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� REST was introduced and assessed to transform nonunipolar mastoid reference to an infinity reference.
� It produced small absolute errors and high correlations between the computed infinity reference and the true one.
� It is an effective and robust resolution for those nonunipolar clinical EEGs.
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Objective: Conventional electroencephalography (EEG) offline subtraction rereferencing is invalid for
many clinical practices when adopting a specific nonunipolar recording montage (e.g., the ipsilateral
mastoid (IM) and contralateral mastoid (CM)). Further comparative analyses would thus be blocked
due to the lack of a uniform offline reference. Therefore, our goal was to resolve this problem by intro-
ducing and assessing the reference electrode standardization technique (REST) to transform nonunipolar
mastoid montages into a computational zero reference at infinity (IR) offline.
Methods: For EEG signals and power/connectivity configurations, simulation and clinical schizophrenia
resting-state EEG datasets were used to investigate the performance of REST.
Results: REST produced small absolute errors (signal level: 1.21–1.26; power: 0.0057–0.021; connectiv-
ity: 0.066–0.088) and high correlations (>0.9) between the IM/CM-IR and true IR references. Using clinical
data with the IM online reference, REST revealed valuable changes in spectral and connectivity (P < 0.05)
in schizophrenia patients, consistent with previous studies.
Conclusions: These results demonstrated that REST transformation could be adopted to resolve the offline
rereferencing of clinical EEGs with specific nonunipolar mastoid references.
Significance: REST could be an effective and robust resolution for nonunipolar clinical EEGs and could
therefore retrieve these data for further analysis by deriving a favorable offline reference IR.
� 2023 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The derivation of electroencephalography (EEG) is generally
from the potential difference between the ‘‘active” electrode of
interest and a reference point (Osselton, 1965), which is
theoretically supposed to be located at infinity (i.e., a ‘‘true” zero
potential). In addition, it is practically set at a specific body site,
such as an assumed neutral location (like the nose, ear, mastoid,
chin, knee and ankle, etc.), a consecutive neighborhood point (such
as a sphenoid bone montage, etc.), or a locus convenient for elec-
trode positioning (e.g., Cz and Fz) (Lehmann et al., 1998), usually
varying with the needs of individual EEG experimenters
(Rosenfeld, 2000). To ensure internal validity and across-study
comparability among different recording schemes, rereferencing
strategies have been indispensable for EEG offline analyses
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Fig. 1. Channel locations of EEG recordings.
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(Kayser and Tenke, 2010, Mercier et al., 2017, Yao, 2001, Yao et al.,
2019).

For unipolar montages that only set one common referencing
point for all electrodes, a desired offline reference, such as the aver-
aged reference (AR) or the linked-ear reference (LM), could be
easily obtained by deducting the specified rereferencing signal
from each channel to replace the original recording reference.
However, this offline conventional subtraction would be invalid
in many clinical cases in which the monitoring of pathological
EEG activities must be performed with a specific nonunipolar mas-
toid montage (maybe not a uniform reference), such as the con-
tralateral mastoid (CM) or the ipsilateral mastoid (IM) (Mercier
et al., 2017, Michelmann et al., 2018). Because more than one inde-
pendent recording reference is implied in the dataset, it cannot be
replaced simultaneously by any linear transform (Liu et al., 2015).
Without access to a uniform offline reference, further comparative
analyses, as well as large clinical EEG applications, are thus limited,
and few related investigations can be found, although many such
clinical data have been collected in practice.

This work attempted to solve this problem by introducing the
reference electrode standardization technique (REST) (Dong et al.,
2017, Yao, 2001) for such nonunipolar mastoid montages to derive
a computational zero reference at infinity (IR), and it investigated
the performance of REST on these nonunipolar mastoid referenced
clinical EEGs offline. As a novel method that approximately con-
verts an average or unipolar reference into a zero reference
(Dong et al., 2017, Yao, 2001), REST has been increasingly acknowl-
edged by EEG/ERP research groups worldwide (Yao et al., 2019). By
using REST for standardization of reference, it could be essential to
release these clinical EEGs from limited offline explorations. Note
that, compared with other common reference schemes (such as
Cz, LM and AR, etc.), the IR reference could provide many consis-
tent or even more favorable results in EEG offline analyses, such
as ERP topographies (Dong et al., 2019, Liu et al., 2015, Qin et al.,
2017, Tian and Yao, 2013, Yao et al., 2007), EEG spectra (Chella
et al., 2017, Yao et al., 2005), and EEG networks (Chella et al.,
2016, Marzetti et al., 2007, Qin et al., 2010). However, the reforma-
tion of nonunipolar mastoid montages has not yet been reported.
This study is the first to transfer these offline nonunipolar mastoid
schemes using REST and detect the feasibility with practical EEG
data, as is expected to facilitate offline explorations of these speci-
fic clinical EEGs.

In our work, the performance of REST was first quantified based
on a simulation dataset generated from a real resting-state EEG
dataset. Indices including absolute error, relative error and Pear-
son’s correlations between the IR signals (IR transformed from
nonunipolar mastoid references by REST) and the true IR signals
(transformed from unipolar reference by REST) were calculated.
Next, the power spectrum and network connectivity, the most con-
ventional cut-in points for EEG studies, were estimated to compare
the corresponding indices between them. Then, a clinical
schizophrenia EEG dataset with a montage of ipsilateral mastoid
(IM) was investigated to test the feasibility of REST in practical
studies.
2. Methods

2.1. Data collection

Dataset 1 of laboratory EEGs was gathered from 41 healthy sub-
jects (32 men/9 women, mean age 23.9 ± 1.6 years old) and
recorded using a 62-channel EEG system (Brain Products GmbH,
Gilching, Germany) with a FCz montage. The channel locations of
62 channels are showed in Fig. 1. EEG dataset 2 was online band-
pass filtered (0.01–100 Hz). The clinical EEGs were collected in
2

the Fourth People’s Hospital of Chengdu from a 16-channel (FP1,
FP2, F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T7, T8, P7, P8) Neuro01
system (Weisi Medical Technology Inc., Nanjing, China) with a
montage of ipsilateral mastoids (IMs). The dataset 2 contained
two groups consisting of 21 schizophrenia patients and 21 healthy
controls, with matched controls by age and gender (11 men, aged
25 ± 3.2 years old; 10 women, aged 25 ± 3.2 years old).

Both experiments were approved by the Ethics Committee of
Life Science and Technology of University of Electronic Science
and Technology of China (UESTC). Each participant provided writ-
ten consent and was given oral instruction before the recording of
a 5-minute resting state with the eyes closed. All electrodes were
arranged on the scalp according to the extended international
10–20 system. The scalp was cleaned to ensure good contact with
the electrode and a lower impedance of less than 5 kX.

Both datasets were sampled online with a frequency of 500 Hz.
A quality assessment (QA) tool from theWeBrain platform (https://
webrain.uestc.edu.cn/) (Dong et al., 2021) was used to detect and
reject bad blocks with different types of artifacts. The main QA pro-
cessing contains: 1) EEG signals were high-pass filtered (>1 Hz) to
remove linear drift first; 2) continuous EEG data were segmented
as a mass of windows; 3) bad data in small windows of each chan-
nel were detected by 4 methods (detecting constant or NaN/Inf sig-
nals, unusually high or low amplitudes, high or power frequency
noises, and low correlation signals); and 4) a number of data qual-
ity masks were generated and used to obtain continuous good data
blocks. Next, continuous EEG raw data were offline filtered with a
bandpass of 1–40 Hz, and further analyses were conducted on
uncontaminated epochs of clean data with a length of 5 s.

2.2. Reference electrode standardization technique (REST) and its
implementation

The reference electrode standardization technique (REST) was
developed from a distributed source model (Dong et al., 2017,
Yao, 2001, Yao et al., 2005), in which the potential V (N channels� T
time points) on the scalp is assumed to be generated from the func-
tion of a lead-field matrix G (N channels �M sources) and an active
source S (M sources � T time points). Here, G expresses the forward
model theoretically computed with the infinity reference.
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where w is a matrix (N channels � 2) with each of its elements
being 1 or 0; lIM is the matrix (2 � M sources) in G corresponding

to the reference channels (i.e. ipsilateral matroids); v j
i, j = m1 or

m2, 1 � i � T is a sample at the ith time point and m1/m2 channel.
GIM is the lead-field matrix for the recording reference of IM and
depends on the head model, source configuration and electrode
montage, similar to the situation of G.

Then, the distribution of S can be derived with the minimum
norm solution (MNS) and substituted into the equation of V to
reconstruct the scalp potential, referenced at infinity,

V ¼ GS � G S
�
¼ GðGþ

IMVIMÞ ¼ ðGGþ
IMÞVIM ð3Þ

where Gþ
IM denotes the Moore-Penrose generalized inverse of the

matrix GIM; and VIM is the scalp EEG recordings with ipsilateral
matroid reference (see the details of the REST algorithm in Yao
et al. (Dong et al., 2017, Yao, 2001, Yao et al., 2005) and download

the tool (EEGLABPluginVersion-REST_v1.2_20200818) at http://

www.neuro.uestc.edu.cn/name/shopwap/do/index/content/96 for
free).

Similarly, recordings with other references VR, such as linked
mastoids or common average, etc. (Dien, 1998, Hagemann et al.,
2001), could also be transformed into the neutral infinite reference
by the equation above only if the lead field matrix corresponding to
the chosen reference is available.

V ¼ GS � ðGGþ
R ÞVR ð4Þ

where Gþ
R denotes the Moore-Penrose generalized inverse of the

matrix GR; GR is the lead-field matrix for the average reference
and depends on the head model, source configuration and electrode
montage, similar to the situation of G; VR is the scalp EEG potential
referenced to average.

2.3. Method assessment

To assess the performance of REST rereferencing in EEG analy-
sis, simulations were assumed using dataset 1. First, the IM/CM ref-
erenced data were generated from the data with a montage of FCz
(by subtracting TP9 or TP10 and then deleting TP9 and TP10). Next,
the REST method can convert an average or unipolar reference into
a zero reference at infinity (IR) (Dong et al., 2017, Yao, 2001, Yao
et al., 2019). Performances of the REST were quantified using the
mean absolute error, relative error and Pearson’s correlations
between the IR signals (IR transformed from nonunipolar mastoid
references by REST) and the true IR signals (transformed from
unipolar references by REST). Furthermore, the power spectrum
and network connectivity, the most conventional cut-in points
3

for EEG studies, were estimated to compare the corresponding
indices between them. Using the EEG tools on the WeBrain plat-
form (https://webrain.uestc.edu.cn/) (Dong et al., 2021), the rela-
tive power (power of specific band/total power across full band
1–40 Hz) of each channel was evaluated by time–frequency analy-
sis with fast-Fourier transform (FFT), and the connectivity coeffi-
cients between each pair of sensors were estimated with the
phase synchronization index (PSI). Each analysis was performed
separately in typical EEG frequency bands (delta: 1–4 Hz, theta:
4–8 Hz, alpha: 8–12.5 Hz, beta: 12.5–30 Hz, gamma: 30–40 Hz).
Subsequently, the performances of the REST were quantified by
the mean absolute error, relative error and spatial Pearson’s corre-
lations between the indices with different IR rereferences derived
by REST on IM/CM and unipolar (FCz) references to test the robust-
ness of REST transformation in various situations. In addition,
errors and spatial correlations between different AR rereferences
derived by REST were also calculated.

Finally, REST was further applied to clinical EEGs with a record-
ing reference of IM, consisting of two groups of schizophrenia
patients and healthy controls, to obtain the corresponding IR and
AR references to test the feasibility of REST in practical studies.
The comparisons of power and networks between schizophrenia
and controls were conducted in IR and the original recording refer-
ence IM. To follow normal distributions, Fisher’s z-scores of con-
nectivity coefficients and relative power indices were calculated
first. And then, two sample t-tests were used to test the difference
in power/connectivity between schizophrenia patients and
controls.
3. Results

3.1. Results at the signal level

To quantify the performances of the REST method, the absolute
error, relative absolute error and correlation (R) between the IM/
CM-IR signals (IR transformed from nonunipolar mastoid refer-
ences by REST) and the true IR signals (transformed from unipolar
references) were calculated. The transformed IR signals (IM-IR and
CM-IR) from an example subject can be seen in Fig. 2A, and the
mean results across subjects are shown in Fig. 2B. For IR signals,
REST resulted in approximately 1.2655/1.2177 (IM/CM) mean
absolute errors (with standard errors 0.065/0.028), 0.3199/0.3056
(IM/CM) mean relative errors (with standard errors 0.015/0.009),
and 0.9283/0.9347 (IM/CM) mean correlations (with standard
errors 0.011/0.005). In addition, the results of errors between dif-
ferent AR rereferences derived by REST are shown in Figures S1-S2.
3.2. Results of power indices and networks

To quantify the performance of the REST method, the relative
power indices from the IM/CM-IR signals (IR transformed from
nonunipolar mastoid references by REST) and the true IR signals
(transformed from unipolar references by REST) were calculated.
The mean results across subjects are shown in Fig. 3, showing that
REST in resulted power indices similar to the true ones. In Fig. 4,
the results of the mean absolute and relative errors between the
relative powers obtained from the IR signals (transformed from
nonunipolar IM/CM references by REST) and the true IR signals
(transformed from unipolar references) are shown. For relative
power indices in the delta, theta, alpha, beta and gamma bands
obtained from IR signals, REST resulted in approximately 0.028,
0.0073, 0.021, 0.012 and 0.0057 mean absolute errors (with stan-
dard errors 0.0045, 0.001, 0.0033, 0.0022 and 0.0012) and 0.10,
0.056, 0.062, 0.075 and 0.19 mean relative errors (with standard
errors 0.016, 0.008, 0.009, 0.012 and 0.036), respectively.
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Fig. 2. Results at the signal level. A: IR signals (FC3, from an example subject) transformed from non-unipolar IM (IM-IR) and CM (CM-IR) references by REST and the true IR
signals transformed from unipolar reference by REST. B: Results of mean errors and Pearson’s correlations between the IR signals transformed from nonunipolar mastoid
references by REST and the true IR signals (transformed from unipolar references). IR: infinity reference; IM: ipsilateral mastoid; CM: contralateral mastoid; REST: reference
electrode standardization technique.
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Fig. 5 shows that the EEG connectivities in the delta, theta,
alpha, beta and gamma bands obtained from REST-transformed
IR signals (transformed from nonunipolar IM/CM references) are
similar to the connectivities obtained from true IR signals (trans-
formed from unipolar references). In Fig. 6, the results of mean
absolute and relative errors between them are shown. For connec-
tivities in the delta, theta, alpha, beta and gamma bands obtained
from IR signals, REST resulted in approximately 0.082, 0.07,
0.071, 0.066 and 0.088 mean absolute errors (with standard errors
0.01, 0.008, 0.009, 0.008, 0.012 and 0.008) and 0.19, 0.2, 0.14, 0.22
and 0.36 mean relative errors (with standard errors 0.025, 0.024,
0.019, 0.031, 0.056 and 0.026), respectively. In Fig. 7, the mean spa-
tial Pearson’s correlations across subjects between power indices/
connectivities obtained from the IR signals (transformed from
nonunipolar mastoid references by REST) and the true IR signals
(transformed from unipolar references) are shown, and
4

correlations between them are all greater than 0.9. In addition,
the results of errors and spatial correlations between power
indices/connectivities from the AR signals (transformed from
nonunipolar mastoid references by REST) and the true AR signals
are shown in Figures S3-S7.

3.3. Application of REST in clinical EEG with a recording reference of IM

Finally, REST was applied to clinical EEGs with a recording ref-
erence of the ipsilateral mastoid (IM) to detect the characteristics
of schizophrenia patients compared to healthy controls. The
recording reference of IM was transformed to the computational
zero reference at infinity (IM-IR).

The power and connectivity for each of the references, i.e., the
original recording reference IM and the derived IR (IM-IR), were
estimated for each frequency band. Student’s t test was then



Fig. 3. Topographies of mean relative powers across subjects obtained from the IR signals (transformed from nonunipolar mastoid references by REST) and the true IR signals
(transformed from unipolar references). IR: infinity reference; IM: ipsilateral mastoid; CM: contralateral mastoid; REST: reference electrode standardization technique.

Fig. 4. Results of mean absolute and relative errors between relative powers obtained from the IR signals (transformed from nonunipolar mastoid references by REST) and the
true IR signals (transformed from unipolar references). IR: infinity reference; IM: ipsilateral mastoid; CM: contralateral mastoid; REST: reference electrode standardization
technique.
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conducted between the schizophrenia patients and controls. The
statistical configurations corresponding to t values (P < 0.05) are
shown in Fig. 8, revealing that, when in the IM-IR reference, the
power for the schizophrenia group had a reduction in the alpha
band (located in the frontoparietal area) and increases in the beta
(located in the parietal, frontal and temporal areas) and gamma
(located in the right frontal area) bands. In the IM reference, the
power for the schizophrenia group had a reduction in the alpha
band (located in the frontoparietal area) and increases in the beta
(located in the parietal, frontal and temporal areas) and gamma
(located in the left parietal, right temporal and frontal areas)
bands. Fig. 8 also demonstrates that, when in the IM-IR reference,
the connectivity for the schizophrenia group mainly showed a
decrease in the delta (bilateral occipital-partial connections), theta
(bilateral occipital-partial connections) and alpha (mainly fron-
toparietal and occipital-partial connections) bands and increases
in the beta (few partial connections) and gamma (right frontopari-
etal connections) bands. In the IM reference, the connectivity for
5

the schizophrenia group mainly showed a decrease in the delta
(left occipital-partial connections) and theta (bilateral occipital-
partial connections) bands and increases in the theta (bilateral
temporal-partial connections) and gamma (bilateral temporal-
partial connections) bands.

4. Discussion

This work focused on whether the reference electrode standard-
ization technique (REST) could transform the clinical nonunipolar
mastoid references into a computational zero reference at infinity
and to release these special clinical EEGs for further processing.
The comparison of configuration similarities in signal, power and
connectivity among various rereferences revealed that IR could
maintain a perfect performance similar to that of IR. The statistical
contrast for schizophrenia in power and connectivity further indi-
cated that REST could orient toward a recognizable characteristic
for clinical research in diseases such as schizophrenia.



Fig. 5. Mean connectivities across subjects obtained from the IR signals (transformed from nonunipolar mastoid references by REST) and the true IR signals (transformed
from unipolar references). IR: infinity reference; IM: ipsilateral mastoid; CM: contralateral mastoid; REST: reference electrode standardization technique.

Fig. 6. Results of mean errors between connectivities obtained from the IR signals (transformed from nonunipolar mastoid references by REST) and the true IR signals
(transformed from unipolar references). IR: infinity reference; IM: ipsilateral mastoid; CM: contralateral mastoid; REST: reference electrode standardization technique.
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4.1. Validation of REST transformation for nonunipolar mastoid
reference

For unipolar montages, a desired offline rereferencing is com-
monly conducted by deducting the specified rereferencing signal
from each channel to replace the original recording reference. This
linear transformation could be written as a linear mathematical
operation, and with this specific assumption, a vertex point of
the scalp (Cz) (Lehmann et al., 1998), the average of the linked
mastoids or ears (LM) (Gevins and Smith, 2000) and the average
of all EEG channels (AR) (Offner, 1950) are all nonphysical,
principle-based hypotheses (Yao, 2017). However, this conven-
tional subtraction is invalid in many clinical cases when the mon-
itoring of pathological EEG activities must be performed with a
6

specific nonunipolar mastoid montage, such as the contralateral
mastoids (CMs) or the ipsilateral mastoids (IMs) (Mercier et al.,
2017, Michelmann et al., 2018). Because more than one indepen-
dent recording reference is implied in the dataset, it cannot be
solved simultaneously by any linear transform (Liu et al., 2015).
To solve this problem, the reference electrode standardization
technique (REST) was used to transform such nonunipolar mastoid
montages and derive a computational zero reference at infinity
(IR), and the performances of the REST method were investigated
by calculating the absolute error, relative absolute error and Pear-
son’s correlations (R) of signals/power/connectivity configurations
between the IM/CM-IR references (IR transformed from nonunipo-
lar mastoid references by REST) and the true IR signals (trans-
formed from unipolar references). As shown in Fig. 2A, and



Fig. 7. Results of the mean spatial Pearson’s correlations between power indices/connectivities obtained from the IR signals (transformed from nonunipolar mastoid
references by REST) and the true IR signals (transformed from unipolar references). IR: infinity reference; IM: ipsilateral mastoid; CM: contralateral mastoid; REST: reference
electrode standardization technique.

Fig. 8. Differences between power indices/connectivities of the schizophrenia and heathy control groups, with a reference of ipsilateral mastoids (IM) and a computational
zero reference at infinity (IM-IR), respectively (up to bottom). The significance was set at P < 0.05. IR: infinity reference; IM: ipsilateral mastoid.
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Figs. 3 and 5, the IM/CM-IR references were highly similar to the IR
references in terms of the signals, spectral topography and connec-
tivity configurations, respectively. REST also produced small errors
and high correlations for both signals and power/connectivity con-
figurations between the IM/CM-IR and true IR references (Figs. 2, 4,
6 and 7). REST, according to Eqs. (2) and (3), is based on the equiv-
alent sources model (Geselowitz, 1998, Pascualmarqui and
Lehmann, 1993), electrode montage and head model, and the
transform matrix GG+

IM that describes the relationship from the
nonunipolar mastoid reference to the IR reference is physically
based and reasonable (Dong et al., 2017, Hu et al., 2019, Yao,
2001, Yao et al., 2019). That is, REST has the ability to approxi-
mately convert a nonunipolar mastoid reference into a computa-
tional ideal zero reference and has physical meaning. In addition,
considering that the IR reference can be easily transformed into
any unipolar reference using a linear mathematical operation, for
example, the performance of REST-produced AR was further inves-
tigated. As shown in Figures S1, S3 and S5, IM/CM-IR-AR references
maintained high similarity with AR in terms of signals, spectral
topography and connectivity configurations, respectively. In addi-
tion, REST produced small errors and high correlations (>0.9) for
both signals and power/connectivity configurations between the
IM/CM-IR-AR and true AR references (Figures S2, S4, S6 and S7).
At the same time, previous studies have shown that the number
of channels might affect the scalp EEG signals, and REST also pro-
duced higher errors of sparse channels (e.g., 16 channels) than that
of high electrode density (Hu et al., 2018). As shown in Figures S8-
S13, for signals and power/connectivity configurations (16 chan-
nels) between the IM/CM-IR and true IR references, REST produced
higher errors and lower correlations (>0.64) than 59 channels, con-
sistent with a previous study. These results implied that REST is a
unique bridge linking the nonunipolar mastoid reference to the
unipolar reference.

4.2. Feasibility of REST transformation in clinical EEGs

Next, the recording reference IM of the clinical EEGs was trans-
formed by REST to derive a corresponding IR reference, and then
the power and connectivity were estimated for each of those two
references, i.e., IM and IM-IR. For the IM-IR reference, the spectral
analyses revealed a frontoparietal alpha reduction, a general beta
excess (located in the parietal, frontal and temporal areas) and a
right frontal gamma excess. Simultaneously, the connectivity indi-
cated a bilateral occipital-partial decrease in the delta and theta
bands, a frontoparietal and occipital-partial decrease in the alpha
band, a few partial increases in the beta band, and a right fron-
toparietal increase in the gamma band. Most studies in clinical
schizophrenia have documented the presence of spectral abnor-
malities in schizophrenia populations and disconnections between
large-scale functional brain networks (Di Lorenzo et al., 2015,
Maran and Uhlhaas, 2016, Moran and Hong, 2011, Takahashi
et al., 2018). Although the heterogeneity of schizophrenia, includ-
ing pathophysiology, medication chronicity, illness progression
and clinical symptoms, has a potential influence on related inves-
tigations, a broad consensus nonetheless has suggested deficient
alpha power and increased beta and gamma activity (Boutros
et al., 2008, Hughes and John, 1999, Moran and Hong, 2011). Cor-
respondingly, the majority of studies that examined connectivity
measures have reported connectivity anomalies in schizophrenia
(Maran and Uhlhaas, 2016), with decreased delta connectivity in
the fronto-partial (Tauscher et al., 1998) and temporal (Winterer
et al., 2001) regions, decreased theta connectivity in the posterior
temporal lobe areas (Tauscher et al., 1998, Winterer et al., 2001),
and decreased alpha connectivity in the frontal (Hughes and
John, 1999, Tauscher et al., 1998), fronto-posterior and parieto-
temporal regions (Lehmann et al., 2014), which were more
8

pronounced in the left hemisphere (Peng et al., 2013). Increased
connectivity in the beta and gamma bands was reported, perhaps
suggesting that connectivity was influenced by illness progression
and clinical symptoms (Di Lorenzo et al., 2015). Consistent with
these current studies, the statistical configurations of power and
connectivity for schizophrenia implicated that the IR reference by
REST could reveal the most recognizable characteristics of
schizophrenia, while the original recording reference IM could
induce some distinct deviations in the direction or location of con-
trast, especially in the connectivity estimation. In addition, it has
also been confirmed in some simulations and real experiments that
REST could significantly reduce the distortion of connectivity pat-
terns compared to AR, Cz and LM references (Chella et al., 2016,
Marzetti et al., 2007, Qin et al., 2010). It is thus suggested that REST
could be applied in clinical EEGs with specific nonunipolar mastoid
recording montages for offline analyses.

4.3. Virtues of REST and its perspective

Conventional offline subtraction rereference methods are inva-
lid in clinical cases of a specific nonunipolar mastoid montage,
such as the contralateral mastoids or the ipsilateral mastoids.
Based on the physical principle-based hypotheses, REST can
quickly and well rereference clinical EEGs with nonunipolar mas-
toid references to an approximate infinity reference. As a novel
rereferencing method, REST has been integrated into the EEG pre-
processing pipeline on the WeBrain cloud platform (https://
webrain.uestc.edu.cn/) (Dong et al., 2021), as well as other EEG tool
versions (https://www.neuro.uestc.edu.cn/name/shopwap/do/
index/content/96) (Dong et al., 2017) and preprocessing pipelines
and tools for simultaneous EEG-fMRI multimodal fusion (https://
www.neuro.uestc.edu.cn/name/shopwap/do/index/content/101)
(Dong et al., 2018). In addition, the online transforming version of
REST may be need to further studied, which may facilitate online
explorations of clinical EEG recordings.

4.4. Limitations

There are some of limitations in current studies. First, in the
current work, it is not clear whether the differences found in
schizophrenia patients reflect non-specific influences of attention,
drug effects and perceptual sets etc. These influences may have
some association with schizophrenia, but are not specific to corti-
cal dysfunction. Therefore, it would be helpful to conduct applica-
tions with design controls such as ERP studies to further
investigate the feasibility of REST in practical studies in the future.
Second, the current work focuses on the offline REST transforma-
tion. For clinical EEGs, there may be potential influences of record-
ing and movement artifacts on the REST display online, especially
in displaying epileptogenic fields. Therefore, the online utilizations
of REST may be need to further studied.
5. Conclusion

This study focused on whether the REST transformation could
be adopted to resolve the offline rereferencing of clinical EEGs with
a specific recording reference, which is resistant to traditional sub-
traction. Based on dataset 1 of laboratory EEGs, the comparison of
signal, power and connectivity revealed that the computational IR
signals transformed from nonunipolar mastoid references by REST
could maintain high consistency with the true IR signals (trans-
formed from unipolar references). The analysis of clinical
schizophrenia EEGs with a recording reference of IMs indicated
that the IR reference could orient toward a recognizable trait for
the schizophrenia population. These analyses demonstrated that

https://webrain.uestc.edu.cn/
https://webrain.uestc.edu.cn/
https://www.neuro.uestc.edu.cn/name/shopwap/do/index/content/96
https://www.neuro.uestc.edu.cn/name/shopwap/do/index/content/96
https://www.neuro.uestc.edu.cn/name/shopwap/do/index/content/101
https://www.neuro.uestc.edu.cn/name/shopwap/do/index/content/101
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REST might be an effective and robust resolution for these specific
clinical EEGs and could therefore retrieve these data for further
analysis by deriving a favorable offline reference IR.
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