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Abstract

Dense electrode arrays offer numerous advantages over single channel electroencephalogram/event-related potential (EEG/ERP) record-

ings, but also exaggerate the in¯uence of common error sources arising from the preparation of scalp placements. Even with conventional

low density recordings (e.g. 30-channel Electro-Cap), over-application of electrode gel may result in electrolyte leakage and create low

impedance bridges, particularly at vertically-aligned sites (e.g. inferior-lateral). The ensuing electrical short produces an arti®cial similarity

of ERPs at neighboring sites that distorts the ERP topography. This artifact is not immediately apparent in group averages, and may even go

undetected after visual inspection of the individual ERP waveforms. Besides adding noise variance to the topography, this error source also

has the capacity to introduce systematic, localized artifacts (e.g. add or remove evidence of lateralized activity). Electrolyte bridges causing

these artifacts can be easily detected by a simple variant of the Hjorth algorithm (intrinsic Hjorth), in which spatial interelectrode distances

are replaced by an electrical analog of distance (i.e. the variances of the difference waveforms for all pairwise combinations of electrodes).

When a low impedance bridge exists, the Hjorth algorithm identi®es all affected sites as ¯at lines that are readily distinguishable from Hjorth

waveforms at unbridged electrodes. q 2001 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

The scalp topographies of electrophysiologic measures

(e.g. alpha power, P300 amplitude), which are derived

from the raw electroencephalogram (EEG) or from event-

related potentials (ERP), are frequently used to identify,

localize, and compare the regional patterns of neuronal acti-

vation associated with different experimental conditions

(e.g. Picton et al., 2000). Technological advances have

substantially improved the spatial resolution of these scalp

topographies by using closely spaced electrode montages

(e.g. Tucker, 1993). The localizing capacity of these meth-

ods has been further enhanced by the use of various math-

ematical transformations (e.g. surface Laplacian) to sharpen

topographies (e.g. Perrin et al., 1989; Gevins, 1996).

However, conventional methods for placing scalp electro-

des impose technical limitations on the maximum spatial

density of electrodes in any montage (Pellouchoud et al.,

1997).

The usefulness of topographic methods relies on the accu-

rate measurement of subtle differences in scalp potentials

between nearby electrode sites. Suf®cient electrode connec-

tivity to the scalp demands low electrode impedances,

which are affected by a number of individual differences,

such as hair texture or scalp dryness. During the preparation

of scalp recording sites, impedances are therefore

commonly reduced to the lowest values that are practical

(between 2 and 10 kV; cf. Picton et al., 2000) and are

typically measured in series with the parallel (linked) impe-

dance of all other sites or a series of adjacent sites in the

montage. This prevents the detection of exceptionally low

impedance values between adjacent electrodes.

Low impedance bridges may result from several identi®-

able causes. Electrolyte leakage may follow the overappli-

cation of electrode gel, particularly at vertically-aligned

sites (e.g. inferior sites on posterior and lateral surfaces of

the scalp). However, a bridge between electrodes may also

result from problems unrelated to the electrode/scalp inter-

face. An electrical short among the ®ne lead wires within a

connector cable, or erroneous jumper connections in the

hardware con®guration, may effectively bridge scalp sites

regardless of their actual scalp locations. The identifying

characteristic of a low impedance bridge is the erroneous

similarity or identity of electrical activity at the affected

sites. The unaided detection of such spurious identities is
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dif®cult even with comparably small 30-channel montages,

and becomes considerably more dif®cult with dense elec-

trode arrays. Although low impedance bridges are more

likely with higher electrode density, the overall topographic

distortion attributable to any single bridge is proportionately

smaller. Electrophysiologists do not commonly examine

individual ERP waveforms for these artifacts, and incidental

discoveries during routine visual inspection are unlikely

when focusing on dorsal and midline sites, where classical

ERP components are largest. The ultimate impact of such

electrolyte bridges on group averages can range from a

subtle, unpredictable smearing of localized effects (i.e.

adding noise variance to the topography), to the introduction

of systematic, localized artifacts, resulting, for example, in

an erroneous insertion or attenuation of small hemispheric

asymmetries.

A simple mathematical transformation of the ERP wave-

forms can provide an easy, objective, and reference-inde-

pendent method for identifying electrolyte bridges. We

illustrate below the fortuitous properties of the intrinsic

Hjorth (NeuroScan, 1995), a simple variant of the Hjorth

Laplacian algorithm in which the variance of the potential

difference between electrodes is substituted for spatial

distance between them, with real and simulated 30- and

129-channel data. Although not previously used for this

purpose, it is suggested that an improved implementation

of the intrinsic Hjorth algorithm will effectively detect

bridged electrodes in EEG and ERP data.

2. Methods

2.1. Hjorth Laplacian

The Hjorth algorithm (Hjorth, 1980) is a method of

computing a linear approximation of the surface Laplacian.

The Hjorth waveform Hi(t,N) represents the contribution of

the signal at each electrode i as the difference between the

time-varying potential Pi(t) and the scaled sum of the poten-

tials Pj(t) at each of N neighboring electrodes

Hi�t;N� � Pi�t�2 S
N

j�1
Pj�t�Wi2j�N� �1�

where the weighting factor Wi2j for each neighbor is propor-

tional to the inverse of the distance di2j between the electro-

des

Wi2j�N� �
1=d i2j

S
N

k � 1
�1=d i2 k�

�2�

This algorithm may be generalized to include any number

of neighboring electrodes.

2.2. Intrinsic Hjorth

The intrinsic Hjorth, originally a `beta' feature of

NeuroScan's EDIT module (version 3; NeuroScan, 1993),

is a variation of the Hjorth Laplacian in which spatial

distance is replaced by a nonspatial `electrical distance'

measure re¯ecting the electrical similarity of electrodes

(NeuroScan, 1995). For any pair of electrodes i and j, a

potential difference waveform Pi2j(t) may be computed as

Pi2j�t� � Pi�t�2 Pj�t� �3�
The `electrical distance' measure Di2j is de®ned as the

temporal variance1 of the difference potential waveform

Di2j � 1

T
S
T

t � 1
�Pi2j�t�2 Pi2j�t��2 �4�

The intrinsic Hjorth is produced by replacing di2j of Eq. 2

with Di2j. In the case of a single neighbor, the intrinsic

Hjorth waveform is identical to the difference potential

Pi±j(t) for the nearest neighbors given by Di2j. Since the

intrinsic Hjorth waveforms converge to zero as any Di2j

approaches zero (i.e. Wi2j(t)converges to one as the numera-

tor and denominator of Eq. 2 converge2 they will be distinct

from all other channels whenever two electrodes are

bridged.

For a montage consisting of M recording electrodes, an

M £ M matrix of electrical distances Di2j may be computed.

For each electrode, the electrical distances to each other

electrode are ranked to determine the N nearest electrical

neighbors. However, since this application is only intended

to determine whether any given electrode is bridged to

another electrode or not, it is suf®cient to restrict the analy-

sis to the detection of the single nearest electrical neighbor

(i.e. N � 1 in Eq. 1).3

2.3. Physiological recordings

Sample EEG/ERP data were recorded with a 30-channel

electrode cap (Electro-Cap International, Inc.) and a 129-
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1 because a volume conducted signal changes linearly over distance if no

local generator is present, i.e. the second spatial derivative is zero (Mitz-

dorf, 1985), the standard deviation, which also varies linearly, would

provide a closer analog for spatial distance. However, the present imple-

mentation produces identical results with only one neighbor.
2 Eq. 2 becomes computationally unde®ned for di2j � 0. Although

measurement noise (e.g. resulting from physical differences between ampli-

®ers) make this condition unlikely for real data, Wi2j may be appropriately

de®ned as one for the analogous case in the intrinsic Hjorth (i.e. Di2j � 0

when the two waveforms are identical).
3 In NeuroScan's implementation of the intrinsic Hjorth, the detection of

the nearest electrical neighbors is coupled to the production of a transfor-

mation matrix used to generate the intrinsic Hjorth waveforms. This linear

derivation matrix (LDR ®le) is then applied to the original data. To limit the

number of nearest electrical neighbors to N � 1, the keyword statement

`CSD_EM_NEIGHBORS 1' must be added to NeuroScan's con®guration

®le (SCAN.CFG). In the (unlikely) case of two precisely identical ERP

waveforms, NeuroScan's transformation matrix re¯ects the mathematically

unde®ned condition of Eq. 2 (i.e. di2j� 0; cf. footnote 2) by printing the

error term `nan' in the affected rows of the matrix (except for the diagonal

elements, which correctly hold 1.0). In this case, the transformation matrix

(i.e. the LDR ®le) must be modi®ed by replacing this error term with 21.0

in the column of the paired channel, and with 0.0 in all other columns.



channel Geodesic Sensor Net (Electrical Geodesics, Inc.;

Tucker, 1993). Applying standard EEG methodology, data

were recorded with Grass ampli®ers using a nose reference

for the 30-channel data (e.g. Tenke et al., 1998), and with

Net Amps (Electrical Geodesics, Inc.) using a vertex refer-

ence for the 129-channel data (e.g. Kayser et al., 2000).

Interelectrode impedances were maintained below 5 kV
(Electro-Cap with gel electrolyte; tin electrodes) or 50 kV
(Sensor Net sponges soaked in KCl; Ag/AgCl electrodes).

The recording epoch was 1280 ms (200 ms baseline).

Sampling rate was 100 Hz (128 samples/epoch) for the

30-channel data, and 200 Hz (256 samples/epoch) for the

129-channel data. Whereas the epochs of the 30-channel

data were not ®ltered off-line, a 20 Hz low pass (24 dB/

octave) was applied to the 129-channel data. ERPs were

averaged for correctly detected targets in an auditory

oddball task (e.g. Tenke et al., 1998).

2.4. Modeling electrolyte bridges and empirical validation

Electrolyte bridges were introduced between electrodes

using two methods: (1) arti®cially creating salt bridges by

applying excessive amounts of electrolyte gel (Electro-Cap)

or potassium chloride solution (Sensor Net) to selected scalp

regions, however, without establishing direct physical

contact among sensors; (2) simulating bridges off-line

(Sensor Net montage). Simulated bridges were created

between two electrode pairs (one for adjacent sites, one

for distant sites) by replacing the integer data for both elec-

trodes of a pair with the mean of the pair, then adding

simulated digitizer noise to one channel according to a

uniform distribution ranging from 22 to 12 digitizer unit

(1 A/D unit� 0.242 mV). In addition, for one bridge simu-

lation, a minimal slow potential (`ampli®er') drift was

added to one channel as a linear trend ranging from 0 to

10.484 mV (2 A/D units) across the recording epoch. Using

both commercial software (NeuroScan) and independently

developed software optimized for comparing and visualiz-

ing electrical distances, the intrinsic Hjorth was applied to

these averaged waveforms for the single nearest electrode

(i.e. N � 1 neighbor in Eq. 1).

3. Results

Examples for 30- and 129-channel ERP waveforms are

presented in Figs. 1 and 2. In the 30-channel example, two

adjacent inferior-lateral sites over the left hemisphere (P7,

P9) and the three occipital sites (O1, Oz, O2) were bridged by

excessive amounts of electrolyte gel. Whereas these bridges

are not obvious in the ERP topography (Fig. 1A), they are

unambiguous in the intrinsic Hjorth waveforms, which show

a decisive, readily identi®able reduction in amplitude at the

affected sites (Fig. 1B). For instance, a close examination of

the original ERPs reveals that the waveforms at P7 and P9 are

nearly identical, whereas those at homologous sites over the

right hemisphere (P8, P10) are not. The same applies to the

ERPs at occipital sites, which are nevertheless distinct from

those at the bridged sites P7 and P9. The inset table (Fig. 1B)

indicates the nearest electrical neighbor for each electrode,

ranked according to the electrical distance between them.

Electrodes that are identi®able by ¯at intrinsic Hjorth wave-

forms also have the smallest electrical distances (low rank).

Comparable results were also observed for 30-channel EEG

amplitude spectra.

Similar results were found for the 129-channel Sensor

Net. A close inspection of the average-referenced ERP topo-

graphy may determine the simulated salt bridges, but not

without considerable effort (see Fig. 2A). However, despite

the more than fourfold increase in the number of wave-

forms, the simulated bridges at central (adjacent sites:

106/107) and opposite parietal (distant sites: 43/99) sites

were likewise unambiguous in the intrinsic Hjorth wave-

forms (Fig. 2B), yielding low electrical distance values

(i.e. 0.002 and 0.024; see inset table in Fig. 2B). Evidence

of additional bridges, presumably attributable to the excess

of electrolyte solution, was also seen at inferior-lateral sites,

showing somewhat larger electrical distance values

(between 0.054 and 0.140).

As can be seen from Fig. 2B, the intrinsic Hjorth wave-

forms of both the simulated bridge at the distant sites 43/99

(which also included a simulated ampli®er drift) and of the

adjacent sites 56/63 (presumed to be an arti®cial salt bridge)

show evidence of slow potential drifts. To remove these

drifts, a linear detrend and a new baseline correction were

applied to these ERP waveforms. The intrinsic Hjorth trans-

formation of the corrected ERPs effectively removed the

difference between the two simulated bridges (i.e. yielding

an electrical distance of 0.002 for both pairs with and without

ampli®er drift), and clearly reduced the electrical distance

values for the adjacent electrode pairs at inferior-lateral sites

(i.e. 0.028 for 56/63, 0.054 for 69/70, 0.064 for 95/100).

4. Discussion

The purpose of developing methods for detecting elec-

trode placement and recording artifacts is to improve the

validity and reliability of the resulting EEG topographies.

The intrinsic Hjorth provides a simple means for identifying

bridged electrodes that is suf®ciently unambiguous to be

evident even to untrained individuals. This method is effec-

tive regardless of the relative locations and physical

distances of the bridged pair, or the EEG recording refer-

ence. Since knowledge about existing electrolyte bridges or

equipment-related electrical shorts is a prerequisite to

successfully deal with problems arising from these artifacts,

the intrinsic Hjorth is recommended as a routine screening

procedure for ERP data.

The noise properties of the recording environment in¯u-

ence the effectiveness of the intrinsic Hjorth for detecting

bridges. While ERP waveforms are, to some degree,

protected against unsystematic noise by the averaging
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process, individual EEG epochs are particularly susceptible

to machine noise, ampli®er drift, and signal variability subse-

quent to ampli®er saturation. Since even a minimal, mathe-

matically simulated drift may degrade Di2j estimates (cf.

sites 43/99 in Fig. 2B), a spurious drift of relatively low

amplitude con®ned to one of an otherwise highly similar

pair of ERP waveforms (e.g. sites 56/63 in Fig. 2B) could

mask their similarity. As a protective measure, and for the
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Fig. 1. (A) Event-related potential (ERP) waveforms for one individual at 30 Electro-Cap recording sites for 60 tonal targets recorded during auditory oddball

tasks with a nose reference (e.g. Tenke et al., 1998). Electrolyte bridges, which were created between electrode sites P7 and P9 over the left inferior-lateral

hemisphere, and between occipital sites O1, Oz, and O2, resulted in nearly identical waveforms among linked sites, that are not immediately evident by visual

inspection. (B) Corresponding intrinsic Hjorth waveforms computed for the single nearest electrical neighbor, in which linked electrode sites are characterized

by distinct straight lines approximating zero. For each electrode, electrical distances to all other electrodes are computed, and the lowest value determines the

nearest electrical neighbor. The inset table ranks electrodes (channels) and their nearest electrical neighbors by their electrical distance.
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Fig. 2. (A) Event-related potential (ERP) waveforms for one individual at 129 Sensor Net recording sites for 61 tonal targets using an average reference

(channel 129 corresponds to vertex site Cz). The two simulated bridges, which were inserted between two adjacent electrodes (right central sites 106 and 107)

and two distant electrodes (left and right medial parietal sites 43 and 99), resulted in nearly identical waveforms at these sites and would go undetected by visual

inspection. (B) The corresponding linked electrodes sites are identi®ed with the intrinsic Hjorth (single nearest electrical neighbor) by distinct straight lines

approximating zero, and low electrical distance values (see inset table). Similar ¯at lines, associated with somewhat larger electrical distance values, are also

evident at left (i.e. 56/63, and 69/70) and right (i.e. 95/100) inferior-lateral sites, and may indicate the presence of physical electrolyte bridges in areas where

excessive electrolyte had been applied.



sole purpose of enhancing the reliability of the Di2j measure,

waveforms could be linearly detrended ®rst. This approach

may then be developed into an automated bridge detection

procedure based on empirically established thresholds for

Di2j.

Apart from the usefulness of this method for off-line

screening of previously recorded ERP averages, it may

also be used to ensure the absence of bridges prior to data

collection. However, it must be noted that bridges may

appear or disappear during the recording session, with an

incidence rate and time course that will vary across record-

ing systems. Although it would also be possible to measure

electrical distances during data acquisition, it would appar-

ently be necessary to accumulate averages across small

blocks of test data to compensate for noise, thereby making

bridges more distinct. While this technical note elaborated

on applications for time-locked ERP averages, preliminary

investigations using EEG amplitude spectra suggest that the

intrinsic Hjorth may be equally applicable to these data for

detecting bridged electrodes, provided ®ltering and detrend-

ing were applied to the EEG epochs before computing the

frequency spectra.

While it is beyond the scope of this paper to elaborate on

strategies for dealing with data recorded using one or more

bridged pairs of electrode, it should be noted that they range

from excluding affected averages, blocks, or individuals, to

replacing data recorded at affected sites with interpolations

from unaffected electrodes (a common strategy for large

montages, e.g. JunghoÈfer et al., 1997). If it has been estab-

lished that the introduced error is small and unsystematic, an

informed decision may be made about the inclusion of

affected averages based on the overall objective of the study.
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