 −0.206 −0.646 −0.024 −0.043 −0.135 0.419
8# 0.586 0.212 0.429 0.322 −0.458 −0.439 −0.199 0.593 0.410 0.588 −0.308 0.016 −0.559 −0.299
9# 0.000 −0.045 −0.190 0.188 0.056 0.366 −0.341 0.192 −0.447 −1.028 −0.641 −0.914 0.147 1.313
10# 0.049 −0.074 0.241 0.349 −0.232 0.017 −0.120 −0.257 −0.369 −0.097 0.031 −0.022 0.215 0.153
11# −0.414 −0.305 −0.139 −0.167 −0.429 0.092 0.741 −0.353 −0.653 −0.210 −0.189 0.012 −0.145 0.489
12# −0.300 0.232 −0.249 −0.123 0.340 −0.392 0.271 0.479 −0.243 −0.593 −0.397 −0.134 0.310 0.310
13# 0.309 0.379 0.419 0.111 −0.068 −0.119 −0.492 −0.282 −0.522 −0.621 −0.424 0.379 0.292 0.685
14# −0.218 −0.146 −0.179 −0.145 −0.061 −0.103 0.314 −0.511 −0.742 −0.489 −0.362 −0.138 0.075 1.175
15# 0.195 0.031 0.002 −0.361 −0.558 0.090 0.259 −0.197 −0.156 0.408 0.258 −0.637 −0.002 0.340
16# 0.067 −0.059 −0.357 −0.723 −0.291 0.507 0.337 −0.038 0.029 0.537 0.231 −0.066 −0.128 −0.253
17# −0.129 0.030 0.174 0.041 0.171 −0.122 −0.071 −0.091 −0.492 −0.363 −0.183 −0.276 −0.223 1.057
18# 0.058 0.049 −0.222 −0.143 0.507 0.044 −0.280 −0.715 −1.031 −0.567 −0.707 −0.759 0.690 1.571
19# −0.119 0.121 −0.049 −0.087 −0.284 −0.099 0.480 0.153 −0.530 −0.552 −0.839 −0.273 −0.811 1.196
20# 0.258 −0.189 −0.805 −0.466 0.105 0.188 0.402 0.455 −0.307 0.229 −0.706 0.147 0.261 0.043
21# −0.233 −0.185 0.183 −0.053 −0.209 0.196 0.189 −0.321 −0.831 −1.063 −0.602 −0.165 0.368 0.996
22# −0.204 −0.580 −0.672 −0.115 −0.097 0.206 0.720 −0.292 −0.859 0.021 −0.379 −0.123 0.209 0.700
23# 0.064 0.102 −0.413 −0.167 −0.251 −0.344 0.565 −0.296 −0.776 −0.171 −0.727 −0.461 −0.022 1.067
24# −0.091 0.236 −0.063 −0.545 −0.243 0.208 0.172 −0.182 −0.264 −0.686 0.058 −0.165 0.374 0.320
mean −0.072 −0.082 −0.157 −0.163 −0.120 0.095 0.232 −0.183 −0.450 −0.296 −0.325 −0.201 0.086 0.667
Std 0.278 0.248 0.396 0.276 0.280 0.288 0.348 0.396 0.326 0.444 0.302 0.299 0.328 0.481
t-value −1.274 −1.613 −1.950 −2.891 −2.108 1.617 3.260 −2.262 −6.755 −3.262 −5.282 −3.290 1.287 6.798
p-value 0.215 0.120 0.063 0.008 0.046 0.120 0.003 0.033 <0.001 0.003 <0.001 0.003 0.211 <0.001

Fig. 4. Correlation between the fMRI global signal and single channel EEG with average reference. A. In the EO condition; B. in the EC condition. For both conditions,
γ range showed a widespread correlation with fMRI global signal in the whole scalp surface.
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signal might be the electrophysiology equivalence of the fMRI global
signal. More importantly, our results provided new evidence for the
neurophysiologic information of the global signal of fMRI.

4.1. The definition of the YAO signal

We tried to find an indicator to represent the global neural electrical
activity. In practice, the widely accepted EEG references include ear-
lobes, Cz and average reference methods, and they have certain adverse
effects on scalp EEG recording (Goldman et al., 2002) because neural
activity is a spatiotemporal process, and the electrical activity of the
reference may influence the time domain of the EEG signal. To solve
this problem, people try to find a point at which the reference potential
is zero. However, it does not exist (Geselowitz, 1998). The reference
electrode standardization technique (REST) can transform the original
potential into a potential at infinity, regardless of which reference the
original potential was based on. The physical basis is that the preceding
and subsequent potentials of conversion are generated by the same
source of actual nerve activity in the brain or their equivalent sources.
More importantly, the estimated signal based on REST is not affected by
the activity of the reference and the number of channels.

One of the main contributions of the present study is that it defined
a new signal to represent the global signal of EEG, i.e., the YAO signal.
This signal is based on the principle that the activity intensity of an
equivalent source, which finally generates the recorded scalp EEG, is
relative to infinity. By reconstructing the equivalent source, the po-
tentials on the scalp are calculated approximately with a reference at
infinity. Then, the signals of all the channels are averaged to obtain the
YAO signal. Here, we practically defined the YAO signal as the direct
current component of the spatial frequency spectrum of the upper part
of the head. Theoretically, this signal definitely cannot be zero (Yao,
2017). Any regularly distributed montage, covering the upper part of
the head, is acceptable for the estimation of the YAO signal. The In-
ternational 10–20 system, which has a good coverage for the upper part
of the head, is recommended for calculating the YAO signal. The high-
density montage and realistic head model are both good choices be-
cause of their influences on the estimation of a neutral reference for
EEG recordings (Liu et al., 2015).

An interesting contrast is the average reference. In the average re-
ference, signals from all the channels are averaged and removed, i.e.,
the YAO signal is removed as an unwanted signal for the average re-
ference. A very similar and dramatic scenario happened in the field of
fMRI research: the fMRI global signal is regressed in fMRI data pre-
processing, which is called GSR. Recently, growing research has rea-
lized that there is much neurophysiological information in the fMRI
global signal. We thought the proposed YAO signal might be an efficient
tool to identify useful information from the EEG signal. Since the fMRI
global signal has been used as a diagnostic tool (Yang et al., 2016) and
it has a close connection with the YAO signal, an optimistic expectation
is that the YAO signal may be possible to play the same important role
in diagnosis and treatment.

4.2. Spectrum properties of the YAO signal

Comparing the YAO signal between the EO and EC conditions, the
YAO signal has a lower power than the grand average power of all
channels. This would happen when the infinite referenced signal of a
single channel was cancelled out during the calculation of the average.
In EEG source space, the dipoles are distributed on gray matter, which
can be approximated to one hemisphere (Brazier, 1966). Some dipoles
point in the opposite directions when the reference is at infinity, so they
may effectively cancel each other out. However, due to the existence of
a significant interaction effect between frequency bands and signal
types, the magnitude of decrease in the YAO signal varies for different
frequency bands (see Fig. 2A and B). Hence, we speculated that the
YAO signal was not a linear-filtered copy of the grand average power

fluctuation of all channels. In addition, although all of the correlation
values were greater than 0.4 (see Fig. 2C and D), with different
rhythms, the correlation coefficients between the YAO signal and the
grand average power of all channels were distinct, which indicated
largely overlapped dynamic properties between the YAO signal and the
signals from each channel.

4.3. The neurophysiological mechanism of the YAO signal and fMRI global
signal

The main component of EEG is the total number of postsynaptic
potentials in the cortex, which reflects the electrical changes of the
scalp over a period of time (Nunez and Srinivasan, 2006). The LFP is the
sum of postsynaptic potentials in the vicinity of the recording point,
which reflects the local electrical changes of the neural network during
a certain time (Kajikawa and Schroeder Charles, 2011; Mitzdorf, 1985).
To some extent, both the LFP and EEG are direct measures of electro-
physiological activity in different spatial scales of the brain. An absolute
measure of the global electrophysiological signal from the scalp seems
to be impossible to achieve today because of the inexistence of a neutral
reference location. The reference electrode standardization technique
(REST) provides a pathway to obtain the electrophysiological global
signal from scalp EEG (Yao, 2001). By reconstructing the equivalent
source, the potentials referenced at infinity are approximated from
equivalent sources. The efficiency of REST has been repeatedly con-
firmed in several methodological studies (Lei and Liao, 2017; Liu et al.,
2015). The YAO signal is independent from the reference, and it is the
average electrical activity reconstructed from the scalp EEG, regardless
of which original reference was used. Beyond that, the YAO signal re-
presents the average of the outer cortex electrophysiological activity,
and the underlying neurophysiological mechanism may be the same for
the local LFP, though the former emphasizes a more macro level.

In contrast, the appearance of the BOLD signal relates to the blood
oxygen surplus caused by the supply and consumption of blood oxygen.
When nerve cells are active, their energy demand increases, which
triggers a change in blood dynamics (Fox and Raichle, 1986; Fox et al.,
1988). However, the BOLD signal is an indirect measurement of neural
activities (Ogawa and Lee, 1990). Hence, the global signal, the average
time series of the hemodynamic response should be an indirect mea-
surement of neural activities of the whole brain. In addition, Logothetis
et al. (2001) found that the BOLD signal was most closely related to the
LFP. Considering the relationship between the LFP and EEG, it is rea-
sonable to believe that the YAO signal has a certain corresponding re-
lationship with the fMRI global signal and can be explained as an
electrical equivalent of the global signal from the scalp. More im-
portantly, both the YAO signal and fMRI global signal are generated
mainly from gray matter, though the YAO signal is a concentrated ex-
pression of the outer cortical electrophysiological activity.

4.4. Electrophysiological signatures of the global signal

Another important finding of this study is that the HRF-convolved γ
band (30–40 Hz) of the YAO signal was positively correlated with the
fMRI global signal in both the EC and EO conditions. These results were
supported by evidence from different spatial scales, including scalp
EEG, the LFP and electrocorticography (ECoG). Mulert et al. (2010)
used single-trial coupling of EEG and fMRI to investigate the relation-
ship between BOLD and γ (40 Hz) amplitude during an auditory task
and found positive correlations among the auditory cortex, thalamus
and anterior cingulate cortex. After a year, Khursheed et al. (2011)
found the amplitude of the ECoG γ band response was significantly
positively correlated with the fMRI response during the delay periods of
a working memory task. These findings were also consistent with pre-
vious reports of LFP coupling in the γ band with the fMRI signal
(Logothetis et al., 2001). Another study that focused on the neural basis
of global signal found that the high frequency part of the LFP
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(40–80 Hz) had significant positive correlation with the fMRI signal
over the whole cortex (Schölvinck et al., 2010). These findings de-
monstrated that the fMRI global signal fluctuation was tightly coupled
with electrophysiological activity in the cerebral cortex.

In contrast to the positive correlation with the γ band, there were
negative correlations between the global signal and the low-frequency
bands of the YAO signal. Some previous simultaneous EEG-fMRI studies
were dedicated to the spatial localization of α rhythm. They found the
power fluctuation of α was negatively correlated with the BOLD signal
in the whole neocortex and that it was positively correlated with deep
brain regions, such as the thalamus and globus pallidus (Liu et al.,
2012; Moosmann et al., 2003; Tyvaert et al. 2008). This inverse cor-
relation was especially consistent in the visual cortex (Goldman et al.,
2002). Due to the proportion of the deep brain region relative to the
neocortex, the global signal is naturally more affected by the neocortex.
Therefore, in this study, a negative correlation in α rhythm was ob-
served in both the EO (r=−0.163, p=0.008) and EC (r=−0.325,
p < 0.001) conditions. In vigilance assessment, α rhythm plays an
important role (Brookhuis and Waard, 1993). EEG vigilance was de-
fined as the power of the α band divided by the power of the δ and θ
bands (Horovitz et al., 2008; Olbrich et al., 2009). Some recent work
has begun to focus on the amplitude of the global signal and EEG vig-
ilance. In a simultaneous EEG-fMRI study of human subjects, Wong
et al. (2013) found that the amplitude of the global signal was inversely
correlated with EEG measures of vigilance. In addition, they found that
increases in EEG vigilance measures associated with the ingestion of
caffeine were significantly correlated with decreases in the fMRI global
signal amplitude. In another study, Wong et al. (2016) further found
that changes between the EO and EC resting-state conditions in the
fMRI global signal amplitude were negatively correlated with the as-
sociated changes in EEG vigilance. Interestingly, the slope of the EO-EC
relationship closely resembled that of the previously reported re-
lationship between caffeine-related changes in the fMRI global signal
amplitude and EEG vigilance. In these studies, there was a negative
correlation between the fMRI global signal and EEG vigilance, that is,
the larger the fMRI global signal was, the smaller the alertness and the
power of α band was. Since no significant correlation was identified
between the fMRI global signal and the δ or θ band in our current study,
we rejected the alternative possibility of increased power of the δ or θ
band related to a small vigilance.

In our study, the relationship between the fMRI global signal and
the YAO signal was partially affected by the behavioral state, i.e., the
EO and EC conditions. One possible reason for this is that as there were
more blinks in the EO condition, the signal-to-noise ratio was smaller
than that in the EC condition, and the preprocessing of artifact rejection
was unable to remove its effect thoroughly. An alternative interpreta-
tion is that the coupling between the EEG and fMRI signals was influ-
enced by alertness. In a previous study, because the signal of LFP was
weakly affected by the artifacts of blinking, coupling between the LFP
and fMRI signals over nearly the entire cerebral cortex was dependent
on the monkey’s behavioral state (Schölvinck et al., 2010). An obvious
phenomenon was increased coupling between the LFP and fMRI signals
when the animals’ eyes were closed (Schölvinck et al., 2010). The be-
havior of the eyes implied a reaction and change of the arousal state in
regards to the neurophysiological level (Abe et al., 2011). The me-
chanism of this phenomenon still needs to be explored further. It is
worth noting that we did not intend to compare the EC and EO con-
ditions, because our assumption was that the linear correlation between
the YAO signal and the global signal of fMRI was the same regardless of
the EC or EO condition. We collected data under these two conditions
because they are dominant paradigms widely used to study the brain
resting state.

4.5. Limitations

Our current analyses have several limitations. First, an unsolved

problem of simultaneous EEG-fMRI is the low signal-to-noise ratio, and
the existing software was unable to thoroughly remove the artifact from
EEG. In our study, the average artifact subtraction and ICA were both
employed in the artifact correction. However, we also need to be cau-
tious when extending our results to other studies. Second, because of
the parameter settings of the fMRI acquisition (interslice gap was em-
ployed for the whole brain cover), there were ten percent of the voxels,
in which the strength of the BOLD signal was interpolated with the
neighbor voxel, and this may affect the estimation of the fMRI global
signal. Third, the frequency band of the fMRI signal associated with the
YAO signal was less than 0.01 Hz, which was not a major band of the
BOLD signal. A serious drawback of this frequency band was that it
contained the noise from heart rate, respiration and other artifacts in
the MRI environment. To investigate the influence of artifacts in the
MRI environment, we recorded the simultaneous EEG-fMRI signal with
a phantom, and the data were processed as described in the methods
section. The results suggest that the influence of noise was not sig-
nificant (see Supplementary Figs. S4 and S5 for more information).
Fourth, we only tested the correlation between the YAO signal and the
global signal of fMRI in EO and EC conditions, and it was unknown
whether the high correlation in γ band was reserved in task conditions.
Lastly, the YAO signal did not seem to be special in its relationship with
the fMRI global signal. As illustrated in Fig. 4, the γ energy of any single
electrode is also strongly associated with the fMRI global signal.

5. Conclusion

In conclusion, our current work has three main contributions: (i) we
defined a new signal, i.e., the YAO signal, to represent the global signal
of EEG; (ii) fMRI global signal fluctuations were positively correlated
with high frequencies of power (γ, 30–45 Hz) of the YAO signal, while
they were correlated negatively with the low frequencies of power
(2–20 Hz) of the YAO signal. There existed correspondence between the
YAO signal and fMRI global signal; (iii) the results demonstrated the
electrophysiological signatures of global signal from a more macro
perspective. More importantly, as the EEG global signal served as an
equivalent to the fMRI global signal, it may provide a potential elec-
trophysiological biomarker in neuropsychiatric and other brain ill-
nesses.
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