
 
Fig. 1. Conventional disc electrode (A) and tripolar concentric 

ring electrode (B). 
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Abstract— Conventional electroencephalography (EEG) with 
disc electrodes has major drawbacks including poor spatial 
resolution, selectivity and low signal-to-noise ratio that critically 
limit its use. Concentric ring electrodes are a promising 
alternative with potential to improve all of the aforementioned 
aspects significantly. In our previous work, the tripolar 
concentric ring electrode (TCRE) was successfully used in a wide 
range of applications demonstrating its superiority to 
conventional disc electrodes, in particular, in accuracy of 
Laplacian estimation (tEEG). For applications that may benefit 
from simultaneous recording of EEG and tEEG in this paper we 
propose to use the signal from the outer ring of the TCRE as an 
emulation (eEEG) of EEG recorded using conventional disc 
electrodes. This will allow us to record EEG emulation from the 
exact same locations at the exact same time as the tEEG using a 
single recording system. Time domain neuronal signal synchrony 
was measured using cross-correlation in phantom and human 
experiments suggesting the potential of eEEG as an emulation of 
EEG (r ≥ 0.99). 
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I. INTRODUCTION 
Electroencephalography (EEG) is an essential tool for brain 

and behavioral research and is used extensively in 
neuroscience, cognitive science, cognitive psychology, and 
psychophysiology. EEG is also one of the mainstays of 
hospital diagnostic procedures and pre-surgical planning. 
Despite scalp EEG’s many advantages end users struggle with 
its poor spatial resolution, selectivity and low signal-to-noise 
ratio, which are EEG’s biggest drawbacks and major 
hindrances in its effectiveness critically limiting the research 
discovery and diagnosis [1]-[3].  

EEG’s poor spatial resolution is primarily due to (1) the 
blurring effects of the volume conductor with disc electrodes; 
and (2) EEG signals having reference electrode problems as 
idealized references are not available with EEG [2]. 
Interference on the reference electrode contaminates all other 
electrode signals [2]. The application of the surface Laplacian 
(the second spatial derivative of the potentials on the body 
surface) to EEG has been shown to alleviate the blurring 
effects enhancing the spatial resolution and selectivity [4]-[6], 
and reduce the reference problem.   

While several methods were proposed for estimation of the 
surface Laplacian through interpolation of potentials on a 
surface and then estimating the Laplacian from an array of disc 
electrodes [5]-[9], concentric ring electrodes (CRE) have 
shown more promise. The CREs can resolve the reference 
electrode problems since they act like closely spaced bipolar 
recordings [2]. Moreover, CREs are symmetrical alleviating 
electrode orientation problems [10]. They also act as spatial 
filters enhancing the high spatial frequencies [10], [11]. 
Finally, bipolar CREs, consisting of just two elements 
including a single ring and the central disc, improve the radial 
attenuation of the conventional disc electrode from 1/r3 to 1/r4 
with higher numbers of poles having the potential to enhance 
radial attenuation even further [12].  
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Fig. 2. Diagram of the setup used for the phantom data collection 
including: copper cathode plate (A), layer of Ten20 EEG conductive 
paste (B), copper anode plate (C), and three electrode locations (D, E, 

and F). 

Tripolar CREs (TCRE), consisting of three elements 
including the outer ring, the middle ring, and the central disc 
(Fig. 1, B), are distinctively different from conventional disc 
electrodes that have a single element (Fig. 1, A). TCREs have 
been shown to estimate the surface Laplacian directly through 
the nine-point method, an extension of the five-point method 
used for bipolar CREs, significantly better than other electrode 
systems including bipolar and quasi-bipolar CREs [13], [14]. 
The Laplacian algorithm is two-dimensional and weights the 
middle ring and central disc signal difference sixteen times 
greater than the outer ring and central disc signal difference 
[13], [14]. Compared to EEG with conventional disc electrodes 
Laplacian EEG using TCREs (tEEG) have been shown to have 
significantly better spatial selectivity (approximately 2.5 times 
higher), signal-to-noise ratio (approximately 3.7 times higher), 
and mutual information (approximately 12 times lower) [15]. 
TCREs also have very high common mode noise rejection 
providing automatic artifact attenuation, -100 dB one radius 
from the electrode [14]. Because of such unique capabilities 
TCREs have found numerous applications in a wide range of 
areas including brain-computer interface [16], seizure 
attenuation using transcranial focal stimulation applied via 
TCREs [17]-[20], seizure onset detection in animal models 
[21], [22] and, most recently, humans [23], etc. 

Some current and future applications may require 
simultaneous recording of EEG using conventional disc 
electrodes and tEEG. For example, in [23] EEG and tEEG 
were recorded simultaneously from human patients with 
epilepsy to allow a direct comparison of seizure onset detection 
results for two sensor modalities. In [23] EEG and tEEG data 
were recorded by placing a set of TCREs directly behind the 
conventional disc electrodes that were in the standard 10-20 
system locations but this approach has two disadvantages. 
First, EEG and tEEG are not being recorded at exactly the 
same locations. Second, this approach may require additional 
hardware as two recording systems may have to be used at the 
same time for EEG and tEEG data respectively (as was done in 
[23]) resulting in imperfect synchronization in time between 
EEG and tEEG. 

 In this preliminary study we propose to use the signal from 
the outer ring of TCRE as an emulation (eEEG) of EEG 
recorded using conventional disc electrodes. This will allow us 
to record eEEG from the exact same locations at the exact 
same time as the tEEG using a single recording system. Time 
domain neuronal signal synchrony was measured using cross-
correlation in phantom and human experiments to assess the 
potential of eEEG as an emulation of EEG. Moreover, in the 
phantom experiments, a shorted TCRE was also assessed as an 
alternative potential emulation of EEG. TCREs with diameter 
of 1.0cm (Fig. 1, B) were used in all of the experiments. 

II. METHODS 

A. Phantom Experiments 
A diagram of the setup used for the phantom data collection 

is presented in Fig. 2. Three electrodes including the 
conventional disc electrode and two modified TCREs, one 
connected as the outer ring and the other one as shorted disc, 
were placed on a copper plate (Fig. 2, A) covered by a 3mm 
layer of Ten20 EEG conductive paste (Fig. 2, B) (Weaver and 

Company, Aurora, CO). The copper plate was made from a 
single sided copper cladded printed circuit board used as a 
cathode with a smaller round copper plate (Fig. 2, C) used as 
an anode and located in such a way that the three electrodes 
under test were located across two perpendicular diameters of 
the anode circle at a constant distance of 2mm from it (Fig. 2, 
D, E, and F). The cathode and anode were connected to a 
signal generator producing a sinusoidal wave with frequency of 
30Hz and amplitude of 2.5V. Signals from three electrodes 
were digitized at 16-bit using a USB-2527 data acquisition card 
(Measurement Computing, Norton, MA) with sampling 
frequency of 1000Hz and duration of all the recordings equal 
to 30s.  

We recorded a total of 10 series, each series consisting of 6 
recordings corresponding to six possible combinations of 
positioning three electrodes at three different locations around 
the circular anode, to improve the statistical validity of the 
results. Using all possible positioning combinations at each 
series of recordings was meant to compensate for the 
variability due to location. For each series the order of 
recordings was randomized to balance out the potential effect 
of the temporal factor. Anode and cathode corrosion were 
cleaned after each series of recordings. 

B. Human Experiments 
The human data were collected from six healthy subjects 

(1-6, ages 24-40, one female). Baseline brain activity was 
recorded with the subjects seated in a chair and asked to remain 
motionless during the recording process to reduce movement 
induced artifacts. Durations of individual recordings ranged 
from 110s to 550s for a total duration of 1730s for 6 subjects 
which, when subdivided into non-overlapping segments of 10s 
resulted in 173 segments total for this part of the study. The 
conventional disc electrode and a TCRE, recording both outer 
ring signal and Laplacian tEEG, were side-by-side at location 
P4 of the standard 10-20 system with reference and ground 



located on the right mastoid process. Skin-to-electrode 
impedances were maintained below 5kΩ. Signals from the 
TCRE were preamplified using a custom preamplifier with a 
gain of 6 after which both TCRE and conventional EEG 
signals were band pass filtered (0.1-100Hz) and digitized at 
1200Hz using a gUSB amplifier with normalized unit gain 
(g.tec medical engineering GmbH, Schiedlberg, Austria).  

C. Signal Processing and Synchrony Measure 
All the signal processing was performed using Matlab 

(Mathworks, Natick, MA). Sixty 30s recording segments for 
the phantom data part of this study and 173 10s recording 
segments from 6 subjects for the human data part of this study 
were digitally filtered (zero-phase fifth-order Butterworth) with 
band pass of 1-100Hz and 60Hz notch filter active since this 
frequency range is the current clinical standard for EEG 
recording and, therefore, is the primary goal for EEG 
emulation. Next, cross-correlation, a widely used linear 
measure of neuronal signal synchrony in the time domain was 
applied to all the respective pairs of signals from different 
electrode modalities [24]. For cross-correlation the signals 
were normalized to zero mean and unit variance. We calculated 
both the correlation coefficient at lag zero as well as the 
maximum correlation coefficient value corresponding to the 
optimal lag to account for possible time delay between the 
acquired signals. 

D. Statistical Analysis 
For the phantom data, statistical tests were used to assess 

significance of difference between the two proposed EEG 
emulation options: eEEG via the TCRE outer ring and shorted 
TCRE signals. First, we calculated average cross-correlation 
coefficients for each of 10 series of recordings averaging 
together coefficients for 6 recordings that comprised each 
series. Next, we applied unpaired or “independent samples” 
tests to samples of series cross-correlation coefficients (n = 10) 
between EEG vs. eEEG and EEG vs. shorted TCRE signal 
respectively: parametric two-sample Student’s t-test 
(alternative hypothesis of sample means being not equal) and 
nonparametric Mann–Whitney test (alternative hypothesis of 
sample medians being not equal) [25]. The Ryan–Joiner 
(similar to Shapiro–Wilk) normality test was used for all the 
samples compared [26]. A parametric test was used only when 
both samples to be compared were normally distributed. 
Otherwise, a nonparametric test was used. 

III. RESULTS 

A. Phantom Data 
At lag zero the following cross-correlation coefficients (r) 

were obtained (average ± standard deviation) for 10 series of 
recordings: for EEG vs. eEEG, r = 0.9744 ± 0.0121; for EEG 
vs. shorted TCRE signal, r = 0.9445 ± 0.0281. There was a 
statistically significant difference between the two (p = 0.009). 

Individual optimal lags varied between the recordings. 
Group average optimal lag was equal to one both for EEG vs. 
eEEG and for EEG vs. shorted TCRE signal. The maximum 
cross-correlation (rmax) corresponding to the unit optimal lag 
was higher than cross-correlation at lag zero (r) both for EEG 
vs. eEEG with rmax = 0.9841 ± 0.012 (p = 0.045) and for EEG 
vs. shorted TCRE signal with rmax = 0.9766 ± 0.0195 (p = 

0.013). There was no statistically significant difference 
between the two maximum cross-correlations (p = 0.385).  

B. Human Data 
At lag zero the following cross-correlation coefficients 

were obtained (average ± standard deviation) for EEG vs. 
eEEG on data from 6 subjects r = 0.9905 ± 0.0065. At optimal 
lag the maximum cross-correlation coefficients were equal to 
the zero lag coefficients suggesting that there was no time 
delay between the acquired signals.  

IV. DISCUSSION 
Significance of difference between zero lag (r) and optimal 

lag cross-correlation (rmax) coefficients for both EEG vs. eEEG 
and EEG vs. shorted TCRE signal in phantom data suggests 
presence of a time delay between the acquired signals the 
source of which needs be determined. Difference between 
optimal lags for individual recordings suggests that this delay 
is variable so group optimal lag that was reported in this study 
provides a lower bound for the maximum correlation. For 
example, recalculating the maximum correlation allowing 
individual lags of up to one sample (that is, choosing either 
zero or unit lag for each recording) increases it both for EEG 
vs. eEEG with rmax = 0.9921 ± 0.012 and for EEG vs. shorted 
TCRE signal with rmax = 0.98  ± 0.032. Moreover, allowing 
optimal lags for individual recordings further increases the 
maximum correlation to rmax = 0.9981 ± 0.001 for EEG vs. 
eEEG and rmax = 0.9977 ± 0.001 for EEG vs. shorted TCRE 
signal. Taking into account these varying time delays between 
the acquired signals for the phantom data experiments, the 
results obtained on both phantom and human data confirm that 
signals from the outer ring of TCRE correlate well (r ≥ 0.99) 
with the conventional disc electrode signals suggesting the 
potential of eEEG as an emulation of EEG via conventional 
disc electrodes. This is an intuitive result since a conventional 
disc electrode is really a cup where there is an outer ring 
similar to the outer ring of the TCRE (Fig. 1).  

 The proposed EEG emulation alternative was to short all 
three recording surfaces of the TCRE. In the phantom 
experiments of this study the zero lag cross-correlation 
between the TCRE outer ring eEEG and conventional disc 
EEG was significantly higher (p = 0.009) than the 
corresponding cross-correlation for the shorted TCRE signal. 
This suggests that eEEG may be a closer approximation of disc 
electrode EEG than the signal from the shorted TCRE even 
though high maximum cross-correlation coefficients and lack 
of statistical significance between them suggests that both 
proposed EEG emulation options are valid. Another important 
consideration is that recording tEEG simultaneously with a 
shorted TCRE signal at the same location is difficult since 
constantly shorting and un-shorting of the three TCRE 
elements would require a complex multiplexer introducing 
additional switching noise. On the other hand, recording eEEG 
in parallel with tEEG using a single system does not require 
additional hardware providing researchers and clinicians with 
the best of both worlds. 

This paper represents a first preliminary step toward 
emulating the conventional disc electrodes using concentric 
ring electrodes. Further investigation is needed for conclusive 



proof with short term directions of future work including 
determining the source of the varying time delay in the 
phantom data and conduction of a larger human data study. 
This study should include shorted TCRE (compared to just 
eEEG and EEG in the current preliminary study) as well as a 
larger subject population with longer data durations for 
individual subjects (compared to short recordings from six 
subjects in the current study). Assessing the effect of subject's 
movement and induced artifacts on synchrony between EEG 
and its emulations is another issue that was not addressed in the 
current study that includes just the baseline activity. Most 
importantly, more measures of neuronal signal synchrony need 
to be added to the currently used time domain linear cross-
correlation. Linear spectral coherence may be used to assess 
the synchrony in the frequency domain both in specific 
frequency bands and averaged across the spectra. Moreover, 
nonlinear neuronal signal synchrony measures are available 
including mutual information, transfer entropy, Granger 
causality, and nonlinear interdependence as well as different 
indices of phase synchronization such as the mean phase 
coherence [27]. 

REFERENCES 
[1] J. E. Desmedt, V. Chalklin and C. Tomberg, "Emulation of 

somatosensory evoked potential (SEP) components with the 3-shell head 
model and the problem of 'ghost potential fields' when using an average 
reference in brain mapping," Electroenceph. Clin. Neurophysiol., vol. 
77, pp. 243-258, 1990. 

[2] P.L. Nunez, R.B. Silberstein, P.J. Cadiush, J.Wijesinghe, A.F.Westdorp, 
and R. Srinivasan, “A theoretical and experimental study of high 
resolution EEG based on surface laplacians and cortical imaging,” EEG 
and Clin. Neurophysiology, vol. 90, pp. 40-57, 1994. 

[3] G. Lantz, R. Grave de Peralta, L. Spinelli, M. Seeck, and C. Michel, 
"Epileptic source localization with high density EEG: how many 
electrodes are needed?" Clin. Neurophys., vol. 114, pp. 63-69, 2003. 

[4] R. Srinivasan, “Methods to Improve the Spatial Resolution of EEG,” J. 
Bioelectromagnetism, vol. 1, pp. 102-111, 1999. 

[5] B. He, “Brain Electrical Source Imaging: Scalp Laplacian Mapping and 
Cortical Imaging,” Crit Rev. Biomed Eng, vol. 27, pp. 149-188, 1999. 

[6] B. He, J. Lian, and G. Li, "High-resolution EEG: a new realistic 
geometry spline Laplacian estimation technique," Clin. Neurophysiol., 
vol. 112, pp. 845-852, 2001. 

[7] F. Perrin, O. Bertrand, and J. Pernier, “Scalp Current Density Mapping: 
Value and Estimation from Potential Data,” IEEE Trans Biomed Eng, 
vol. 34, pp. 283-288, 1987. 

[8]  S.K. Law, P.L Nunez, R.S. Wijesinghe, “High resolution EEG using 
Spline Generated Surface Laplacians on Spherical and Ellipsoidal 
Surfaces,” IEEE Trans Biomed Eng, vol. 40, pp.145-153, 1993. 

[9] F. Babiloni, C. Babiloni, F. Carducci, L. Fattorini, P. Onorati, and A. 
Urbano, “ Spline Laplacian estimate of EEG potentials over a realistic 
magnet resonance constructed scalp surface model,” EEG and Clin. 
Neurophysiology, vol. 98, pp 363-373, 1996. 

[10] D. Farino, and C. Cescon, “Concentric-Ring Electrode systems for 
Noninvasive detection of single motor unit activity,” IEEE Trans 
Biomed Eng, vol. 48, pp. 1326-1334, 2001. 

[11] C. D. Klug, J. Silny, and G. Rau, “Improvement of Spatial Resolution in 
Surface EMG: A Theoretical and Experimental Comparison of Different 
Spatial Filters,” IEEE Trans Biomed Eng, vol. 44(7), pp. 567-574, 1997. 

[12] A. Van Oosterom and J. Strackee, "Computing the lead field of 
electrodes with axial symmetry," Med. Biol. Eng. Comput., vol. 21, pp. 
473–481, 1983. 

[13] W. Besio, W. Aakula, K. Koka, and W. Dai, "Development of a tri-polar 
concentric ring electrode for acquiring accurate Laplacian body surface 
potentials," Ann Biomed Eng, vol. 34, pp.  226-235, 2006. 

[14] W. Besio, K. Koka, W. Aakula, and W. Dai, "Tri-polar concentric ring 
electrode development for Laplacian electroencephalography," IEEE 
Trans Biomed Eng, vol. 53, pp. 926-933, 2006. 

[15] K. Koka and W. Besio, "Improvement of spatial selectivity and decrease 
of mutual information of tri-polar concentric ring electrodes," J of 
Neuroscience Methods, vol. 165, pp. 216-222, 2007. 

[16] W. Besio, H. Cao, P. Zhou, “Application of tripolar concentric 
electrodes and pre-feature selection algorithm for brain-computer 
interface,” IEEE Trans Neural Systems & Rehab Eng, vol. 16, pp. 191-
194, 2008. 

[17] W. Besio, K. Koka, and A.  Cole, “Effects of noninvasive  
transcutaneous electrical stimulation via concentric ring electrodes on  
pilocarpine-induced status epilepticus in rats,” Epilepsia, vol. 48, pp. 
2273-2279, December 2007. 

[18] W. Besio, X. Liu, L. Wang, A. Medvedev, and K. Koka,  
“Transcutaneous electrical stimulation via concentric ring electrodes  
reduced pentylenetetrazole-induced synchrony in beta and gamma  
bands in rats,” International Journal of Neural Systems, vol. 21, pp. 139-
149, April 2011. 

[19] O. Makeyev, H. Luna-Munguía, G. Rogel-Salazar, X. Liu, W. Besio, 
"Noninvasive transcranial focal stimulation via tripolar concentric ring 
electrodes lessens behavioral seizure activity of recurrent 
pentylenetetrazole administrations in rats," IEEE Trans Neural Systems 
& Rehab Eng, vol. 21, no. 3, pp. 383-390, May 2013. 

[20] W. Besio, O. Makeyev, A. Medvedev, K. Gale, "Effects of transcranial 
focal stimulation via tripolar concentric ring electrodes on 
pentylenetetrazole-induced seizures in rats," Epilepsy Research, vol. 
105, no. 1-2, pp. 42-51, July 2013. 

[21] O. Makeyev, X. Liu, H. Luna-Munguía, G. Rogel-Salazar, S. Mucio-
Ramirez, Y. Liu, Y. Sun, S. Kay, W. Besio, "Toward a noninvasive 
automatic seizure control system in rats with transcranial focal 
stimulations via tripolar concentric ring electrodes," IEEE Trans Neural 
Systems & Rehab Eng, vol. 20, pp. 422-431, July 2012. 

[22] A. Feltane, G.F. Boudreaux-Bartels, W. Besio, "Automatic seizure 
detection in rats using Laplacian EEG and verification with human 
seizure signals," Annals of Biomedical Engineering, vol. 41, no. 3, pp. 
645-654, March 2013. 

[23] O. Makeyev, Q. Ding, I.E. Martínez-Juárez, J. Gaitanis, S. Kay, W.G. 
Besio, "Multiple sensor integration for seizure onset detection in human 
patients comparing conventional disc versus novel tripolar concentric 
ring electrodes," 35th in Proc. IEEE EMBC, Osaka, Japan, July 3-7, pp. 
17-20, 2013. 

[24] R. Shiavi, Introduction to Applied Statistical Signal Analysis: Guide to 
Biomedical and Electrical Engineering Applications. Waltham: 
Academic, 2007, ch. 9. 

[25] D. C. Montgomery, Design and Analysis of Experiments. Hoboken: 
Wiley, 2004, ch. 2. 

[26] N. M. Razali and Y. B. Wah, “Power comparisons of Shapiro-Wilk, 
Kolmogorov-Smirnov, Lilliefors and Anderson-Darling tests,” J. Stat. 
Model. Analytics, vol. 2, no. 1, pp. 21–33, 2011. 

[27] T. Kreuz, “Measures of neuronal signal synchrony,”, Scholarpedia, vol.  
6, no. 12, p. 11922 (revision #129418), doi:10.4249/scholarpedia.11922, 
2011. 


