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Abstract: In our previous work [8] we proposed two methods to identify the reference electrode signal under the key assumption
that the reference signal is independent from EEG sources. Although this assumption is shown to be possibly true for intracranial
EEG with a scalp reference. However, this assumption may not be true for scalp sources with a scalp reference electrode. As such,
this limits the application of our methods to the vast majority of scalp EEG with cephalic reference. In this paper, we conduct
analysis for five reference electrode locations of one subject: left thumb, left arm, left shoulder, left chest and left back. Since
these locations are far away from the head of the subject, the real reference signal from these locations should be independent
from all the scalp sources. As such, the second method in [8] should be able to be applied to identify the reference signal well.
Our simulation results demonstrate that the corrected EEG after removing the obtained reference signal involves much more
brain neural activities for anyone of these five reference locations than the corrected EEG after removing the average reference
(AR), and the dominated periodical ECG artifacts in original EEG are completely removed out. This fact actually provides a
strong evidence to support the above assumption of independence. The results in this paper suggest that rather rod reference sites
such as hand, shoulder, chest, back, etc., indeed turn out to be much better than commonly suggested.
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1 Introduction

The unsurpassed temporal resolution of electroen-

cephalography (EEG) has led to its widespread use by

clinicians and scientists investigating physiologic and

pathologic brain function. The EEG signal reflects the

difference between electrical potentials measured at two

different electrodes, and as such it is always necessary

to select a reference electrode. So, the reference signal

generally has an effect on the EEG. To reduce this effect, a

neutral potential is the most desirable reference. However, it

is impossible to find a point of neutral or zero potential on

the body surface [1]. Physically, the potential at infinity is

the ideal reference since it is far from all the neural sources,

and would have no effect on the EEG recordings. However,

such a distant reference is not realistic in practice [2]. In

fact, the effect of an active reference on EEG recording is

one of the oldest technical problems in the study of human

EEG [2, 3].

Reference signal, especially reference signal contami-

nated by non-cerebral artifacts like muscle, EKG etc., not

only hinders visual interpretation of the EEG tracings, but

also complicates quantitative analysis of EEG such as en-

ergy [11], power spectra, correlation, coherence and syn-

chrony metrics. These limitations may render impossible

the extraction of accurate information. The pitfalls associ-

ated with the use of common referential EEG recording for

coherence analysis is well established [2, 4]. The presence

of a common reference signal in EEG recordings results in
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a distortion of the synchrony values observed and may de-

stroy the intended physical interpretation of phase synchrony

[3, 5]. Especially, in our recent work [10] we show how ref-

erence signal amplitude and power exactly influence corre-

lation, coherence and phase synchrony values.

Due to important impact of reference signal, most of re-

searchers in EEG field focus on AR EEG which is reference-

free EEG. Here the primary difficulty is that we do not know

apriori how many cephalic electrodes are adequate to get an

unbiased AR. There is clear evidence that the 10-20 system

coverage is inadequate [5, 6] and a full dense coverage of

the head surface is necessary for a good average scalp EEG

reference [7]. Additionally, calculating a common AR from

a selection of implanted grids, strips, and depth electrodes is

not well supported geometrically [3].

In 2001, Yao [9] proposed new ’infinity’ reference pro-

vided by the reference electrode standardization technique

(REST). In the technology, the reference electrode (i.e., ve
in (2) [9]) is assumed to be a mixture of all sources. Other

two important assumptions: source model and head model

are also required. Apparently, different source models and

head models can result in different results. Hence for a

real EEG data, what kind of head model/source model be-

ing ideal keeps unknown.

For intracranial EEG [8] we confirmed that the scalp refer-

ence may be independent from intracranial sources because

of the high resistivity of the skull between scalp electrode

and intracranial electrodes. As a result, the scalp reference

is not a mixture of intracranial sources, which violates the

assumption required in REST. Hence, REST cannot be ap-

plied to intracranial EEG to identify the scalp reference and

remove it from original referential EEG (i.e., get EEG with

reference at infinity). In [8] based on the assumption of in-

dependence between scalp reference and intracranial sources
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we proposed two methods to obtain two reference signals

called R1 and R2. R1 played an important role to explain

why the obtained signal is close to the real reference signal.

R2 was shown to be better than R1. It is noted that these two

approaches only require the assumption of independence be-

tween the reference and sources, they do not need further as-

sumptions at all (alike the source model and head model are

required in REST). The assumption of independence moti-

vates us to search other reference locations on human body

because this assumption may be easily met. Once this as-

sumption is satisfied, the two methods in [8] can be applied

to identify the real reference and remove it from original ref-

erential EEG (scalp EEG or intracranial EEG).

In this paper, we select five locations of one subject (male)

as reference locations: left thumb, left arm, left shoulder, left

chest and left back, which are far away from all scalp source

electrodes. The long distance make the assumption of in-

dependence true. Although all recorded scalp EEG data are

remarkable for the dominated periodical ECG artifact which

obviously comes from the corresponding reference. But the

scalp EEG becomes quite clear after identifying the R2 sig-

nal and removing it from the original scalp EEG and the cor-

responding corrected EEG include much brain neural activi-

ties than the corrected EEG after removing AR signal. This

fact indeed demonstrates the assumption of independence is

true for all five reference locations.

2 Material and Methods

2.1 Subject and Recordings
The subject sat in a comfortable chair with armrest with-

out any particular task and the EEG recording was made with

16-channels amplifier from g-Tech, using GND mastoid for

ground, and the reference electrodes were put at four loca-

tions as follows: left thumb, the middle of left arm, left neck,

left chest, and left back, respectively. The EEG was sampled

with 256Hz, it was filtered between 1 and 60Hz with Notch-

Filter on. The used 16 EEG channels are Fz, Cz, Pz, Oz, P3,

P4, PO7, PO8, F3, F4, FCz, C3, C4, CP3, CPz, CP4,in the

international standard 10/20 system. The recording time last

10 minutes for each reference location.

2.2 Methods
As described in [8], EEG recordings can be described as

X(t) = R(t)E−B(t) or X(t) = R(t)E−AS(t) (1)

where B(t) = [b1(t), · · · , bn(t)]T and each bi is a local-

ized region potential of the brain at the i-th surface elec-

trode for scalp EEG or the i-th deep electrode for intracra-

nial EEG (iEEG), S(t) = [s1(t), · · · , sm(t)]T and each si
is a source potential (or source for brevity) of the brain,

A = [aij ] is an n × m unknown constant mixing matrix

determined by source locations and orientations, R(t) is a

reference potential (or reference for brevity) from the com-

mon electrode (scalp electrode used in literature or body

electrode used in this paper), E = [1, · · · , 1]T with n unit

1, X(t) = [x1(t), · · · , xn(t)]
T and each xi is a measured

potential difference between the common electrode and the

i-th electrode, and t = 1, · · · , N is sample time. In this

model, we assume that each localized region potential bi is

a linear mixture of m source potentials s1, · · · , sm where

each source potential si actually consists of many local time-

correlated dipole source potentials.

In [8] we proposed two methods to obtain two reference

signals called R1 and R2. R1 plays an important role to

explain why the obtained signal is close to the real reference

signal. R2 is shown to be better than R1.

The main idea in R2 is that the reference signal is assumed

to be independent from the scalp source signals or intracra-

nial source signals. The independence between scalp ref-

erence signal and intracranial signals was verified by three

patients in [8]. The method II in [8] can be described as fol-

lows: Let all independent components (ICs) of the bipolar

montage EEG derived from (1) be s̄j , j = 1, · · · , k where

k < n. Then, R2 signal can be obtained as

R2 =
1

n

n∑
i=1

[
xi −

k∑
l=1

E[xis̄l]

E[s̄2l ]
s̄l

]
(2)

(see (7) in [8]).

In this paper, we do not select reference electrodes on

brain, that is we do not use the widely used cephalic elec-

trode, non-cephalic electrode like earlobe, neck, etc. On the

contrary, we select reference electrodes at human body. In

our experiment, we put reference electrode at the following

five locations: Left thumb, the middle of left arm, left shoul-

der, left chest, and left back. Since these locations are far

from brain, the reference signal from these locations should

be independent from brain source signals. Next, we assume

the reference signal from these locations are independent

from brain source signals and apply equation (2) to get R2

signal. We will check what the corrected EEG looks like

after removing R2 from the original EEG and demonstrate

that the assumption is true for all these cases.

3 Experimental Results

In this section we present simulation results for the sub-

ject. For each above reference location we recorded EEG

of 10 minutes and 2 minutes EEG data were analyzed. The

detailed simulation results are shown as follows.

A) Reference electrode is at left thumb. A 10s sample

of EEG recorded from the 16 channel electrodes are plot-

ted in Fig. 1A. One can find that the segment is remarkable

for the dominated ECG artifact in all channels through the

whole time period. This dominated ECG artifact obviously

comes from the reference at left thumb. Fig. 1B and 1C

are corrected EEGs using AR and R2 to remove the ref-

erence contribution to the EEG, respectively. One can see

that ECG are completely removed out in both of them. Es-

pecially complete removal of the ECG artifact in Fig. 1C

demonstrates the independent assumption, that is, the refer-

ence signal is independent from scalp sources because of the

long distance between the brain and the left thumb. Compar-

ing Fig. 1B with Fig. 1C one can see that Fig. 1C involves

much more brain neural activities than Fig. 1B. This shows

that R2 is much better than AR signal. AR signal and R2

are shown in Fig. 1D. It can be seen that (i) the periodical

property of ECG artifact is very clear and (ii) R2 involves

a little stronger muscle artifact than AR signal. The muscle

artifact in R2 was caused by the artery beat at left thumb.

This further show that R2 is better than AR signal.
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B) Reference electrode is at the middle of left arm. A

10s sample of EEG recorded from the 16 channels are plot-

ted in Fig. 2A. The segment is also dominated by periodical

ECG artifact in all channels. The remarkable ECG artifact

obviously comes from the reference. Fig. 2B and 2C are

corrected EEGs by removing AR and R2, respectively, from

the original EEG. One can see that ECG are completely re-

moved out in both of them. Especially complete removal of

the ECG artifact in Fig. 2C demonstrates that the reference

signal is independent from scalp sources because of the long

distance between the brain and the left arm. Comparing Fig.

2B with Fig. 2C one can see that Fig. 2C involves more

brain neural activities than Fig. 2B. This shows that R2 is

better than AR signal. AR signal and R2 are shown in Fig.

2D from which one can see that (i) the periodical property

of ECG artifact is rather clear and (ii) AR signal and R2 in-

volve a little strong muscle artifact caused by the artery beat

at left arm. The amplitudes of ECG artifact in Fig. 2D have

the nearly same range as that in Fig. 1D.

C) Reference electrode is at left shoulder. A 10s sam-

ple of EEG recorded from the 16 channels are plotted in Fig.

3A. One can find that the segment is remarkable for the dom-

inated ECG artifact in all channels. This dominated ECG ar-

tifact obviously comes from the reference. Fig. 3B and 3C

are corrected EEGs using AR and R2 to remove the refer-

ence contribution to the EEG, respectively. One can see that

ECG are completely removed out in both of them. Com-

plete removal of the ECG artifact in Fig. 3C demonstrates

that the reference signal at left shoulder is independent from

scalp sources because of the enough long distance between

the brain and the left shoulder. Comparing Fig. 3B with Fig.

3C one can see that Fig. 3C also involves more brain neural

activities than Fig. 3B. This fact shows that R2 is better than

AR signal. AR signal and R2 are shown in Fig. 3D from

which one can see that (i) the periodical property of ECG

artifact is rather obvious and (ii) little muscle artifact can

be seen because of the thick muscle on left shoulder which

weakens the artery beat so that the amplitude of ECG artifact

is not stronger than that in Fig. 1D and Fig. 2D.

D) Reference electrode is at left chest. A 10s sample of

EEG recorded from the 16 channel electrodes are plotted in

Fig. 4A. One can find that the segment is remarkable for the

periodical ECG artifact in all channels. Moreover, stronger

muscle artifact due to stronger heart beat can be seen in all

channels. These ECG and muscle artifacts obviously comes

from the reference at left chest which is very close to the

heart. Fig. 4B and 4C are corrected EEGs using AR and

R2 to remove the reference contribution to the EEG, respec-

tively. One can see that ECG and muscle artifacts are com-

pletely removed out in both of them. Especially complete

removal of the ECG and muscle artifacts in Fig. 4C demon-

strates that the reference signal at left chest is independent

from scalp sources because of the long distance between the

brain and left chest. Comparing Fig. 4B with Fig. 4C one

can see that Fig. 4C involves much more brain neural activ-

ities than Fig. 4B. So, we conclude that R2 is much better

than AR signal. AR signal and R2 are shown in Fig. 4D. It

can be seen that (i) the periodical property of ECG artifact is

very clear and (ii) AR and R2 involve a little stronger mus-

cle artifact than that in Figs. 1D, 2D, 3D. Moreover, their

amplitudes are larger than that in Figs. 1D, 2D, 3D.

E) Reference electrode is at left back. A 10s sample of

EEG recorded from the 16 channel electrodes are plotted in

Fig. 5A. One can find that the segment is remarkable for the

dominated ECG artifact in all channels through the whole

time period. This dominated ECG artifact obviously comes

from the reference. Fig. 5B and 5C are corrected EEGs

using AR and R2 to remove the reference contribution to

the EEG, respectively. One can see that ECG are completely

removed out in both of them. Especially complete removal

of the ECG artifact in Fig. 5C demonstrates the independent

assumption, that is, the reference signal is independent from

scalp sources because of the long distance between the brain

and left back. Comparing Fig. 5B with Fig. 5C one can

see that Fig. 5C involves much more brain neural activities

than Fig. 5B. This shows that R2 is much better than AR

signal. AR signal and R2 are shown in Fig. 5D. It is easy to

see that the amplitudes of AR and R2 are smallest among all

Figs. 1D∼5D. The reason is that muscles at left back for the

subject are thickest compared to that at other four locations

and weaken influence from heart/artery beat so that smaller

amplitudes of ECG artifact can be seen.

For the subject we chose five locations of his body as ref-

erence electrode locations which are far away from all scalp

electrodes. The long distance make the assumption of inde-

pendence possible. All recorded scalp EEG data are remark-

able for the dominated periodical ECG artifact which ob-

viously comes from the corresponding reference electrode.

But the scalp EEG becomes quite clear after identifying the

R2 signal and removing it from the original scalp EEG and

the corresponding corrected EEG can be found to include

rather much brain neural activities without any periodical

ECG artifacts. This fact indeed demonstrates the assumption

of independence for all five reference locations. Moreover,

the corrected EEG after removing R2 signal involves much

more brain neural activities than the corrected EEG after re-

moving AR signal. This fact supports the conclusion that R2

signal is better than AR signal.

Another interesting phenomenon is that strength of mus-

cle artifacts due to heart/artery beat and amplitudes of pe-

riodical ECG artifacts are different at above five reference

locations. We find that i) the scalp EEG when reference elec-

trode is placed at left chest of the subject involves strongest

muscle artifacts compared to other four reference locations,

the reason is that this location is very close to the heart whose

beat causes strong muscle artifacts. ii) The amplitudes of the

scalp EEG when reference electrode is placed at left back

of the subject are smallest compared to other four reference

locations. The reason is that muscles at left back for the sub-

ject are thickest compared to that at other four locations and

weaken influence from heart/artery beat, as a result, smaller

amplitudes of ECG artifacts can be detected.

4 Discussions and Conclusions

In this paper, we applied one method (i.e., R2) in [8] to es-

timate the reference signal in EEG recording, which requires

that the reference signal is independent from all source sig-

nals. For one subject we selected five reference electrode

locations which are far away from the scalp sources. Due to

the long distance, the reference signal should be independent
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Fig. 1: Reference electrode is at left thumb: (A) A 10s sample of EEG recorded from the 16 channel electrodes. The segment

is remarkable for the dominated ECG artifact in all channels through the whole time period. (B) and (C) are corrected EEGs

using the average reference and R2 to remove the reference contribution to the EEG, respectively. One can see that ECG are

completely removed out in both of them. (F) The average reference signal and R2.
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Fig. 2: Reference electrode is at the middle of left arm: (A) A 10s sample of EEG recorded from the 16 channel electrodes.

The segment is remarkable for the dominated ECG artifact in all channels through the whole time period. (B) and (C) are

corrected EEGs using the average reference and R2 to remove the reference contribution to the EEG, respectively. (F) The

average reference signal and R2.

4041



A B

400μv
+

 0  1  2  3  4  5  6  7  8  9 10

Cp4
Cpz
Cp3
C4
C3
Fcz
F4
F3

PO8
PO7
P4
P3
Oz
Pz
Cz
Fz

Time (second)

Original EEG

400μv
+

 0  1  2  3  4  5  6  7  8  9 10

Cp4
Cpz
Cp3
C4
C3
Fcz
F4
F3

PO8
PO7
P4
P3
Oz
Pz
Cz
Fz

Time (second)

Corrected EEG (Original EEG−AR·E)

C D

400μv
+

 0  1  2  3  4  5  6  7  8  9 10

Cp4
Cpz
Cp3
C4
C3
Fcz
F4
F3

PO8
PO7
P4
P3
Oz
Pz
Cz
Fz

Time (second)

Corrected EEG (Original EEG−R2·E)

3490μv
+

 0  1  2  3  4  5  6  7  8  9 10

2

1

Time (second)

R2(1) and AR(2)

Fig. 3: Reference electrode is at left shoulder: (A) A 10s sample of EEG recorded from the 16 channel electrodes. The segment

is remarkable for the dominated ECG artifact in all channels through the whole time period. (B) and (C) are corrected EEGs

using the average reference and R2 to remove the reference contribution to the EEG, respectively. (F) The average reference

signal and R2.
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Fig. 4: Reference electrode is at left chest: (A) A 10s sample of EEG recorded from the 16 channel electrodes. The segment

is remarkable for the dominated ECG artifact in all channels through the whole time period. (B) and (C) are corrected EEGs

using the average reference and R2 to remove the reference contribution to the EEG, respectively. (F) The average reference

signal and R2.
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Fig. 5: Reference electrode is at left back: (A) A 10s sample of EEG recorded from the 16 channel electrodes. The segment

is remarkable for the dominated ECG artifact in all channels through the whole time period. (B) and (C) are corrected EEGs

using the average reference and R2 to remove the reference contribution to the EEG, respectively. (F) The average reference

signal and R2.

from the scalp sources. As such, the R2 method can be ap-

plied to these cases. In fact, our simulation results confirmed

that the corrected scalp EEG after identifying R2 signal and

removing it from the original scalp EEG involve much more

brain neural activities than the corrected EEG after remov-

ing AR signal from the original scalp EEG for any one of

five reference locations. Moreover, the dominated periodical

ECG artifacts were completely removed out in all channels.

All these evidences once again supported that the real ref-

erence signal from any one of the five reference locations is

indeed independent from all scalp sources.

Another interesting observation is that the amplitudes of

the recorded EEG and muscle artifacts at left back is smallest

among five reference locations. If we choose the principle of

less amplitudes, less muscle activities, less movements and

easy placement, the left back may be the optimal location

among the five reference locations. Therefore, in this paper

we pointed out that the left back may be considered to be

optimal reference location and will replace the traditionally

widely used cephalic and non-cephalic reference locations in

EEG field in very near future and accordingly the R2 signal

will replace the commonly used AR signal.
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