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Abstract

The degree of synchronization in electroencephalography (EEG) signals is commonly characterized
by the time-series measures, namely, correlation, phase synchrony, and magnitude squared coherence
(MSC). However, it is now well established that the interpretation of the results from these measures
are confounded by the recording reference signal and that this problem is not mitigated by the use
of other EEG montages, such as bipolar and average reference. In this paper, we analyze the impact
of reference signal amplitude and power on EEG signal correlation, phase synchrony, and MSC. We
show that, first, when two nonreferential signals have negative correlation, the phase synchrony and
the absolute value of the correlation of the two referential signals may have two regions of behavior
characterized by a monotonic decrease to zero and then a monotonic increase to one as the amplitude
of the reference signal varies in [0, +o0). It is notable that even a small change of the amplitude may
lead to significant impact on these two measures. Second, when two nonreferential signals have
positive correlation, the correlation and phase-synchrony values of the two referential signals can
monotonically increase to one (or monotonically decrease to some positive value and then
monotonically increase to one) as the amplitude of the reference signal varies in [0, +0). Third, when
two nonreferential signals have negative cross-power, the MSC of the two referential signals can
monotonically decrease to zero and then monotonically increase to one as reference signal power
varies in [0, +o0). Fourth, when two nonreferential signals have positive cross-power, the MSC of
the two referential signals can monotonically increase to one as the reference signal power varies in
[0, +o0). In general, the reference signal with small amplitude or power relative to the signals of
interest may decrease or increase the values of correlation, phase synchrony, and MSC. However,
the reference signal with high relative amplitude or power will always increase each of the three
measures. In our previous paper, we developed a method to identify and extract the reference signal
contribution to intracranial EEG (iEEG) recordings. In this paper, we apply this approach to
referential iEEG recorded from human subjects and directly investigate the contribution of recording
reference on correlation, phase synchrony, and MSC. The experimental results demonstrate the
significant impact that the recording reference may have on these bivariate measures.
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[. Introduction

THE UNSURPASSED temporal resolution and connection to brain function have led to the
widespread use of electroencephalography (EEG) in medical practice and scientific research
[2]-[5]. The neuronal mechanism underlying EEG and the local field potentials recorded with
intracranial EEG (iEEG) using intracranial electrodes (Fig. 2) are largely related to the
synchronization of neuronal assemblies and their synaptic currents [6]. There is strong evidence
that one of the fundamental neural mechanisms underlying normal and pathological brain
activity is the synchronization of neuronal assemblies [7]-[9]. This has led to widespread
interest in quantitative measures of EEG synchronization [7]. It has been noted that neuronal
assemblies are characterized by the synchronous activity of their constituent neurons, and
different EEG frequency components also reveal synchronies relating to different perceptual,
motor, or cognitive states [7], [10]-[20].

The synchronization of neuronal assemblies has been widely studied using the following three
measures: correlation (such as cross correlation), phase synchrony (such as mean phase
coherence), and coherence [such as magnitude squared coherence (MSC)]. Cross correlation
measures the linear correlation between two signals in the time domain [21]. Phase synchrony
is a direct index of neural synchrony and is defined by a phase locking value, ranging from
zero (no synchronization) to one (perfect synchronization). Coherence identifies the synchrony
of neuronal assemblies as a function of the correlation of EEG frequency components. For
iEEG, the neural generators are the local assemblies of coherent neurons with common spectral
properties. Each of these measures have been used extensively to assess neural synchrony in
human electrophysiological studies of brain function and disease. The typical finding is that,
in a given pathological state or in a perceptual, cognitive, or motor task, the EEG correlation,
coherence, or synchrony increases (or decreases) [7], [13], [19], [22]-[31].

Recently, the difficulties associated with using common referential EEG recordings for
correlation analysis [32], coherence analysis [29], [33], [34], and phase-synchrony analysis
[22], [32], [35] have been raised and are now well established. Unfortunately, all the
aforementioned references investigating neuronal synchronization have used either common
referential EEG recordings or common reference-free EEG recordings, such as bipolar EEG,
average common reference EEG, and Laplacian EEG.

The confounding effect of a common reference is not entirely resolved with what are called
reference-free recordings. The bipolar EEG, obtained by subtracting the potentials of two
nearby electrodes, will remove all sighals common to the two channels, including the common
reference. In addition, a given bipolar montage will completely miss dipoles with certain
locations and tangential orientations, and not all signals common to the two electrodes are from
the reference. Caution against the use of bipolar EEG for coherence analysis was given [36],
[37]. Although the average reference EEG and Laplacian EEG are reference free, caution
against their use for synchronization analysis was given [32].

In our recent work [1], we proposed two methods to extract the scalp reference signal from
clinical multichannel iEEG recordings based on independent component analysis [38], [39]
and stated why the obtained signal is a “good” estimation of the real reference signal. The
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corrected EEG, or true reference-free EEG, can now be obtained by removing the reference
signal.

[l. Methods and Material

Given two time series x(t) and y(t), the correlation of x(t) and y(t) is defined as

co_ E[xy]

Y VEPIEY] W)

where x and y are assumed to have zero mean and EJ] is the expected value of one random
variable.

Phase synchrony, or mean phase coherence [40], of x(t) and y(t) is defined as
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where ¢y(t) and ¢y(t) denote the phase variables of x(t) and y(t), N is the window sample size,
and
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for an arbitrary signal s(t) using the Hilbert transform
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(p.v. denoting the Cauchy principle value).
The coherence of x(t) and y(t) is defined as
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where Syy(w) and Sy, (w) are auto-power spectral densities (PSDs) of x(t) and y(t), respectively,
and Syy(w) is their cross-power spectrum. Therefore, the MSC of x(t) and y(t) is defined as
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In the following, we investigate the effect of recording reference on the aforementioned
measures of neural synchronization. Let R(t) = Ar(t) denote the potential signal at the reference
electrode where coefficient A > 0, and let b; be the potential signal at the ith intracranial or
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scalp electrode, where i = 1, 2. Now, let x;(t) denote bj(t) referenced to R(t), i.e., xj(t) = R(t) -
bi(t), i = 1, 2. Now, we aim to discuss the effect of R(t) on the correlation, phase synchrony,
and MSC of nonreferential signals b1(t) and bo(t) as measured from referential signals x4 (t)
and x(t). To do so, next, we obtain analytical expressions for the three measures and establish
the relationship among R(= Ar), by, by, X1, and x,.

A. Correlation

For simplicity, we assume that r, by, and b, have a mean of zero and a variance of one. From
(1), it follows that

Cy v (A —_ Elxx]
RN
__ E[R-D)R-Dy)]
VE[®-b P ][ (R-0)?]
E[(Ar-b)(Ar-b)]
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Thus, Cy, », (A) is a function of coefficient A, where A > 0. Based on (7), it is easy to see that
Cyx, (A) = 1as A — +oo, Therefore, and as expected when A is large enough, the correlation
of two referential signals x1 and x, will be larger than that of nonreferential signals b, and
by. In general, it is not easy to discuss the critical points for C,,, (A) because these points
depend on the values of E[rb1], E[rb,], and E[b1b,]. For simplicity, we further assume E[rb,] =
E[rbs] = c. Obviously, -1 <c <1 and -1 < E[b;b,] <1 by noting that r, by, and b, have a mean
of zero and a variance of one. Then, (7) becomes

A% — 2cA+E [bib L —Elbib
Cyx, (A)= 76‘ [by 2]:1_ - [b 2].
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Since A2-2cA+1 has a minimum value at A = ¢, one can see that, when -1 <¢ <0, Cyx, (A)
monotonically increases as A(> 0) increases. Fig. 1(A) and (B)(b) show examples of the
function C,, ,, (A) according to negative and positive correlations of nonreferential signals by
and by, respectively. When 0 <c <1, C,,,, (A) monotonically decreases from

Ciyx, (0) =E [b1b2]10 Cxyx, () = (E [biba] - ¢*/1 - cz) as A varies in [0, c] and then start to
monotonically increase to one as A varies in [c, +oo]. Fig. 1(B)(a) shows examples of the
function C,, ,, (A) according to positive correlations of nonreferential signals by and by. It
should be pointed out that the resulting curve from the absolute values of each curve in Fig. 1
(A) decreases to zero and then starts to increase to one when A varies in [0, +o0). Moreover,
even a small change of coefficient A may lead to a significant impact on correlation values [for
example, see the curve corresponding to Cy,, = — 1in Fig. 1(A)].

B. Phase Synchrony (i.e., Mean Phase Coherence)

From (3) and (4), it follows that
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Combining (2) and (9), we see that phase synchrony between x; and x5 is a function of A and
defined as Ry, , (A). From (9), we can get
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Thus, we have
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As a result, from (2), we obtain
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Therefore, when coefficient A is large enough, the phase synchrony of two referential signals
X1 and xo will be larger than that of nonreferential signals by and bs.

In general, it is difficult to get the critical points for R, ,, (A). Here, we performed simulations
for R, ,, (A) based on nonreferential signals b; and b, having negative and positive correlations.
The simulation results show that, first, R, ,, (A) may monotonically increase as A (> 0)
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increases when nonreferential signals b1 and b, have positive correlations [see Fig. 1(D)(b)].
Second, Ry, , (A) may monotonically decrease to zero and then monotonically increase to one
as A (> 0) increases when nonreferential signals by and b, have negative correlations [see Fig.
1(C)]. Third, R,,, (A) may monotonically decrease to some positive values and then
monotonically increase to one as A (> 0) increases when nonreferential signals by and b, have
positive correlations [see Fig. 1(D)(a)]. Similar to the results for correlation, it should be noted
that even a small change of coefficient A may lead to significant impact on phase-synchrony
values [for example, see the curve corresponding to Cy,,, = — 1in Fig. 1(C)].

We assume that both of the nonreferential signals by (t) and b,(t) are not correlated with the
reference signal R(t). In this case, based on (5), we can write the MSC of referential signals
X1 and Xy as

(S b,y (W) +8 o ()

MSC, =
TS by 0) +S g (9)) (S by (W) +8 e (0) (11)

(see [34] and [36] for details). From (11), an upper bound can be derived as follows:

. (IS b1, 09) 1+ 15 (1))
T (S by, ) +S 1 ) (S by (9) +5S g (W) (12)

MSC

which has been previously reported [36]. The authors [36] employed this bound to examine
the effect of the reference signal R(t) on the MSC of nonreferential signals b4 (t) and by(t) and
argue that, under the assumption that the scalp reference signal is not correlated with the IEEGs
being studied, the reference signal will have a limited impact upon coherence measurements
when the power of the reference signal is smaller than the power of the intracranial signals at
every frequency. However, in the following, we show that the conclusion is true only for
positive cross correlations in (11). The reason is that the cross-power S 5, ;,, (w) may be negative,
and in (12), only the absolute value of the cross-power S, (w) is used. In (11), if we further
assume that S, (w) =S p,5, (w) =1, Which is similarly assumed in [36], (11) becomes

Sbin, (W) +S .. (W)
M5 Cyppp= S 00 S 00
(148 O1))° (13)

Therefore, given Sy, 5, (w), MS Cy, , is afunction of Sgr(w) (> 0). If S}, 5, (w) >0, then the right-
hand side of (13) is the same as the upper bound in (12) and MS C,, ., monotonically increases
to one as Sgrr(w) increases in [0, +0), which is discussed in [36]. In Fig. 1(F), one can see that
MS Cy,,, Is @ monotonic increasing function of reference signal power for each given positive
cross-power S, (). Hence, in this case, the MSC value of two referential signals x; and x;
is always greater than that of nonreferential signals by and by, i.e., the reference signal always
increases MSC in this case, and only in this case is the conclusion in [36] true. If

Sb,p, (W) <0, then it is easy to get the critical point at S, (w)=— S5, (w) from (13). In this
case, MS Cy,,, monotonically decreases to zero as Srr(w) varies in[ 0, —S ,, (w)) and
monotonically increases to one as Sgr(w) varies in| —Sp, 5, (W), +o0). Fig. 1(E) shows that the
reference signal may actually decrease or increase MSC. The following should be pointed out:
1) Reference signal power may have a significant impact on MSC (for example, see the curve
corresponding to S, ,= — 1in Fig. 1(E). In this case, from the curve when reference signal
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power = 0.5 = 0.5x the power of nonreferential signal b; or by, the MS C,,., value is sharply
changed from 1 to a value below 0.1), and 2) even if reference signal power is greater than the
power of nonreferential signals by and by, the effect at a given frequency may not be
considerable (for example, see the curve corresponding to S, ,,= — 0.7 in Fig. 1(E). In this
case, from the curve when reference signal power = 5 = 5x the power of nonreferential signal

by or by, the MS Cy,,, value is not much different from MS Cy,p, =S}, =(~0.7)=0.49),

D. Experimental Studies

[1l. Results

In this section, we describe the application of the aforementioned measures of neuronal
synchrony to iEEG from a patient undergoing evaluation for epilepsy surgery. The patient
underwent implantation of right and left temporal depth electrodes (RTD and LTD, Fig. 2).
The depth electrodes were placed via a posterior burr hole and implanted along the long axes
of the hippocampus, with contact 1 targeted at the amygdala. The patient had 20 scalp electrodes
placed according to the international 10-20-configuration gold 1-cm disks adhered to the scalp
with glue and filled with a conductive salt gel and confirmed to have lower than 2.0-kQ
impedance at 1 kHz.

The iEEG and scalp EEG were acquired using a stainless steel suture placed in the vertex region
of the scalp, midline between the Cz and Fz electrode positions (international 10-20) as a
common reference. The scalp suture electrode is relatively isolated from the intracranial
electrodes by the intervening layers of cerebrospinal fluid, bone, muscle, and scalp. These
layers serve to distribute and attenuate the signal in such a way that approximately 7 cm? of
coordinated cortical activity is required to produce a clear detectable deflection on the scalp
[41]. In practice, the reference electrode serves the purpose primarily of rejecting common-
mode potentials generated by muscular contraction and body movement, which are conducted
to the intracranial vault. Unfortunately, it also introduces artifacts unique to the scalp site.

The data were acquired on an XLTek EEG 128 system that digitizes each channel at 500 Hz
using a predigitization analog high-pass filter at 0.01 Hz and a low-pass filter at 125 Hz. The
time-series measures estimated were the PSD, correlation, phase synchrony (mean phase
coherence in this paper), and MSC. The PSD and MSC were estimated using Welch's method
and a 512-sample Hamming window with a 256-sample overlap.

The raw data used for analysis were filtered using a finite-impulse-response filter in the
frequency band from 1-70 Hz for iEEG and 1-50 Hz for scalp EEG. For the calculation of the
correlation, a 1-s sliding window was advanced by one sample point, and at each point, the
average value of the correlation was calculated for 100 points. For the mean phase coherence,
a 10-s sliding window with half-overlap was used. A range of windows, 1-10 s, and overlaps
were tested without a significant change in the results.

The patient underwent iEEG monitoring using eight contact depth electrodes placed within the
right and left medial temporal lobes and 20 surface electrodes at F7, T7, P7, Fpl, F3, C3, P3,
01, Fpz, Fz, Cz, Pz, Oz, Fp2, F4, C4, P4, F8, T8, and P8 (international 10-20) recorded from
the same vertex reference electrode all sampled at 500 Hz. Each data segment analyzed contains
50 000 samples (100 s) and was obtained in the quite awake resting state. See patient 2 in [1]
for details.

Four representative left and right adjacent channels from iEEG recordings (LTD3-LTD6 and
RTD3-RTD6) are shown in Fig. 3, where only 10 of 100 s are shown representatively. The
reference signal (R2) in Fig. 3(A) was calculated based on the second method in [1] by using
the entire time period (100 s) and all 16 iEEG channels (where we want to point out that the
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equivalence between Models (1) and (3) in [1] plays an important role in the R2 method and
is usually true for real EEG data). In Fig. 3(A), the second eight channels (LTD3-LTD6 and
RTD3-RTD6) are the corrected iEEG and were obtained by subtracting the calculated
reference signal (R2) from the original referential iEEG. It is easy to see that each referential
iEEG channel was contaminated by muscle artifacts that are removed in the corrected iEEG.
This shows the following: 1) Muscle artifacts in the referential iEEG come from the reference
signal in this case, and 2) the reference signal was mostly removed using the approach described
in [1]. Four bipolar montage iEEGs (LTD3-LTD4, LTD5-LTD6, RTD3-RTD4, and RTD5-
RTD6) are also shown in Fig. 3(A) and are all muscle artifact free. This further verifies that,
in this example, the artifacts are from the common reference signal and therefore removed in
the bipolar montage. Four representative scalp EEG channel recordings (F7, T7, Cz, and Pz)
are shown in Fig. 3(B), where electrodes Cz and Pz are close to the scalp reference electrode
so that the recordings from Cz (or Pz) reflecting the difference between two electrical potentials
measured at the scalp reference electrode and Cz (or Pz) are rather small at most time points.
The second four scalp EEG channel recordings (F7, T7, Cz, and Pz) are corrected scalp EEGs
of the first four scalp channel recordings (F7, T7, Cz, and Pz). One can see the brain activity
in the corrected Cz and Pz. Moreover, muscle artifacts in the referential F7 and T7 were reduced
compared with that in the corrected F7 and T7. The reference signal is the same as that in Fig.
3(A). Considerable muscle artifacts can still be seen in bipolar F7-T7, illustrating that these
artifacts are not from the reference signal.

To show the influence of the reference signal on EEG recordings, Fig. 3(C)—(E) shows the PSD
for the reference signal, original referential LTD4, and corrected LTD4. One can clearly see
the similar high-frequency activity (20-70 Hz) for the reference signal and referential LTD4
in Fig. 3(C) and (D), which is reduced in the corrected LTD4 in Fig. 3(E). This verifies the
following: 1) The high-frequency activity (20-70 Hz) in the referential LTD4 comes from
artifacts of the reference signal, and 2) high-frequency artifacts are mostly removed in the
corrected LTDA4.

In Figs. 3(F)—(H), 4, and 5, four measures, namely, the spectral power, correlation, phase
synchrony, and MSC, are analyzed. The solid lines correspond to referential iEEG or scalp
EEG, the dashed lines are the corrected iEEG or scalp EEG, the dotted lines correspond to the
bipolar iEEG or scalp EEG, and the dashed—dotted lines correspond to the reference signal. In
Fig. 5(B), the blue lines correspond to the referential scalp EEG, and the red lines correspond
to the corrected scalp EEG. Comparing the spectral power of the referential and corrected
iEEGs in Fig. 3(F) and (G), one can see that the iEEG power is reduced in the frequency band
20-70 Hz by the removal of the reference signal. It should be appreciated that physiological
brain activity in the alpha band can be seen near 9 Hz for all the referential iEEG, corrected
iEEG, bipolar iEEG, and reference signal. Moreover, each referential iEEG has larger power
than the corresponding corrected iEEG.

Figs. 3(H) and 4(A) and (B) show the absolute values of representitive correlations
[LTD3*LTD5, LTD3*LTD6, RTD3*RTD5, RTD3*RTD6, LTD3*RTD3, and LTD4*RTD4,
and bipolar (LTD3-LTD4)*(LTD5-LTD6), (RTD3-RTD4)*(RTD5-RTD6), and (LTD3-
LTD4)*(RTD3-RTD4)]. One can observe the following.

1. Each corrected iEEG has a smaller correlation compared with the referential iEEG at
most time points [Figs. 3(H) and 4(A) and (B)]. An explanation for this phenomenon
is that the reference signal has a larger amplitude at most time instants, as seen in Fig.
3(A). Thus, the reference signal of larger amplitude may play an important role in
increasing correlation values of iEEG and may lead to misinterpretation of iEEG.

2. Some corrected and referential iEEGs such as LTD4*LTD5 have larger correlation
values. However, this is not true for some iEEG such as LTD3*LTD6. In this case,
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the correlation of referential LTD3*LTD6 cannot correctly reflect that of corrected
LTD3*LTD6 and leads to misinterpretation of iEEG.

3. BipolariEEG (LTD3-LTD4)*(LTD5-LTD6) has small correlation values which are
less than that of almost all referential and corrected iEEGs. Hence, small correlation
values of bipolar iEEG cannot reflect larger correlation values of corrected iEEG such
as LTD4*LTDS5 and lead to misinterpretation of iEEG.

4. Correlation values between two bipolar iEEGs are not always less than that of all
corresponding referential or corrected iEEG seen in Fig. 4(A). For example, the
correlation values of (RTD3-RTD4)*(RTD5-RTD®6) are larger than that of the
referential and corrected RTD3*RTD5 and RTD3*RTD6 at most time points, but
remain significantly less than that of the referential and corrected RTD4*RTD5. Thus,
correlation of two bipolar iEEG cannot correctly reflect the correlation of two
corrected channels in some cases and leads to misinterpretation of iEEG.

5. All correlation values between two corrected bilateral channels LTD4 and RTD4 are
less than 0.2 in Fig. 4(B). This shows that synchronization of brain activity at channel
LTD4 and channel RTD4 is weak.

Fig. 4(C)—(E) show phase-synchrony-value changes for LTD3*LTD5, LTD3*LTD6,
RTD3*RTD5, RTD3*RTD6, LTD3*RTD3, and LTD4*RTD4, and bipolar (LTD3-LTD4)*
(LTD5-LTDS6), (RTD3-RTD4)*(RTD5-RTDS6), and (LTD3-LTD4)*(RTD3-RTD4). One
can observe that the results are similar to the aforementioned correlation analysis.

Fig. 4(F)-(H) show MSC-value changes for LTD3*LTD5, LTD3*LTD6, RTD3*RTD5,
RTD3*RTD6, LTD3*RTD3, and LTD4*RTD4, and bipolar (LTD3-LTD4)*(LTD5-LTD6),
(RTD3-RTD4)*(RTD5-RTDS6), and (LTD3-LTD4)*(RTD3-RTD4). One can observe the
following.

1. MSC values of the corrected iEEG are less than that of corresponding referential iIEEG
because of the larger power of the reference signal [e.g., see Fig. 3(F)]. Moreover, an
increasing trend for each referential iEEG can be clearly seen from 20 to 70 Hz. This
phenomenon is not present in the corrected iIEEG. The reason for this phenomenon is
that the higher power of the reference signal remains unchanged from 20 to 70 Hz
and the smaller power of each corrected iEEG is still decreasing. Therefore, it is clear
that the reference signal plays a dominant role from 20 to 70 Hz.

2. Some corrected and referential iEEGSs such as LTD4*LTD5 have larger MSC values.
However, this is not true for other iEEGs such as LTD3*LTD6 and RTD4*RTD6. In
this case, the coherence of the referential LTD3*LTD®6 cannot correctly reflect that
of the corrected LTD3*LTD6 and leads to misinterpretation.

3. Bipolar iEEG (LTD3-LTD4)*(LTD5-LTD®6) has small MSC values which are less
than that of all referential and corrected iEEGs. Hence, small MSC values of the
bipolar iEEG cannot reflect larger MSC values of the corrected iEEG such as LTD4
*LTD5 and lead to misinterpretation.

4. MSC values between two bipolar iIEEGs are not always less than that of all the
corresponding corrected iEEGs seen in Fig. 4(G). For example, the MSC values of
(RTD3-RTD4) *(RTD5-RTD®6) are larger than that of corrected RTD3 *RTD5 and
RTD3 *RTD6, but heavily less than that of the corrected RTD4 *RTD5. Thus, the
coherence of two bipolar iEEGs cannot correctly reflect the coherence of two
corrected channels in some cases and leads to misinterpretation.
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5. All MSC values between two corrected bilateral channels LTD3 and RTD3 are very
small in Fig. 4(H). This shows that the coherence of brain activity at channels LTD3
and RTD3 is rather weak.

Fig. 5(A) shows the spectral power for T7, F7, bipolar F7—T7, and the reference signal. One
can see that all signals have peaks near 9 Hz except for the bipolar F7—T7, which has a small
peak near 7 Hz. The corrected F7 has a small peak at 27.5 Hz which cannot be found in the
referential F7 and bipolar F7—T7. In addition, unlike iEEG in Fig. 3(F) and (G), where each
referential iEEG has larger power than the corresponding corrected iEEG, the corrected T7
and F7 have larger power than the referential T7 and F7 from 0 to 15 Hz and have smaller
power than the referential T7 and F7 from 20 to 30 Hz. Hence, one can conclude the following:
1) The referential and bipolar EEGs cannot correctly reflect brain activity and lead to
misinterpretation of EEG, and 2) the reference signal does not always increase power of EEG.

To analyze correlation and phase synchrony between different scalp channels, we filtered the
referential and corrected EEGs to the frequency band 1-50 Hz. Correlation and phase
synchrony are shown in Fig. 5(B) and (C) for scalp EEG: T7*F7, T7*Cz, T7*Pz, F7*Cz, F7*Pz,
and bipolar (F7-T7)*(Cz—Pz). One can see that correlation and phase-synchrony values of the
referential EEG are smaller than that of the corrected EEG. This is different from iEEG in Figs.
3(H) and 4(C) where the correlation and phase-synchrony values of the referential iEEG are
larger than that of the corrected iEEG. The reason for this phenomenon is that the reference
signal has smaller amplitudes than the corrected scalp EEG, as seen in Fig. 3(B). It can be seen
that the corrected F7*Pz has greater correlation and phase-synchrony values than the referential
F7*Pz and bipolar (F7-T7)*(Cz-Pz). Hence, correlation and phase-synchrony values of the
referential or bipolar EEG cannot correctly reflect that of the corrected EEG in some cases and
lead to the misinterpretation of EEG. We also note that the correlation and phase-synchrony
values for all corrected EEGs decrease heavily from 70 to 80 s. The large decrease is due to
multiple artifacts in each channel, such as muscle artifact, eye movement, and eye blink, as
seen in Fig. 3(B).

MSC isanalyzed in Fig. 5(D) for scalp EEG: T7*F7, T7*Cz, T7*Pz, F7*Cz, F7*Pz, and bipolar
(F7-T7)*(Cz-Pz). One can see that the MSC values of the referential EEG are smaller (larger)
than that of the corrected EEG from 0 to 15 Hz (from 20 to 30 Hz) because of the larger (smaller)
power of the corrected EEG compared with that of the reference signal, as seen in Fig. 5(A),
where we omit the spectral power of the corrected Cz and Pz which have lower power than the
reference signal from 20 to 30 Hz. Hence, the power of the reference signal plays a key role
in changing the MSC value of EEG. As such, the higher coherence of the corrected F7*Pz
cannot be reflected by the lower coherence of the referential F7*Pz or bipolar (F7-T7)*(Cz—
Pz) from 0 to 15 Hz. Similarly, the lower coherence of the corrected T7*Cz cannot be reflected
by the higher coherence of the referential F7*Pz from 20 to 30 Hz. Comparing the MSC in
Fig. 5(D) and the spectral power in Fig. 5(A), one can see that T7 and F7 have isolated power
peaks at 9 Hz and T7*F7 has a consistent coherence peak at 9 Hz. However, no peaks can be
found for the bipolar EEG (F7-T7)*(Cz-Pz) in Fig. 5(A) and bipolar EEG F7-T7 in Fig. 5(A)
at the same frequency. The corrected F7 has a power peak at 27.5 Hz, and the corrected F7*Cz,
F7*Pz,and T7*F7 also have consistent isolated coherence peaks at 27.5 Hz. However, no peaks
can be found for the referential F7*Cz, F7*Pz, and T7*F7, the bipolar EEG (F7-T7)*(Cz—Pz)
in Fig. 5(D), and the referential F7 and bipolar EEG F7-T7 in Fig. 5(A) at the same frequency.
Hence, the referential and bipolar EEGs may hinder the appearance of peaks in the corrected
EEG in spectral-power and coherence analyses.

V. Discussion

In this paper, we examined the correlation, PSD, phase synchrony, and coherence of common
referential, corrected, and bipolar EEGs recorded from intracranial and scalp electrodes. We
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first obtained an analytical expression for how these measures of neuronal synchrony depend
on recording reference signal and then, using analytical and simulation approaches,
investigated the effect of the reference. We were able to show the following.

1. The absolute value of correlation and the phase-synchrony value of two referential
signals may monotonically decrease to zero and then increase to one as the amplitude
of the reference signal increases from 0 to co when two nonreferential signals have
negative correlation.

2. The correlation and phase synchrony of two referential signals may monotonically
increase to one (or decrease to some positive value and then start to increase to one)
as the amplitude of the reference signal increases from 0 to co when two nonreferential
signals have positive correlation.

3. The MSC of two referential signals may monotonically decrease to zero and then
increase to one as the power of the reference signal increases from 0 to c when two
nonreferential signals have negative cross-power.

4. The MSC value of two referential signals may monotonically increase to one as the
power of the reference signal increases from 0 to co when two nonreferential signals
have positive cross-power. In general, the amplitude of the reference signal affects
the correlation and phase synchrony, and the power of the reference signal affects the
MSC. The reference signal with smaller amplitude (or power) may decrease or
increase correlation and phase-synchrony values (or MSC value). However, the
reference signal with higher relative amplitude (or power) will increase correlation
and phase-synchrony values (or MSC value).

We demonstrated the following: 1) The amplitude of the reference signal may have a significant
impact on correlation and phase-synchrony values, and even a small change in reference
amplitude can lead to a significant change on correlation and phase-synchrony values; 2)
reference signal power may have a significant impact on MSC value, and even a small change
of reference signal power can significantly change MSC. This point shows that the conclusion
drawn in [36] is not true in general and is limited to the assumptions required to obtain the
upper bound of (12); and 3) even if reference signal power is greater than the power of
nonreferential signals, the effect at a given frequency can be small.

Human scalp EEG and iEEG are contaminated with multiple noncerebral artifacts including
movement artifacts, muscle artifacts, and eye-movement artifacts. We have demonstrated that
the reference signal obtained using the approach described previously [1] isa “good” estimation
of the real reference signal based on the following four aspects: 1) The referential IEEG muscle
artifacts are removed in the corrected iIEEG [Fig. 3(A)]; 2) the corrected Cz and Pz contain
clear brain activity and muscle artifacts which cannot be seen in the referential Cz and Pz which
are close to the reference electrode [Fig. 3(B)]; 3) muscle artifacts in F7 and T7 are reduced
after removal of the reference signal [Fig. 3(B)]; 4) the similar high-frequency activity from
20 to 70 Hz of the spectral power for the reference signal and referential iEEG [Fig. 3(C) and
(D)] was removed from the spectral power of the corrected iEEG [Fig. 3(E)].

Simulation results based on referential, corrected, and bipolar EEGs showed that the reference
signal may have a significant effect on the correlation, phase synchrony, and MSC. For this
particular patient, we found that the reference signal with smaller amplitude compared with
scalp EEG may decrease correlation and phase-synchrony values [see, e.g., the referential
T7*F7 of smaller values and corrected T7*F7 of larger values in Fig. 5(B) and (C)]. On the
contrary, the reference signal with larger amplitude compared with iIEEG may increase
correlation and phase-synchrony values [see, e.g., the referential LTD4*LTD5 of larger values
and corrected LTD4*LTD5 of smaller values in Figs. 3(H) and 4(C)]. The reference signal
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with larger power compared with iIEEG may increase MSC values [see, e.g., the referential
LTD4*LTDS5 of larger values and corrected LTD4*LTD5 of smaller values in Fig. 4(F)].
Hence, the reference signal may change the observed correlation, phase-synchrony, and MSC
values significantly and thus lead to an incorrect interpretation of EEG.

The commonly used bipolar EEG can remove the common reference. However, one should
note that bipolar EEG will also remove all signals common to the two channels and not all
signals common to the two electrodes are from the reference. Hence, a given bipolar montage
will completely miss dipoles with certain locations and tangential orientations. Our simulation
results from this patient demonstrated that bipolar EEG usually leads to small correlation,
phase-synchrony, and MSC values and, as a result, cannot reflect real large correlation, phase-
synchrony, and MSC values between two different channels [see, e.g., Figs. 3(H) and 4(C) and

(F)].

Peaks of the spectral power and coherence of EEG have been widely analyzed in the study of
different subjects. The presence of peaks indicates an underlying structure to EEG patterns
[29]. However, our simulation results show that the referential and bipolar EEGs may hinder
the appearance of peaks in corrected EEG in the spectral-power and coherence analyses [see,
e.g., F7*Cz, F7*Pz, T7*F7, and bipolar EEG (F7-T7)*(Cz-Pz) at 27.5 Hz in Fig. 5(D)].

The technical difficulties associated with an active reference signal are now well recognized,
i.e., the reference signal may contaminate EEG recordings and confound the interpretation of
coherence analysis [29], [33], [34] and phase-synchrony analysis [22], [32], [35]. In order to
correctly interpret commonly used metrics of neuronal synchrony in EEG, it is clearly
necessary to identify the reference signal and its contribution. In [1], we proposed two methods
to extract the scalp reference signal from multiple-channel iEEG recordings based on
independent component analysis under the assumption that the reference signal from the scalp
reference electrode can be treated as independent from all of the sources recorded at each
intracranial electrode. This assumption is basically true because the reference scalp electrode
is relatively isolated from the intracranial electrodes by the three intervening layers of
cerebrospinal fluid, bone, and scalp. This assumption was supported by simulation results from
clinical EEG data. In this study, we examined the effect of recording reference on commonly
used quantitative methods for measuring neuronal synchrony. Using analytical methods,
simulations, and experimental results from a patient with intracranial and scalp electrodes, we
investigated the effect of recording reference signal on common measures of neuronal
synchrony. We demonstrated the significant impact that the recording reference has on these
measures and how this can be overcome [1]. In this paper, we conducted one subject analysis
which fully supports our theoretical results. Based on the analytical, simulation, and
experimental results from a human recording, we are confident that the interpretation of the
reference-signal effect on these three measures is correct. In the future, we will apply corrected
EEGs (or iEEGS) obtained in real time to disclose real neural synchronization which may shed
new light in real-world applications, such as seizure prediction, seizure source localization,
and brain-computer interface.
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Fig. 1.

(A) Correlation of two referential signals as a function of coefficient A where nonreferential
signals have negative correlation. (B) Correlation of two referential signals as a function of
coefficient A where nonreferential signals have positive correlation. Each curve in (A) and (B)
was evaluated based on (6), where r, b1, and b, were generated randomly with zero mean and
r is not uncorrelated with by and b,. (C) Mean phase coherence of two referential signals as a
function of coefficient A where nonreferential signals have negative correlation. (D) Mean
phase coherence of two referential signals as a function of coefficient A where nonreferential
signals have positive correlation. Each curve in (C) and (D) was evaluated based on (2), where
r, b1, and b, were generated randomly with zero means and r is not uncorrelated with b, and
b,. (E) MSC of two referential signals as a function of reference signal power where
nonreferential signals have negative cross-power ranging from —0.1 to —1.0 in steps of —0.1.
(F) MSC of two referential signals as a function of reference signal power where nonreferential
signals have positive cross-power ranging from 0.1 to 1.0 in steps of 0.1. Each curve in (E)
and (F) was evaluated based on (13).
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Fig. 2.
MRI shows depth electrode (Adtech, Inc.) implanted along the longitudinal axis of the
hippocampus using a posterior burr hole.
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Fig. 3.

(A) Ten-second sample of iEEG recorded from the four-contact left and right depth electrodes
using ascalp reference (the uppermost eight channels labeled LTD3-LTD6 and RTD3-RTDS6).
The segment is remarkable for the large muscle artifacts due to the patient chewing between
75 and 80 s. The corrected EEG (channels 9-16 labeled LTD3-LTD6 and RTD3-RTD6) show
that the muscle artifacts have been removed. The reference signal (channel 17) was calculated
by using the second method [1]. The bottom four channels are bipolar iEEGs which have no
muscle artifacts (channels 18-21 and labeled LTD3-LTD4, LTD5-LTD6, RTD3-RTD4, and
RTD5-RTDS6). (B) Ten-second sample of scalp EEG simultaneously recorded from scalp
electrodes using the same scalp reference (the uppermost four channels F7, T7, Cz, and Pz)
where Cz and Pz are close to the scalp reference electrode so that the brain activity cannot be
seen at Cz and Pz. The segment is remarkable for the large muscle artifacts due to the patient
chewing between 75 and 80 s in F7 and T7. The corrected scalp EEG (channels 5-8 labeled
F7,T7,Cz, and Pz) show brain activity at Cz and Pz and some reduction of the muscle artifacts
at F7 and T7. The remaining muscle artifact is present because it is not referential in origin.
The temporalis muscle underlying the electrodes F7 and T7 is an independent generator of
muscle artifact that is not introduced by the reference. The reference signal is the same as in
(A) (channel 9 labeled reference). F7-T7 and Cz—Pz are two bipolar EEG channels (the bottom
two channels). (C) PSD of the reference signal. (D) PSD of the referential LTD4. (E) PSD of
the corrected LTD4. High-frequency activity from 20 to 70 Hz in the corrected LTD4 cannot
be seen any more. (F) Spectral power for the (solid line) referential and (dashed line) corrected
LTD3and LTD4, (dashed—dotted line) reference signal, and (dotted line) bipolar LTD3-LTD4.
(G) Spectral power for the (solid line) referential and (dashed line) corrected RTD3 and RTD4,
(dashed—dotted line) reference signal, and (dotted line) bipolar RTD3-RTD4. (H) Absolute
value of correlation for the (solid line) referential and (dashed line) corrected LTD3*LTD5,
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LTD3*LTD6, LTD4*LTD5, and LTD4*LTDS6, and (dotted line) bipolar (LTD3-LTD4)*
(LTD5-LTDS).
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Fig. 4.

(A) Absolute value of correlation for the (solid line) referential and (dashed line) corrected
RTD3*RTD5, RTD3*RTD6, RTD4*RTD5, and RTD4*RTD6, and (dotted line) bipolar iEEG
(RTD3-RTD4)*(RTD5-RTDS6). (B) Absolute value of correlation for the (solid line)
referential and (dashed line) corrected LTD3*RTD3 and LTD4*RTD4, and (dotted line)
bipolar (LTD3-LTD4)*(RTD3-RTD4). (C) Mean phase coherence for the (solid line)
referential and (dashed line) corrected LTD3*LTDS5, LTD3*LTD6, LTD4*LTDS5, and
LTD4*LTD6, and (dotted line) bipolar (LTD3-LTD4)*(LTD5-LTD6). (D) Mean phase
coherence for the (solid line) referential and (dashed line) corrected RTD3*RTD5,
RTD3*RTD6, RTD4*RTD5, and RTD4*RTD6, and (dotted line) bipolar (RTD3-RTD4)*
(RTD5-RTDS6). (E) Mean phase coherence for the (solid line) referential and (dashed line)
corrected LTD3*RTD3 and LTD4*RTD4, and (dotted line) bipolar (LTD3-LTD4)*(RTD3-
RTDA4). (F) MSC for the (solid line) referential and (dashed line) corrected LTD3*LTD5,
LTD3*LTD6, LTD4*LTDS5, and LTD4*LTD6, and (dotted line) bipolar (LTD3-LTD4)*
(LTD5-LTDS6). (G) MSC for the (solid line) referential and (dashed line) corrected
RTD3*RTD5, RTD3*RTD6, RTD4*RTD5, RTD4*RTD6, and (dotted line) bipolar (RTD3-
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RTD4)*(RTD5-RTD6). (H) MSC for the (solid line) referential and (dashed line) corrected
LTD3*RTD3, LTD4*RTD4, and (dotted line) bipolar (LTD3-LTD4)*(RTD3-RTD4).
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Fig. 5.

(A) Spectral power for (solid line) referential and (dashed line) corrected F7 and T7, (dashed—
dotted line) reference signal, and (dotted line) bipolar F7-T7. (B) Absolute value of correlation
for the (blue line) referential and (red line) corrected F7*Cz, F7*Pz, T7*F7, T7*Cz,and T7*Pz,
and (dotted line) bipolar (F7-T7)*(Cz-Pz). (C) Mean phase coherence for the (solid line)
referential and (dashed line) corrected F7*Cz, F7*Pz, T7*F7, T7*Cz, and T7*Pz, and (dotted
line) bipolar (F7-T7)*(Cz—Pz). (D) MSC for the (solid line) referential and (dashed line)
corrected F7*Cz, F7*Pz, T7*F7, T7*Cz, and T7*Pz, and (dotted line) bipolar (F7-T7)*(Cz-
Pz).
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