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Abstract

Stereo-electroencephalography (SEEG) is an intracranial recording technique in which depth
electrodes are inserted in the brain as part of presurgical assessments for invasive brain surgery.
SEEG recordings can tap into neural signals across the entire brain and thereby sample both
cortical and subcortical sites. However, even though signal referencing is important for proper
assessment of SEEG signals, no previous study has comprehensively evaluated the optimal
referencing method for SEEG. In our study, we recorded SEEG data from 15 human subjects
during a motor task, referencing them against the average of two white matter contacts (monopolar
reference). We then subjected these signals to 5 different re-referencing approaches: common
average reference (CAR), gray-white matter reference (GWR), electrode shaft reference (ESR),
bipolar reference, and Laplacian reference. The results from three different signal quality metrics
suggest the use of the Laplacian re-reference for study of local population-level activity and low-
frequency oscillatory activity.
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Introduction

Intracranial recordings have been employed in humans clinically for over six decades for the
localization of epileptic zones and for functional brain mapping. However, their unique value
for basic human neuroscientific research and their potential for enabling new translational
applications has only been widely recognized for the past several years.

Up to the present, the most common technique for acquiring intracranial data has been
electrocorticography (ECoG). In this modality, circular electrodes (of usually 2-3 mm
diameter and with 5-10 mm spacing) are placed directly on the lateral surface of the cortex.
Many studies over the last two decades have demonstrated the high functional specificity
(Leuthardt et al., 2004; Schalk et al., 2007), signal fidelity (Ball et al., 2009), and long-term
stability (Schalk, 2010; Chao et al., 2010; Nurse et al., 2018) of ECoG activity (but see Ung
et al. (2017)). Together with its high spatial resolution (Freeman et al., 2000; Slutzky et al.,
2010) and temporal resolution, and coverage of distant areas of the brain, these unique
qualities suggest that ECoG can elucidate brain function in ways that cannot be achieved by
other electrophysiological or neuroimaging techniques.

Stereo-encephalography (SEEG) is a different intracranial technique. Instead of placing
electrodes on the lateral surface of the cortex, SEEG inserts depth electrodes into the human
brain. These electrodes usually contain multiple recording contacts (typically 8-16 contacts
with a 3.5 mm center-to-center distance) along each electrode's shaft. Signals recorded using
SEEG have high amplitude (typically 50-1500 V), high spatial resolution (typically 3.5
mm) and produce changes across a wide range of frequencies (up to 500 Hz, Urrestarazu et
al. (2007)). More importantly, unlike ECoG, which is restricted to cortical recordings, SEEG
can record information from both cortical and subcortical structures simultaneously, e.g.,
white matter (Mercier et al., 2017), hippocampus (Zhang and Jacobs, 2015), basal ganglia
(Rektor et al., 2003), or even the thalamus (Rektor et al., 2001). Unlike ECoG, which is
usually used clinically to localize seizure foci as well as important functions, SEEG is
primarily used as part of a specialized approach to seizure localization tailored to each
patient's clinical profile (Chabardes et al., 2017).

SEEG technology was introduced over half a century ago (Bancaud and Talairach, 1965,
1973). Because of the smaller surgical trauma (burr holes instead of a full craniotomy
(Sperling and Connor, 1989; Lang and Chitale, 2016)), and because of recent advances in
surgical robotics (Cardinale et al., 2016), SEEG has become increasingly prevalent in
clinical practice (Munari et al., 1994; Ayoubian et al., 2010; Cossu et al., 2005; Guenot et
al., 2001; Lachaux et al., 2003; Proserpio et al., 2011; Ryvlin and Picard, 2017). In addition
to potential clinical benefits, SEEG also opens a unique window into brain function, because
it can sample the temporal evolution of neural activity at many locations throughout the
brain (Jerbi et al., 2009; Koessler et al., 2010; Lachaux et al., 2006; Lakatos et al., 2007;
Perrone-Bertolotti et al., 2012; Vidal et al., 2012).

Just like ECoG and unlike EEG, SEEG can detect two of the most important features of
intracranial recordings, broadband gamma activity and low-frequency oscillatory activity.
Many studies have shown that broadband gamma activity (signal amplitude at frequencies

Neuroimage. Author manuscript; available in PMC 2019 May 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

2.

Page 3

larger than 60 Hz) is a reliable indicator of population-level cortical activity related to
different motor, sensory, or cognitive tasks (Gaona et al., 2011; Ray and Maunsell, 2011;
Potes et al., 2014; Miller et al., 2014; de Pesters et al., 2016; Branco et al., 2017). In contrast
to broadband gamma, low-frequency oscillatory activity is thought to modulate cortical
excitability (Schalk et al., 2017) and the performance of resulting behavior (Coon et al.,
2016). Because low oscillatory power indexes high cortical excitability, broadband gamma
activity is usually higher for decreased oscillatory power (Haegens et al., 2011; Klimesch,
2012; Schalk, 2015; Schalk et al., 2017; Jensen and Mazaheri, 2010).

Detection of broadband gamma and oscillatory activity begins by first referencing a signal at
a particular location against the signal at one or two reference location(s) during recording,
and then applying, usually in post-hoc analyses, a specific re-referencing method. The
choice for referencing locations usually follows specific guidelines (Landré et al., 2018), and
optimization of that choice may lead to distinct advantages (Mercier et al., 2017). The
benefits and shortcomings of different re-referencing techniques have been determined for
ECoG (Liu et al., 2015), but not yet for SEEG (but see Mercier et al. (2017)). The optimal
re-referencing for SEEG may differ from that for ECoG, because SEEG samples across
different structures in the brain (e.g., cortex and white matter) that may have different
amplitude, impedance, or other characteristics. In the present study, we systematically
evaluate the effect of six different referencing methods on the raw signal, broadband gamma,
and oscillatory power of SEEG recordings during a motor task. The results show that the use
of a local Laplacian derivative minimizes inter-channel correlation and maximizes
correlations with the task.

Materials and methods

2.1. Subjects and data recording

2.2.

Fifteen right-handed subjects participated in this study. The subjects were patients with
intractable epilepsy who had SEEG electrodes implanted for pre-surgical assessment of their
seizure focus. The clinical profile of the subjects is shown in Table 1. All implant parameters
were solely determined by clinical needs rather than the needs of our research. SEEG signals
were acquired using a clinical recording system (EEG-1200C, Nihon Kohden, Irvine, CA)
and sampled with 500-2000 Hz. We also recorded electromyographic (EMG) signals from
the extensor carpi radialis muscle using two surface EMG electrodes. EMG was
simultaneously recorded using the same amplifier and the same sampling rate as the SEEG
signals. All subjects gave informed consent for this study, which was approved by the Ethics
Committee of Huashan Hospital (Shanghai, China).

Experimental protocol

The experimental task is shown in Fig. 1. The subjects were visually cued to perform 5 types
of finger and arm movements. Subjects rested for 4 s before a cue (black cross) appeared on
an LCD screen to prepare them for the upcoming movement. After 1 s, a picture of the
desired gesture appeared, which prompted the subject to execute that movement. They
performed the indicated movement for 5 s until the movement cue disappeared. Thus, each
trial lasted 10 s (4 s rest, 1 s cue, 5 s movement). The subjects executed each of the 5
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movement types 20 times, resulting in a total of 100 trials per subject (16.67 min total). The
type of movement in each trial was randomized. The subjects used the hand contralateral to
the hemisphere with the majority of the implanted SEEG electrodes.

2.3. Electrode localization

The 15 subjects had a total of 161 electrode shafts (rounded mean + std: 11 + 3 per subject)
and 2151 contacts (rounded mean + std: 143 + 41 per subject) implanted. Each electrode
shaft was 0.8 mm in diameter and contained 8-16 contacts (contact length was 2 mm), and
contacts were spaced 3.5 mm center-to-center. We identified the location of all contacts in
each individual brain model using pre-surgical MRI, post-surgical CT images, Freesurfer
software (http://surfer.nmr.mgh.harvard.edu), and the Neural Act toolbox (Kubanek and
Schalk, 2015). In addition to the coordinates, we identified for each contact the anatomical
location (e.g., gray matter, white matter, amygdala, hippocampus) using Freesurfer's cortical
parcellation and subcortical segmentation (Desikan et al., 2006; Fischl et al., 2002). Finally,
we projected the contacts from each subject onto a standard brain model (Montreal
Neurological Institute (MNI)). The location of the contacts and an illustration of how
electrode shafts penetrate through different anatomical areas are shown in Fig. 2.

2.4. Referencing methods

For signal recording, SEEG signals were referenced against the average of two white matter
contacts that were adjacent to each other and located remotely from the suspected
epileptogenic foci and gray matter; this referencing technique was the same for all channels
and is commonly used by the surgeons at Huashan hospital, similar to Landré et al. (2018).
We will refer to this technique as monopolar reference throughout this work. We evaluated
five additional re-referencing methods: common average reference (CAR), gray-white
matter reference (GWR), electrode shaft reference (ESR), bipolar reference, and Laplacian
reference.

For CAR, SEEG signals were re-referenced to the average of all channels, similar to ECoG
studies (Gaona et al., 2011; Kubanek et al., 2009; Schalk et al., 2017). For GWR, we re-
referenced each channel that was located in the gray or white matter to the corresponding
average of all gray and white matter channels. (We did not re-reference the 9.7% of channels
that were located in subcortical structures.) For ESR, we re-referenced each channel to the
average signal of all channels on the same shaft.

Bipolar re-referencing has been used in previous SEEG studies, both for clinical (Allen et
al., 1992; Kobayashi et al., 2009) and research (Vidal et al., 2012; Zaveri et al., 2006)
purposes. To compute the bipolar re-reference, each channel was re-referenced to its
adjacent channel on the same electrode shaft. The Laplacian is one of the most widely-
adopted re-referencing methods and is often used with EEG and local field potentials (LFPs)
recorded with micro-electrode arrays (McFarland et al., 1997; He et al., 2008; Nunez and
Westdorp, 1994; Shirhatti et al., 2016). To compute the Laplacian, each channel was re-
referenced to the mean value of its two adjacent contacts along the electrode shaft.

For each of these methods, the re-referenced signal S ;is described by Eq. (1), where vare
the contacts used for referencing and 1... Vindicates the contact group from which vis
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accumulated. The contact group differed for each referencing method, as presented in Table
2. For the channels located at the top and bottom of the electrode shaft, we reduced the
equation for the Laplacianto S’ ;= Sj— Si1 and S’ j= S;— Sj1, respectively. The channels
that were located at the top of the electrode shaft (i.e., closest to the brain surface) were
removed from further calculations in the bipolar re-reference.

2.5. Signal pre-processing

We removed all channels with excessive line noise from our analyses. To identify these

channels, we first calculated a measure of line noise (LN) for each channel. Specifically, we
applied, at each recording channel, a 277 order 1IR peak filter (MATLAB™ iirpeak function)
at 50 Hz (i.e., a filter used to retain the 50 Hz frequency component). The output signal was

Xy and LN = mean(X%N). To calculate a cut-off threshold for noisy channels, we

concatenated the filtered signals from all channels of each subject. The concatenation output
was X; n-a/ and the threshold was set at median( X, iz + 10 - mad( X pn-as), Where mad
was the mean absolute deviation. Channels whose LA exceeded the threshold were
discarded. This procedure eliminated 17 out of the total of 2151 channels from further
analyses.3

For all remaining channels, we high-pass filtered the raw SEEG signal at 0.5 Hz using a 4th
order Butterworth filter to remove slow signal drifts, and then applied the respective re-
referencing method as described above.

After re-referencing, we computed activity in the alpha (8-12 Hz) and broadband gamma
(60-140 Hz) bands. To do this, we band-pass filtered the signals at those frequencies using a
6th order Butterworth filter. We then extracted alpha and broadband gamma power by
computing the squared absolute value of the Hilbert transform. Finally, we resampled all
signals to 1000 Hz prior to subsequent analyses.

Separately from SEEG data, we also derived EMG activity, primarily for visualization
purposes. To do this, we band-pass filtered (55-145 Hz, 6th order Butterworth filter) the two
EMG channels and subtracted the results from each other. For each trial, we detected the
EMG onset time as the first time point where absolute EMG activity exceeded 1.5 times the
average absolute value of EMG in the motion period.

For the purposes of our analyses, we defined the baseline period as the 1 s time interval at
the end of the rest period before the onset of the black cross. Likewise, we defined the task
period as the first 2 s of the motion period (see Fig. 1).

3In the calculation of the bipolar re-reference, the channels adjacent to noisy channels and closer to the top of the electrode shaft were
excluded from re-referencing. In the calculation of the Laplacian re-reference, the channels adjacent to noisy channels, in either
direction, were excluded from re-referencing.
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2.6. Signal quality metrics

For each referencing method (i.e., monopolar reference and five re-referencing methods), we
used three metrics to evaluate its influence on the signals: (1) the average correlation of the
raw signals across channels; (2) the fraction of all channels that are related to the task; and
(3) the variance accounted for by the task for alpha and broadband gamma power,
respectively.

2.6.1. Correlation between channels—To assess signal correlations across channels,
we computed the Pearson's correlation (7) between the raw signal of all pairwise channel
combinations. We derived one correlation value for each trial and for each channel
combination, and averaged the absolute results across all trials and then across all
combinations of channels. This procedure resulted in one rvalue for each referencing
method and each subject.

To ensure that our results were not driven by specific frequency bands, we repeated the
above process for six frequency bands and their respective power: delta (0.5-4 Hz), theta (4—
8 Hz), alpha (8-12 Hz), beta (12-30 Hz), gamma (30-60 Hz), and broadband gamma (60—
140 Hz). To derive the signal for each band, we bandpass-filtered the raw signal using a 6th
order Butterworth filter. To derive the power for each frequency band, we computed the
squared absolute value of the Hilbert transform of the filtered signal.

2.6.2. Detection of task-related channels—~For each subject, we then determined
which channels changed their alpha or broadband gamma activity during the task compared
to baseline.

We first calculated the pairwise Spearman's correlation coefficient (/) to determine the
relationship of alpha/broadband gamma power with the task. To do this, separately for alpha
and broadband gamma, we determined 100 median values of power for the baseline, and 100
median power values for the task, across all 100 trials, and correlated those 200 values with
the baseline/task labels. We then performed a permutation test in which we randomly
shuffled the task/baseline labels within each channel and calculated the corresponding
random rvalue (Schalk et al., 2007). The randomization step was repeated 2500 times, thus
generating a Gaussian distribution of 2500 surrogate rvalues. The computed channel rwas
considered statistically significant if it belonged to the 99th percentile of the Gaussian
distribution (p < 0.01 after Bonferroni correction).

Finally, we calculated the ratio of task-related channels by dividing the number of task-
related channels by the total number of all channels in that subject, resulting in one such
ratio evaluation for each subject, referencing method, and alpha or broadband gamma
activity.

2.6.3. Relationship of gamma and alpha power with the task—To determine
how closely alpha or broadband gamma power reflected the change from baseline to the
task, we calculated the coefficient of determination (/2) for broadband gamma and alpha
power and for each task-related channel (Kubanek et al., 2009; McFarland et al., 1997;
Pfurtscheller et al., 2006). To support an objective comparison of these /#Z2 values across the

Neuroimage. Author manuscript; available in PMC 2019 May 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 7

different referencing methods, we first identified the referencing method that detected the
smallest ratio of task-related channels (i.e., the Laplacian method). We then calculated /2
only for those channels for all referencing methods. The A2 for each channel and referencing
method was computed between the median broadband gamma and alpha power (averaged
across trials) during the task period and the same signals during the baseline period.

3. Results

3.1.

3.2.

Influence of the reference on signal correlation

Different referencing methods have a substantial effect on the signal correlation across
channels. Fig. 3 presents examples of signal traces for monopolar recordings (panel A) and
the same recordings after Laplacian re-referencing (panel B). Using the monopolar
referencing method, SEEG signals are substantially contaminated by common noise
(average signal correlation across channels illustrated in Fig. 3A is 0.66). In contrast, after
Laplacian re-referencing, common noise is greatly attenuated (average signal correlation
across channels illustrated in Fig. 3B is 0.38), thereby revealing prominent low-frequency
oscillations. In Supplementary Fig. 1, we show the difference in signal traces and the
respective rfor monopolar reference and the five re-referencing methods.

The important influence of referencing on common noise shown in Fig. 3 extends to other
channels and all referencing methods. Fig. 4A shows the correlation matrices of all contacts
in Subject 12 for all six referencing methods. By using the monopolar reference, large
correlation values are evident for many pairs of channels. This correlation is reduced for
GWR, CAR, ESR, and bipolar (b-e, respectively). Cross-channel correlation is almost absent
for the Laplacian re-reference (f).

These observations also hold true for all subjects (Fig. 4B). Bars give the mean correlation
(n) and its standard error, calculated across all channels and subjects (Section 2.6.1). The six
referencing methods are ranked from worst to best as follows: monopolar reference, GWR,
CAR, ESR, bipolar and Laplacian re-reference. Average cross-channel correlation is high for
monopolar referencing (r=0.31 + 0.04), and substantially reduced for Laplacian re-
referencing (r=0.06 + 0.01). The Laplacian method has a smaller cross-channel correlation
than all other referencing methods (p < 0.001, paired £test). We come to the same
conclusion when we compute the correlations separately for task and baseline periods and
for six different frequency bands (Supplementary Fig. 2).

The results presented here are consistent with the cross-channel correlations reported in
Mercier et al. (2017). The reduced average correlation observed for the Laplacian method
may reflect the elimination of volume conduction effects, as it has been documented for LFP
recordings (Kajikawa and Schroeder, 2011; Kajikawa et al., 2017).

Influence of the reference on detection of task-related channels

The substantial inter-channel correlation shown in Figs. 3A and 4 suggests that task-related
information may be erroneously induced into other channels. Thus, we next investigated the
effect of the reference on the fraction of all channels that were related to the task. To do this,
we obtained the ratio of both broadband gamma and alpha task-related channels for each
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subject, and then averaged them across all subjects for each of the referencing method. As
can be seen in Fig. 5, the monopolar reference produces the largest fraction of task-related
channels (Broadband Gamma: 37.1 + 7.4% (panel A), Alpha: 35.1 + 9.3% (panel B)),
whereas the Laplacian re-reference produces the smallest fraction (Broadband Gamma: 27.0
+4.7% (panel A),% Alpha: 22.1 + 5.5% (panel B)). It is worth noting that the widely-used
CAR method results in a larger fraction of task-related channels than does the Laplacian for
both broadband gamma and alpha. Furthermore, the spatial resolution of intracranial
recordings has been established to be on the order of 2 mm (Freeman et al., 2000; Slutzky et
al., 2010). Thus, we deem it unlikely that the reduction of task-related channels for the
Laplacian method is due to its higher spatial cutoff frequency compared to the other
techniques.

Influence on the reference on relationship of broadband gamma and alpha power

with the task

Finally, we are interested in determining the effect of the reference on the relationship
between broadband gamma and alpha power with the task, respectively. Fig. 6 gives an
example of broadband gamma signals with monopolar (panel A) referencing and Laplacian
(panel B) re-referencing. The Laplacian-filtered signals in (B) are qualitatively better related
to the movement. This qualitative impression is confirmed by quantitative assessment of the
fraction of the broadband gamma variance that is related to the movement; average /2 of
0.42 for monopolar referencing; average /2 of 0.57 for Laplacian re-referencing; these /2
values are derived only for the example channels shown in this figure. In Supplementary Fig.
3, we show examples of broadband gamma and R2 time courses for all referencing methods.

Our data demonstrate that the same observation extends to data from all channels and
subjects. Fig. 7 illustrates the time courses of broadband gamma (panel A) and alpha power
(panel C), averaged across all task-related channels in all subjects, as well as time courses of
R, for broadband gamma (panel B) and alpha power (panel D), for the monopolar
referencing and Laplacian re-referencing methods (red and blue traces, respectively; see
Supplementary Fig. 4 for data from all referencing methods). Using the Laplacian re-
reference decreases both alpha power and broadband gamma power in the entire time period
(Fig. 7A and C). More importantly, using the Laplacian re-reference increases the
relationship of both signals with the task (Fig. 7B and D).

To compare all referencing methods, we computed the mean /2 value across all task-related
channels from all subjects for all referencing methods. As shown in Fig. 8A, the use of the
Laplacian produces substantially higher /2 values compared to the use of the monopolar
reference, for both broadband gamma (panel A) and alpha power (panel B).

4. Discussion

In this paper, we provide the first comprehensive evaluation of the effect of different
referencing methods on SEEG recordings using data recorded during a motor task from 15
human subjects that were implanted with a total of 2151 electrode contacts. In our

4The pvalue for the comparison between monopolar and Laplacian in Fig. 5- A is 0.06.
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evaluations, we considered the correlation of signals across channels, the fraction of
channels that were related to the task, and the fraction of the variance in broadband or alpha
signals that was accounted for by the task.

Our results showed that a Laplacian re-reference, i.e., re-referencing an SEEG contact
against its two neighbors on the same shaft, minimizes inter-channel correlations in the
SEEG time courses, minimizes the fraction of locations that appear to be related to the task
for both broadband gamma and alpha power, respectively, and at the same time maximizes
the relationship with the task for both broadband gamma and alpha power activity. Thus, our
results support the general use of the Laplacian re-reference for pre-processing in studies of
broadband gamma and low-frequency oscillatory activity in SEEG signals, which should
help to facilitate the use of the emerging and unique SEEG method for exploration of neural
dynamics across the entire human brain.

While our results suggest the use of the Laplacian for broadband gamma and low-frequency
oscillatory activity, it may not be optimal for other purposes. For example, local re-
referencing methods have been shown to introduce phase shifts or even reversals (Arnulfo et
al., 2015; Shirhatti et al., 2016), which should be considered in studies in which the accuracy
of phase measurements is important, such as ERP or phase synchronization analyses.
Likewise, clinical use of SEEG is often focused on identifying epileptic activity using
monopolar derivations, but our data do not support any conclusions about the effectiveness
of the Laplacian for this purpose.

More generally, our study describes an empirical assessment of different referencing
methods rather than a mathematical design of a particular referencing method based on a
specific model of SEEG signals and noise. Because detailed models for these signal
components do not exist, optimal referencing methods will continue to have to be evaluated
empirically in the context of a specific purpose.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix A. Abbreviations

CAR Common Average Reference.
ECoG Electrocorticography

EMG Electromyography.

ERP Event-related potential.
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ESR Electrode Shaft Reference.
GWR Gray-White matter Reference.
IR Infinite Impulse Response.
LCD Liquid-Crystal Display.
LFPs Local Field Potentials.
LN Line Noise.
MNI Montreal Neurological Institute.
SEEG Stereo-Electroencephalography.
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Fig. 1.
Experimental protocol. Each subject performed five different types of hand or arm

movements. They performed each type of movement 20 times (5 s each). Prior to each
movement, each subject rested for 4 s and then a cue (duration of 1 s) prepared the subject
for movement initiation.

Neuroimage. Author manuscript; available in PMC 2019 May 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Lietal.

Fig. 2.
Electrode locations projected on the three-dimensional standard Montreal Neurological

Institute (MNI) brain model. Panels A, B, and C show the brain model and implanted
contacts (small colored dots) in a sagittal, coronal, and transverse view, respectively. SEEG
contacts are colored differently to represent the anatomical location of each contact: red for
gray matter, green for white matter, purple for hippocampus, blue for amygdala, and yellow
for putamen. In total, there were 161 electrode shafts with 2151 contacts. (D) Example
illustration of two electrode shafts that penetrate gray matter (red dots) and white matter
(green dots). Each of these shafts contains 8 contacts (named A and B, respectively), and the
numbers beside each electrode indicate the numerical order of contacts.
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Fig. 3.

Ilustration of the difference in common noise for signals with monopolar (A) and Laplacian
(B) (re-)reference. Traces give SEEG time courses for five example channels from Subject 1.
The mean inter-channel correlation coefficient (/) is shown for each referencing method.
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Fig. 4.
Signal correlation for different referencing methods. (A) Correlation matrix from Subject 12

for the six referencing methods: (a) monopolar; (b) GWR; (c) CAR; (d) ESR; (e) bipolar;
and (f) Laplacian. Colors correspond to the correlation between two specific channels. The
correlation between channels varies across the methods. (B) Average Pearson's correlation
and standard error for the six referencing methods. Asterisks denote the significance of the
difference between correlations established using paired t-tests: *** (p< 0.001), ** (p<
0.01). These statistical results are shown only for the nearest pairs that show a significant
difference.
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Fraction of all channels that are related to the task for different referencing methods. For
each subject, we calculated the ratio of task-related channels by dividing the number of task-
related channels by the number of all channels. (A) Mean (averaged across subjects) and
standard error of the ratio of task-related channels for broadband gamma power. (B) Mean
(averaged across subjects) and standard error of the ratio of task-related channels for alpha
power. Asterisks denote the significance of the difference between the ratio of task-related
channels for adjacent referencing methods, established using paired t-tests: ** (p< 0.01), *

(0 < 0.05). These statistical results are shown only for the nearest pairs that show a

significant difference.
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Fig. 6.

E)?ample of broadband gamma activity for different referencing methods for four channels in
Subject 8. (A) Broadband gamma power using monopolar reference (red traces). (B)
Broadband gamma power using Laplacian re-reference (blue traces). The EMG signal
during the same trial is also shown (green trace). The black dashed line indicates EMG
onset. Arrows indicate the times of substantial artifacts in (A) that are practically absent in
(B). The variance of broadband gamma accounted for by the EMG activity (A2) is shown
below the traces, and increases substantially for Laplacian re-referencing.
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Fig. 7.
Time series of broadband gamma and alpha power and /2 using two different referencing

methods. (A/C): Trial-channel averaged broadband gamma (A) and alpha power (C) across
all task-related channels. Red/blue traces show results for monopolar and Laplacian
methods, respectively. Shaded areas give the standard error of the mean. -1to 0 sand 0-2 s
in the figure correspond to the baseline and task period in each trial. The blacked dash line
indicates the onset of movement cue. Only the signals with monopolar and Laplacian re-
reference are presented. (B/D). For each task-related channel, the entire time period (as
presented) is binned in 100 ms segments and for each segment A2 is calculated between
broadband gamma/alpha power during that time segment and baseline. The mean (averaged
across all channels and subjects) and standard error (shaded area) are shown.
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Fig. 8.

Coefficient of determination (R2) for different referencing methods. (A) Mean and standard
error of A2 for broadband gamma power, calculated across all channels from all subjects. (B)
Mean and standard error of &2 for alpha power. Asterisks denote significance of the
difference (paired t-test) between A2 values for referencing methods: ** (p< 0.01), * (p<
0.05). These statistical results are shown only for the nearest pairs that show a significant
difference.
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Clinical profiles of subjects that participated in the study.

Table 1

ID EZ Gender Age RS SR EL CH
(Hz)

1 left posterior inferior frontal gyrus M 23 Left 1000 10 121
2 left occipital lobe M 33 Left 1000 15 180
3 right central region F 30 Right 1000 7 60

4 right temporal lobe M 26 Right 1000 13 178
5 right inferior frontal gyrus M 25 Right 1000 10 143
6 right temporal and insular lobe F 17 Bilateral 1000 13 169
7 right frontal lobe F 28 Right 1000 9 114
8 left temporal parietal lobe M 27 Left 2000 16 208
9 basal area of right temporal lobe M 15 Bilateral 500 13 194
10  right superior parietal lobule M 31 Right 500 6 94

11 mesial part of left frontal lobe F 22 Left 2000 7 102
12 right anterior cingulate cortex M 19 Bilateral 2000 9 130
13 left temporal and insular lobe F 30 Bilateral 2000 13 170
14  left temporal lobe M 31 Left 2000 10 144
15 left occipital and parietal lobe M 27 Bilateral 2000 10 144

Page 22

Abbreviations for this Table: EZ, Epileptogenic Zone; RS, Recording Hemisphere; SR, Sampling Rate; EL, Number of Electrode Shafts; CH:
Number of Contacts.
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Table 2

Definition of the contact population used for referencing.

Method S Group Used for Reference

monopolar  S; 2 contacts in white matter

CAR S; all contacts
GWR S; all contacts in GM if i in GM
all contacts in WM if i in WM
ESR S; contacts from the el. shaft where i located
bipolar Si1 S insame el. shaft

Laplacian S; 2 adjacent contacts in same el. shaft (i.e., Siq and Si4)

i: contact being (re-)referenced.

GM: gray matter, WM: white matter.
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