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Abstract

Objective: High-density EEG recording offers increased spatial resolution but requires careful consideration of how the density of

electrodes affects the potentials being measured. Power differences as a function of electrode density and electrolyte spreading were

examined and a method for correcting these differences was tested.

Methods: Separate EEG recordings from 8 participants were made using a high-density electrode net, first with 6 of 128 electrodes active

followed by recordings with all electrodes active. For a subset of 4 participants measurements were counterbalanced with recordings made in

the reversed order by drying the hair after the high-density recordings and using a fresh dry electrode net of the same size for the low-density

recordings. Mean power values over 6 resting eyes open/closed EEG recordings at the 6 active electrodes common to both recording

conditions were compared. Evidence for possible electrolyte spreading or bridging between electrodes was acquired by computing Hjorth

electrical distances. Spherical spline interpolation was tested for correcting power values at electrodes affected by electrolyte spreading for

these participants and for a subset of participants from a larger previous study.

Results: For both the complete set and the counterbalanced subset, significant decreases in power at the 6 common electrodes for the high-

density recordings were observed across the range of the standard EEG bands (1–44 Hz). The number of bridges or amount of electrolyte

spreading towards the reference electrode as evidenced by small Hjorth electrical distances served as a predictor of this power decrease.

Spherical spline interpolation increased the power values at electrodes affected by electrolyte spreading and by a significant amount for the

larger number of participants in the second group.

Conclusions: Understanding signal effects caused by closely spaced electrodes, detecting electrolyte spreading and correcting its effects

are important considerations for high-density EEG recordings. A combination of scalp maps of power density and plots of small Hjorth

electrical distances can be used to identify electrodes affected by electrolyte spreading. Interpolation using spherical splines offers a method

for correcting the potentials measured at these electrodes.
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1. Introduction

Adequate spatial sampling of scalp electrical potentials is

necessary for optimal resolution of the sources within the

brain (Tucker, 1993; Srinivasan et al., 1998; Lantz et al.,

2003). In recent years new solutions for high-density EEG

recording have been implemented but have been slow to

come into general use due to the difficulty of applying large

numbers of electrodes particularly when scalp abrasion is

required, the increased possibility for electrolyte spreading

or bridging of the shorter distances between electrodes, and

the greatly increased data processing requirements often

involving artifact scoring by humans. One solution, the128-

channel geodetic sensor net, (GSN128; Electrical Geodesics

Inc., Eugene, OR) offers relatively quick and easy

application without the need for scalp abrasion (Ferree

and Tucker, 1999; Ferree et al., 2001). However, the risk of

electrolyte spreading and increased processing requirements

remain.
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A GSN128 electrode consists of an Ag/AgCl pellet in

contact with a saline (KCl) soaked sponge encased in a

flared plastic pedestal designed to keep the saline electrolyte

in contact with the scalp and shield it from being wicked

away by strands of hair. These electrode pedestals are

arranged in a geodetic structure (see Tucker, 1993 for

details) using slightly elastic monofilament line so that the

tension tends to push them vertically down onto the scalp.

Opportunities for electrolyte spreading occur during initial

positioning of electrodes on the scalp and subsequent

wiggling of individual electrode pedestals in order to obtain

good scalp contact with sufficiently low electrode impe-

dances. Electrolyte drying or additional spreading due to

wicking by hair could potentially change electrolyte

spreading effects during EEG recordings.

Comparisons of low- and high-density EEG recordings

have been primarily concerned with the spatial resolution of

electrical sources in the brain (Spitzer et al., 1989; Tucker,

1993; Srinivasan et al., 1998) while the effects that large

numbers of highly conductive electrodes and associated

electrolyte have on potentials measured on the scalp surface

boundary have been largely ignored. However, one direct

comparison of ERPs recorded at high density using the

GSN128 and a conventional 30-channel system (Electro-

Cap International Inc.) was made by Kayser et al. (2000).

Their results for ERPs averaged over 17 subjects with both

30- and 128-channel data showed smaller ERP amplitudes

and lower signal-to-noise ratios for the 128-channel data

which could be related to electrode density and electrolyte

spreading. Since our EEG work is largely concerned with

estimating parameters of brain electrical asymmetry

(Davidson, 1988; Tomarken et al., 1992) we set out to

perform a similar comparison of low- and high-density EEG

recordings in order to assess the effects on electrode power

estimates due to increased electrode density and possible

effects (especially asymmetrical ones) of electrolyte spread-

ing. Computation of asymmetrical brain electrical measures

involves power estimates from a participant during a single

recording session so that possible asymmetrical effects of

electrolyte spreading are not removed by averaging. Initial

analyses of frontal asymmetry scores from a study which

used EEG data collected with the high-density GSN128

indicated that overall test-retest stability (alpha 8–13 Hz F3/

4, average mastoid reference, r ¼ 0:22, n ¼ 150,

P ¼ 0:007) was significantly lower than that of a compar-

able low-density study (alpha 8–13 Hz F3/4, average ears

reference, r ¼ 0:66, n ¼ 85, P ¼ 0:001; Tomarken et al.,

1992) (Fisher’s test for independent correlations:

Z ¼ 24:13, P , 0:0001; Fisher, 1921). In addition, male

participant’s test-retest stability (alpha 8–13 Hz F3/4,

average mastoid reference r ¼ 0:56, n ¼ 18, P ¼ 0:017)

was higher than for females (alpha 8–13 Hz F3/4,

average mastoid reference r ¼ 0:22, n ¼ 132, P ¼ 0:013)

(Fisher’s test for independent correlations: Z ¼ 1:50,

P , 0:14; Fisher, 1921), suggesting that hair length might

be a factor.

A simple experiment was run to test directly for power

differences between low- and high-density EEG recordings.

The GSN128 was first applied with only 6 electrodes soaked

in electrolyte and active, resting recordings were made, and

the net was removed and reapplied with all electrodes

soaked in electrolyte and active. A second set of resting

recordings was made, and power densities were compared

between conditions for the original 6 active electrodes. For a

subset of the participants recordings were made in reversed

order (128 followed by 6 active electrodes) to verify that

results were not affected by the order in which the

recordings were made. For the high electrode density

portion of the reversed order recordings the recently

released on-line bridge detection software (Electrical

Geodesics Inc., 2003) was tested for comparison with the

off-line method described in this paper.

In order to detect electrolyte spreading or bridging Hjorth

electrical distances were computed off-line using the method

suggested in Tenke and Kayser (2001). The Hjorth electrical

distance between two electrodes is simply the temporal vari-

ance of their difference potential, which would be decreased

by electrolyte spreading or bridging between them. Thus

anomalously small Hjorth electrical distances could indicate

electrolyte spreading or bridging and a series of them

between an electrode and the reference electrode could be the

source of a power decrease at that electrode. Such an effect

would seriously compromise an asymmetry score based on

homologous electrodes where the power at one site was

affected more than its homologous site by electrolyte

spreading for the duration of all resting EEG recordings.

A practical solution to power changes associated with

electrolyte spreading was examined and a second exper-

iment was performed to extend the method to a different

data set with more participants. A subset of 17 participants

from a large study of EEG asymmetry was selected based on

a moderate number of small Hjorth electrical distances in

the left frontal area where power decrements could

potentially affect frontal asymmetry scores. It was predicted

that interpolation of voltages at the affected electrodes using

values from the remaining unaffected electrodes would

significantly change their powers. Given the importance of

variations in alpha power for the assessment of regional

activations associated with cognitive (e.g. Davidson et al.,

1990) and affective (see e.g. Davidson et al., 2000a, for

review) processes, log-transformed power density in the

alpha band was examined.

2. Methods

2.1. Participants

Eight individuals (4 female) with ages ranging from 23 to

53 (mean ¼ 33, SD ¼ 9) volunteered to participate after

giving informed consent. All participants were treated in

accordance with institutional guidelines.
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In view of the fact that our earlier work with high-density

EEG recordings using the GSN128 had suggested that hair

length might be a factor in electrolyte spreading the

following description is given. Three of the male partici-

pants had full heads of generally straight non-thinning hair

ranging in length from about 3 to 8 cm (participants 7, 6, and

3 ordered from short to long) and one male was bald on top

and front with about 2 cm hair length on the sides

(participant 2). Participant 3’s hair was cut between the

original and reversed order recordings changing it from a

relatively long lay-over style to a much shorter (,3 cm)

radial pattern. One of the female participants had hair about

5 cm above shoulder level (participant 8), two had

approximately shoulder-length hair (participants 4 and 5)

and one had hair extending to mid-back level (participant 1).

Participants 1 and 8 had straight hair while participants 4

and 5 had denser and curlier hair textures.

2.2. Procedure

Six 1 min eyes open/closed resting EEG recordings,

using a randomly assigned counterbalanced order (see

Tomarken et al., 1992 for details), were collected using the

normal and a novel method of applying the GSN128.

Technicians with over a year’s experience in the normal use

of the GSN128 applied the electrode nets. The novel

application method resulted in EEG recordings from 6 sites

referenced to Cz. Each of the 6 electrodes (GSN128

numbers 24, 3, 37, 105, 60, 86), as well as the recording

reference Cz and ground (located just above the nasion)

were individually soaked in electrolyte prior to net

application with the remaining 122 left dry and without

effective electrical contact to the scalp. These 6 active

electrodes correspond respectively to AF3/4, C3/4, PO3/4 in

the International 10–10 reference system (Luu and Ferree,

2000). After completing the first set of recordings the

GSN128 was removed from the participant’s head and

reapplied using the standard application procedure (EGI

System 200 Technical Manual) with all electrodes soaked

for about 1 min in electrolyte followed by excess electrolyte

removal by patting the electrode sponges with a dry towel.

These two methods of applying the GSN128 will be referred

to as the low-density (LD: 6 active electrode) condition and

high-density (HD: 128 active electrode) condition.

In order to test whether the observed effects were due the

LD/HD ordering of the measurements, recordings were

made in the reversed HD/LD order for 4 of the participants

by using two different GSNs and blow drying hair between

recordings sessions. For 3 of these participants a pair of

medium-sized GSN128s were used with counterbalanced

order between HD and LD recordings, and for the 4th a pair

of large sized GSN128s were used. Also at this time the

recently released on-line electrolyte bridge detection feature

(Electrical Geodesics Inc., 2003) of Netstation 3.0 was

tested. Immediately after impedances were measured this

program was run and bridged electrodes (using the default

threshold of 1 mV2) were listed in the recording notes. No

attempt was made to fix bridged electrodes since a

comparison of these with the off-line results was desired.

Following recommended procedures, the electrolyte

used to soak the GSN128 sponge electrodes consisted of

1.5 teaspoons (,8.5 g) of potassium chloride and a few

drops of baby shampoo in one liter of distilled water (EGI

System 200 Technical Manual).

EEG was recorded using EGI amplifiers and Netstation

version 2.0 software (version 3.0 with on-line bridge

detection feature for HD/LD recordings). Signals were

sampled at 250 Hz with 16 bit precision. Hardware filters

were set at 0.1 and 100 Hz. Amplifier gains and zeros were

measured prior to each recording session. For the HD

recording sessions electrode impedances were measured

immediately following GSN128 application and at the end

of the recording sessions. Impedances were kept below 85

kV for the electrodes common to the LD and HD

configurations and for most of the remaining electrodes.

However, for the LD configuration it was not possible to get

accurate impedance measurements from the EGI system

with so few active electrodes (see Ferree et al., 2001). Since

the active electrodes were hydrated and positioned on the

scalp in exactly the same manner for both the LD and HD

recordings, there is no reason for the impedances to be

significantly different and all should be well below the

200 kV limit for accurate signal acquisition suggested by

Ferree et al. (2001). Before starting both LD and HD

recordings it was verified that the EEG signal from each

electrode was not excessively noisy (which is often

associated with high electrode impedances).

2.3. Data reduction

Each 1 min recording period was saved into a Netstation

raw file calibrated in units of microvolts using the gains and

zeros values measured at the beginning of each subject’s

recording session. These files were translated into Matlab

(Mathworks Inc., Natick, MA) format for subsequent

processing. First, each channel of EEG data was checked

for clipped values greater than ^800 mV dynamic range

which were automatically scored as bad. Then line noise

was removed using a zero-phase 60 Hz notch filter in order

to make it easier to visually inspect the data for artifacts.

Finally the 6 active channels (LD) and all channels (HD) for

each 1 min recording were manually scored for eye

movement, blink, muscle (EMG) and motion artifacts. In

order to verify that differences in scoring would not affect

the results data from two of the participants were scored by a

second human scorer. The average amount of data scored

out by the two scorers across the 6 channels, all LD/HD

recordings and two subjects was 3.5% with a single measure

intraclass correlation of 0.84. The corresponding log-

transformed power spectral density values (mV2/Hz) in the

1–44 Hz band were 20.110 and 20.109, respectively, for

the original and rescored data.
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EEG data were analyzed following standard procedure in

our laboratory (see Davidson et al., 2000b, for a review).

Separate power spectral density estimates were made for

each of the 6 active electrodes (referenced to Cz) for each 1

min recording period using Welch’s method (Welch, 1967)

applied to 1 s linearly detrended and Hanning windowed

epochs of artifact-free data with 0.5 s of overlap. These raw

power spectral density estimates at 1 Hz resolution were

saved together with values averaged over selected bands. To

normalize the data, all power density values were log-

transformed (Davidson et al., 1990; Gasser et al., 1982). The

log-transformed band means were averaged separately over

the 3 eyes closed and 3 eyes open 1 min recording periods

weighted by the number of artifact-free epochs of data in

each period. The mean number of available epochs

per channel across the 6 LD recording periods was 649

(range 584 – 691, SD ¼ 41) compared to 651 (range

621–702, SD ¼ 29) for the HD condition.

Participant 7 showed extremely large variation in

muscle tension (EMG) signal between recording periods

for both the LD and HD recordings. Since manual scoring

would have removed most of the data, a regression

method for correcting for this large EMG variation

(Davidson et al., 2000c) was applied to the log-

transformed EEG band means from each of this

participant’s 6 recording periods in order to remove the

EMG effect. Separate regressions of log-transformed EEG

band powers on the 70–80 Hz log-transformed band

powers which are presumed to be exclusively myogenic in

origin, were performed for each of the electrode sites and

EEG bands. These regressions yielded residualized values

which were used for participant 7.

Finally, for all participants, eyes closed and eyes open

values were averaged with equal weighting for each of the 6

active electrodes and the averages across these electrodes

were submitted to paired t tests for comparing the LD and

HD results.

In order to detect possible electrolyte bridging Hjorth

electrical distances were computed for each resting record-

ing period using equation 4 from Tenke and Kayser (2001):

Di2j ¼
1

T

XT

t¼1

ðPi2jðtÞ2 Pi2jðtÞÞ
2 ð1Þ

where Di2j and Pi2j, and Pi2j are the Hjorth electrical

distance, the potential difference, and the mean potential

difference, respectively, between electrodes i and j, and T is

the time interval used. Thus the Hjorth electrical distance

between two electrodes is simply the temporal variance of

their difference potential. Tenke and Kayser (2001) worked

with approximately 1 s of averaged EEG (i.e. ERP) data and

suggested that their method might work with unaveraged

data if it were detrended and filtered to remove individual

amplifier drift and noise. For this study Hjorth electrical

distances were computed by first bandpass filtering

(0.25 – 20 Hz) all 60 s of data and then using

the artifact-free segments from each recording period.

There is no set threshold Hjorth electrical distance below

which two electrodes would be considered as bridged.

Tenke and Kayser (2001) reported Hjorth electrical dis-

tances between 0.054 and 0.140 mV2 for presumed bridging

due to excess electrolyte solution with the GSN128.

However, they worked with averaged ERPs and were

looking only for electrolyte bridges; here we want to detect

possible electrolyte spreading in addition to bridging. A

histogram of Hjorth electrical distances for the 8 partici-

pants in this study (Fig. 1a) showed a peak at 8 mV2 with

decreasing numbers until about 3 mV2 where numbers

began to increase again. Thus, for this study a threshold of

3 mV2 was used and for a pair of electrodes to be designated

as affected it was required that the Hjorth electrical distance

remain under this threshold for all 6 recording periods.

An attempt was made to correct power values at any of

the 6 common electrodes affected by bridging or electrolyte

spreading during the HD recordings displayed in Fig. 2a.

Raw EEG signals at the electrodes identified as bridged

were estimated using the spherical spline interpolation

method of Perrin et al. (1989, 1990). Spherical spline

interpolation is an accepted method of replacing missing

data by utilizing all electrodes that contain usable data, and

its smoothed curvature produces better results than nearest-

neighbor interpolation (Perrin et al., 1989, 1990; Soong

et al., 1993; Fletcher et al., 1996). For these interpolations it

Fig. 1. Histograms of Hjorth electrical distances between neighboring

electrodes. Bins are 0.5 mV2 with counts shown on the vertical axis. Results

from the 8 HD which followed the LD recordings are shown in (a), for the 4

female participants (b), and the 4 male participants (c).
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Fig. 2. Each row presents results for a single participant with number/sex/hair in first column, followed by two-dimensional maps of Cz-referenced mean log-

transformed power spectral density PSD (mV2/Hz) in the 1–44 Hz band for the LD recording periods, LD minus HD values at the same 6 electrodes, the HD

maps for all 128 electrodes, and plots showing bridged electrodes in columns 2–5, respectively. Since Cz is a singularity in these maps (log 0 ¼ 21) the maps

in the second column used the mean of the 4 electrodes nearest Cz in the HD map for the value at Cz. Bad channels in the HD maps in column 4 were

interpolated using spherical splines (Perrin et al., 1989; Perrin et al., 1990). Bridges are shown for a Hjorth electrical distance threshold of 3 mV2 calculated as

described in text. The 6 active electrodes and Cz are marked by circles in the bridging maps. Column 6 shows the mean LD minus HD log-transformed PSD

(mV2/Hz) difference in the 1–44 Hz band for each participant. It should be noted that the LD maps in column two represent a sparse sampling and are presented

as a comparison for the production of the difference maps shown in column 3. A qualitative coding of hair length for each participant is coded as the last item in

column one as follows: L, shoulder hair length or greater; E, hair length from top of head to ears or covering ears; M, hair length greater than average electrode

separation on the GSN128; S, hair length less than average electrode separation on the GSN128. Results for 8 participants with LD followed by HD recordings

are shown in (a), and results for a subset of participants with HD followed by LD recordings are shown in (b).
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was still ensured that at least one nearest neighbor electrode

with good data values existed. The interpolated raw EEG

signals at these bridged electrodes were input to the power

spectral program and the mean log-transformed wide (1–44

Hz) power values were computed for 7 of the participants

(participant 7 was dropped because of the EMG problem) as

described above. Thus for each electrode identified as being

affected by bridging there existed two power values one

estimated from original affected signal and one from signal

interpolated using unaffected electrodes.

This spherical spline interpolation method of power

correction was also tested on data from 17 (12 female)

undergraduates at the University of Wisconsin-Madison

selected from a previously-collected longitudinal data set

(Silva et al., 2002; Jackson et al., 2000). Ages ranged

between 18 and 27 (mean ¼ 19, SD ¼ 2). The only

selection criterion was that they possess at least one bridged

pair of electrodes (mean ¼ 1:59, SD ¼ 0:71) in the left-

frontal quadrant of the GSN128 (left of mid-line, anterior to

the left preauricular point.

The method of applying the GSN128 was identical to that

described above for the HD recordings except that a higher

concentration of potassium chloride (,24 g/l) was used at

the time these data were recorded in an attempt to lower

scalp impedances. Eight 1 min resting EEG recordings were

collected using the same sampling rate and hardware filter

settings but at 12 bits of precision using older EGI amplifiers

and Netstation 1.0 software. This lower precision required a

clipped value threshold set to the ^200 mV dynamic range

of this recording system. One second epochs from a variable

number of 1 min recording periods (mean ¼ 2:71,

SD ¼ 1:49) for each participant were used in analyses

based on whether or not bridged sites were detected in the

left-frontal quadrant. Hjorth electrical distances were

computed using eq. (1) with T ¼ 50 s and a threshold for

bridging of 1 mV2. Input was the 20 Hz low-passed filtered

and detrended data before artifact removal. Mean log-

transformed alpha band power spectral values of the Cz

referenced data were computed using all artifact-free 1 s

epochs (0.5 s overlap) from each participant’s selected one-

minute recording periods.

Raw EEG signals at the electrodes identified as bridged

were estimated using the spherical spline interpolation

method of Perrin et al. (1989, 1990) as described above. The

interpolated raw EEG signals at these bridged electrodes

were input to the power spectral program and the mean log-

transformed alpha power values were computed for each

subject using the same selected recording periods (i.e. the

same artifact-free 1 s epochs). Again, for each electrode

identified as being affected by bridging there existed two

Fig. 2. (continued)
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power values: one estimated from original affected signal

and one from signal interpolated using unaffected

electrodes.

3. Results

Means over the six 1 min recording periods of the log-

transformed mean power spectral density for the wide band

(1–44 Hz) and for delta (1–4 Hz), theta (4–8 Hz), alpha

(8–13 Hz), beta-1 (13–20 Hz), beta-2 (20–33 Hz) and

gamma-1 (36–44 Hz) bands were submitted to paired t tests

to assess differences between the LD and HD conditions.

The mean LD and HD electrode values for the 6 active

channels from each of the participants served as an

observation. Table 1 shows the detailed output from the

paired t tests for the 8 participants tested in the LD/HD order

and the counterbalanced results for the subset of 4

participants with reversed order (LD/HD) measurements

are in Table 2. Powers for HD electrode measurements were

significantly smaller than the LD values irrespective of the

counterbalanced order in the wide band and in most of the

sub-bands. Cohen’s effect size (Cohen, 1998) for repeated

measures was computed using original standard deviations

rather than the paired t test value in order to avoid

overestimation (Dunlap et al., 1996). These effect sizes

are listed in the last column of Tables 1 and 2 and ranged

from small (#0.2) for the alpha band to considerably over

the large (0.8) threshold for the delta band.

Two-dimensional maps illustrating the power differences

between the LD and HD recordings for the 8 participants

recorded in the LD/HD order are shown in Fig. 2a and for

the subset of 4 participants with HD/LD recording orders in

Fig. 2b. Mean power maps for the LD recordings are shown

in the second column, LD minus HD values at the 6 LD

electrodes in the third column and the HD map for all 128

electrodes in the 4th column. It should be noted that the LD

maps in column two represent a sparse sampling and are

presented as a comparison for the production of the

difference maps shown in column 3. A qualitative assess-

ment of hair length is included as the last item in column

one. For the LD/HD ordering participants 3, 4, 5 and 8

showed the largest differences between LD and HD powers

along with the greatest number of bridges. Three of these 4

were females with hair longer than any of the males and

participant 3 had the longest hair of the males. In fact, for

the 8 participants illustrated in Fig. 2a, there were

significantly more bridged electrode pairs observed in the

female participants (mean ¼ 24:5, SD ¼ 9:5) than male

participants (mean ¼ 10:2, SD ¼ 7:1) (unpaired t ¼ 22:39,

df ¼ 6, P , 0:03). Fig. 2b shows the analogous results for

participants 1, 3, 4 and 8 recorded in the HD/LD order.

Participants 1 and 8 showed bridging and power decrement

patterns similar to those of Fig. 2a while 3 and 4 showed

fewer bridges and smaller power decrements.

Participants 4 and 8 showed particularly large power

decreases for the LD/HD recording order (Fig. 2a) at C4 and

C3, respectively, where there were nearly continuous

Table 1

Paired t tests between LD followed by HD measurements (log-transformed power values (mV2/Hz)) for Wide band 1–44 Hz and for the various sub-bands

Band Mean LD (SE) Mean HD (SE) LD-HD t P (two-tailed) Effect size

Wide: 1–44 Hz 20.425 (0.083) 20.550 (0.063) 0.125 3.06 0.019 0.60

Delta: 1–4 Hz 0.122 (0.051) 20.052 (0.027) 0.174 4.74 0.003 1.49

Theta: 4–8 Hz 20.263 (0.081) 20.406 (0.046) 0.143 3.26 0.014 0.76

Alpha: 8–13 Hz 20.183 (0.140) 20.251 (0.110) 0.067 1.38 0.211 0.19

Beta-1: 13–20 Hz 20.614 (0.096) 20.717 (0.092) 0.097 2.13 0.052 0.39

Beta-2: 20–33 Hz 20.848 (0.104) 21.001 (0.121) 0.153 2.87 0.025 0.48

Gamma-1: 36–44 Hz 21.394 (0.101) 21.557 (0.113) 0.163 3.18 0.016 0.53

For all tests the number of observations, n ¼ 8 and degrees of freedom, df ¼ 7.

Table 2

Counterbalanced measurements for participants 1/F, 3/M, 4/F and 8/F

Band Mean LD (SE) Mean HD (SE) LD-HD t P (two-tailed) Effect size

Wide: 1–44 Hz 20.299 (0.097) 20.511 (0.119) 0.212 4.18 0.025 0.98

Delta: 1–4 Hz 0.200 (0.014) 0.010 (0.046) 0.190 5.33 0.013 2.78

Theta: 4–8 Hz 20.059 (0.100) 20.312 (0.121) 0.253 4.77 0.017 1.14

Alpha: 8–13 Hz 0.021 (0.170) 20.170 (0.199) 0.190 4.51 0.020 0.51

Beta-1: 13–20 Hz 20.518 (0.151) 20.729 (0.163) 0.211 6.18 0.009 0.67

Beta-2: 20–33 Hz 20.857 (0.163) 21.088 (0.183) 0.231 5.24 0.014 0.66

Gamma-1: 36–44 Hz 21.424 (0.077) 21.601 (0.132) 0.177 2.81 0.067 1.28

For all tests the number of observations, n ¼ 4 and degrees of freedom, df ¼ 3.
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Fig. 3. Cz referenced power spectra for participant 4 are shown in (a). Log-transformed power values (mV2/Hz) were computed as described in the text using 1

Hz bands with LD and HD measurements plotted with light and dark lines, respectively. The 6 plots are arranged according to relative electrode position with

frontal sites located in the top row. Panel (b) shows 2 s of raw data from homologous central electrodes C3/4 illustrating the decrement in voltage recorded at

C4 during the HD recording.
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bridging paths between these electrodes and Cz. The power

spectra for participant 4 (LD/HD recording order, Fig. 2a) at

the 6 LD sites are shown in Fig. 3a arranged according to

relative electrode position. Large power decreases for the

HD recording at C4 occurred throughout the frequency

range while the LD/HD differences at the other electrodes

were relatively small. Fig. 3b shows representative

simultaneous 2 s sections from the first eyes closed LD

and HD EEG recordings at homologous sites C3/4 for

participant 4. The diminished signal at C4 for the HD

recording is obvious and appears to be due to a straightfor-

ward decrease in signal amplitude. The corresponding

power spectrum for C4 shown in Fig. 3a shows a quite

uniform decrease in power at all frequencies consistent with

the amplitude decrease illustrated in Fig. 3b which is also

apparent when the entire artifact-free EEG record is plotted.

In order to test for a relation between the decrease in HD

power values at the 6 LD electrode sites, the power

differences listed in column 6 of Fig. 2a were regressed on

the number of electrode bridges illustrated in column 5 which

extended inward from any of the 6 active electrodes towards

the lower powers observed near the Cz reference. The scatter

plot and regression line are shown in Fig. 4 (r ¼ 0:70, n ¼ 8,

P ¼ 0:05) with each point labeled with participant number,

sex, and qualitative hair length. This is a rather crude model

since it ignores possible bridging from the active electrodes

into other low power areas. However, it serves to illustrate

that the observed power decrease for these particular 6

electrode sites during the HD recordings appears to be due to

a preponderance of bridging into low power areas. The

network of bridging extending from participant 7’s C4

electrode outward away from Cz is a good example of

increased power for the HD recording. Power contours near

this electrode (4th column in Fig. 2a) show high-power

values extending to it from the lower right with low-power

values extending outward to the electrode at the far end of the

bridging network as expected from the averaging effect of

the bridging (resulting in the negative value at C4 in the LD

minus HD difference map in the third column).

Bridges detected by the Netstation 3.0 in real time during

collection of the 4 counterbalanced HD/LD ordered EEG

recordings were compared to those detected by the off-line

method described in this paper with the threshold set to 1

mV2 in order to minimize differences between the two

methods. Overall, Netstation 3.0 detected fewer bridges for

the HD recordings of the counterbalanced sessions (10 of 19

plus 7 not in group of 19; 1 of 1 plus 1 additional; 6 of 10

plus 3 not in group of 10; and 0 of 3 for participants 1/F/L,

3/M/M, 4/F/L and 8/F/E, respectively) than the off-line

bridge detection described here. Although the agreement

between the two methods was not particularly good this

real-time bridge detection incorporated into Netstation

could potentially help reduce bridging prior to beginning

an EEG recording session.

Using spherical spline interpolation to correct electrode

power values affected by bridging reduced the difference

between the mean LD and HD powers for the 6 electrodes

common to both the recordings by increasing the mean log-

transformed wide (1–44 Hz) power for the HD recordings

(mean ¼ 20:51, SD ¼ 0:14 compared to mean ¼ 20:48,

SD ¼ 0:16 using the interpolated values; t ¼ 1:38, df ¼ 6,

P ¼ 0:21). However, the interpolated values were not

significantly different from the original bridged values and

the difference between the mean LD and HD powers for the

6 common electrodes remained significant (t ¼ 2:92,

df ¼ 6, P ¼ 0:03). For the larger number of participants

in the second test, log-transformed alpha power increased

significantly at bridged sites (mean ¼ 0:28, SD ¼ 0:32)

when data were interpolated as compared to original data

from the same bridged sites (mean ¼ 0:23, SD ¼ 0:34,

t ¼ 4.02, df ¼ 16, P ¼ 0:001). These findings demonstrate

the potential of spherical spline interpolation as a practical

method for correcting power values affected by electrolyte

spreading. However, more work needs to be done to test

whether this correction method improves the reliability of

asymmetry scores.

4. Discussion

A significant decrease in HD power values at the 6

chosen electrodes (AF3/4, C3/4, PO3/4) was observed for

LD and HD EEG measurements with the GSN128 (Tables 1

and 2). The LD minus HD mean difference for the wide

band shown in Table 1 represents approximately a 13%

decrease in signal strength and thus a corresponding

decrease in signal-to-noise ratio which agrees qualitatively

with previous work using the GSN128 (Kayser et al., 2000).

Debener et al. (2002) reported that the use of a GSN does

not necessarily result in a lower signal-to-noise ratio.

However, in response to this paper, Kayser et al. (2003)

point out that Debener et al. (2002) used data averaged

across multiple sites and the premise that reliability analyses

Fig. 4. Regression of LD-HD power differences (LD/HD recording order)

on the number of bridges extending inward towards Cz as illustrated in

column 4 of Fig. 2a (r ¼ 0:70, n ¼ 8, P ¼ 0:05). Participant number/sex/

hair is shown next to each data point.
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are sufficient estimates of ERP signal-to-noise ratios. The

work presented here supports the results of Kayser et al.

(2000) that a direct comparison of HD and LD data indicates

a lower signal-to-noise ratio for the GSN HD recordings.

Furthermore, a significant relation was found between

the observed power decrease and an estimate of overall

electrolyte spreading/bridging from these electrodes

towards the smaller powers observed near the Cz reference

(i.e. spatial blurring towards Cz) for the 8 LD/HD

recordings (Fig. 4). The association between these two

conditions provided evidence for the HD power decrease

being caused by electrolyte bridging and – due to the

counterbalancing strategy used in the present study –

against it being due to source differences or changes in

functional brain states between the low- and high-density

recording conditions. Patterns of bridging (Fig. 2a,b) were

generally consistent with sloping areas of the head where

electrolyte would naturally flow or be wicked by hairs. It

should be noted that for the HD followed the LD recordings

(Table 1 and Fig. 2a) any residual (not yet evaporated)

electrolyte left near the 6 active sites could potentially have

increased spreading and contributed to the HD results.

However, this effect should not be greater than lifting and

moving the GSN128 during an initial application in order to

get a better placement of the electrodes. In addition,

counterbalancing the subset of 4 participants with reversed

order HD followed by LD recordings also showed decreased

power for the HD recordings.

The fact that a mean power decrement was observed may

be due to the predominance of bridging effects towards the

reference at Cz from the chosen 6 electrodes. For LD EEG

recordings each electrode is relatively isolated so electrolyte

spreading at an electrode effectively changes the area

over which its potential is measured but without signifi-

cantly affecting neighboring electrodes. However, for HD

recordings it is relatively easy for electrolyte spreading to

create a nearly continuous path including several electrodes.

The saline solution used with the GSN128 flows easier than

electrolyte gels and the sponge electrodes are more open

than the electrode housings used in cap systems. The large

power decrease at electrode C4 for participant 4 (Figs. 2a

and 3) was associated with a surface path between C4 and

Cz consisting of scalp in parallel with a nearly continuous

layer of the much higher conductivity electrolyte. Such a

result seriously blurred the voltages between C4 and Cz and

could occur in a HD recording using any electrode system

that allowed a similar pattern of electrolyte spreading.

No attempt was made to distinguish between electrolyte

spreading and bridging since the end result is the same – a

diminished voltage difference between the affected electro-

des. Hjorth electrical distances between electrodes were

used to estimate these voltage differences and provide

circumstantial evidence for bridging. Although it is

theoretically possible for a zero Hjorth electrical distance

to exist between two unbridged electrodes for a single

strong source this condition is not likely to last for the entire

period over which the Hjorth electrical distances were

estimated. A distribution of Hjorth electrical distances

similar to that illustrated in Fig. 1c was expected for HD

recordings where electrolyte spreading/bridging was rela-

tively subdued.

It is suggested that the high-density electrode array

combined with the effects of electrolyte spreading may act as

a spatial low pass (high cut) filter with properties that vary

depending on the local distribution of electrodes and

electrolyte spreading. Tables 1 and 2 show for the data

presented here that the greatest effect sizes occur in the delta

and theta bands which Nunez et al. (2001) describe for the

relaxed waking state as having spatial spectra more dominant

at higher spatial frequencies while alpha rhythms which

show smaller effect sizes have substantial power at low

spatial frequencies. An interesting area for future research

would be to incorporate EEG electrodes into a suitably

accurate head model (e.g. finite element model) and directly

test the effects of electrode number, size and electrolyte

spreading on the signals of various spatial frequencies.

Detecting and correcting for power decrements due to

electrolyte spreading or bridging is particularly important

for estimating asymmetry scores from relaxed EEG

recordings where consistent bridging effects in one hemi-

sphere can easily skew the estimate. Ideally, electrolyte

bridges should be detected and removed before recording

begins. The on-line bridge detection software (Electrical

Geodesics Inc., 2003) showed potential for accomplishing

this goal and similar programs could be developed for other

systems. For off-line identification of affected electrodes

Hjorth electrical distances combined with scalp maps of

power appear to be feasible although additional research on

identifying anomalous Hjorth electrical distances which

represent true electrolyte spreading effects would be useful.

This strategy is similar to the plotting of median maximum

absolute potentials versus polar angle from Cz already

proposed by Junghöfer et al. (2000) who also worked with

EEG data recorded using the GSN128.

Some success was achieved by using a fixed threshold for

mapping bridges and spherical spline interpolation to correct

power values at affected electrodes. However, more work is

required to assess these corrections and determine whether

they improve estimates of asymmetry scores. Future work

will examine distributions of Hjorth electrical distances and

attempt to determine variable (perhaps based on direction)

thresholds for anomalously low values.

A more definitive assessment of affected electrodes

would be very useful for correcting these effects while

maintaining maximal spatial resolution. Limits on the total

number of affected electrodes that can be usefully

interpolated still need to be determined.

There were significantly more bridged electrode pairs

observed in the female participants than male participants

displayed in Fig. 2a. The Hjorth electrical distance

histograms for the male and female participants (Fig. 1b,c)

also illustrate this difference with the peak at a smaller
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electrical distance for the female participants. It is also

obvious from the regression plot (Fig. 4) that gender/hair

length appears to be a factor in that relation. These results

strongly imply that hair length may be a possible factor for

electrolyte spreading and agree with the EGI assessment

from their on-line bridge detection software (Electrical

Geodesics Inc., 2003) that bridges are caused by electrodes

that are physically touching or are sitting on a mat of hair

which allows a continuous bridge of electrolyte to exist

between them. Given these results a more detailed study of

the role of hair length on electrolyte spreading is probably

warranted for this and other high-density EEG recording

systems.

The results presented here suggest that truly realistic

head models for high-density EEG recordings need to

continue outward beyond the surface of the scalp to include

the electrodes and electrolyte. Such models would help

quantify electrolyte spreading effects and might reveal

whether high-density EEG recordings enable detection of

high spatial frequency signals while somewhat diminishing

their amplitudes.
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