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Ocular potentials are clearly a nuisance in in-

vestigations of event-related brain potentials

(ERPs). Eye movements, or blinks, that occur in
synchrony with the events eliciting the ERP intro-
duce unwelcome artifacts into the data. This is
especially the case because the frequency spectra
of endogenous ERP components (such as the CNV
and P300) are similar to the spectra of the oculo-
graphic potentials (e.g., Hillyard and Galambos
1970; Girton and Kamiya 1973). Treating oculo-
graphic artifacts has therefore become a required
procedure in ERP research (Donchin et al. 1977).

Movements of the eye and of the eyelid gener-
ate changes in electrical fields that interact with
ficlds generated by intracranial generators and
thus affect the electrical activity at the scalp. Two
different mechanisms have been proposed to
account for these ocular potentials, First, rotation
of the eyeball modifies scalp recorded electrical
activity because movement of the dipole between
cornea and retina results in electrical field changes
which are propagated through the skull (Mowrer
et al. 1935; Overton and Shagass 1969). Second.
the upper and lower eyelids act as ‘sliding elec-
trodes’ as they move across the eyeball creating an
electrical field which can also be propagated
through the skull (Barry and Jones 1963).

! This research reported here has been supported under the
Office of Naval Research (Contract No. N00014-76-C-0002)
with funds provided by the Defense Advanced Research Proj-
ects Agency; AFOSR under Contract No. F49620-79C-0233;
Wright Patterson AFB under Contract No. F33615-79C-0512:

and the Environmental Protection Agency under Contract No.
R805628010. :

The procedure commonly used to eliminate oc-
ular artifacts requires the investigator to detect
and discard data recorded on trials in which exces-
sive eye movements, or blinks, occur. To this end,
ocular activity is monitored using the electro-oc-
ulogram (EOG). All trials are rejected for which
some attribute of the EOG trace (such as ampli-
tude, variance, area, or slope) exceeds a criterion
value. o

Unfortunately, this simple procedure is some-
what problematic. First, eye movements and blinks
may have important effects on those perceptual
and cognitive processes that are under investiga-
tion (Carpenter 1948: Drew 1951). Thus. rejection
of trials associated with ocular activity may lead to
the use of unrepresentative samples of trials in the
computation of the average ERP. Second. certain
classes of subjects cannot, or will not, cooperate
and avoid ocular movements during the trials. In
these cases (e.g.. children and psychiatric or neuro-
logical patients) it is difficult, if not impossible, to
obtain a sufficient sample of trials free of ocular
movement. Third, some tasks of interest to ERP
researchers involve complex tracking or scanning
of the visual field. In these tasks, ocular activity is
inherent and therefore the proportion of ‘clean’
trials is likely to be small indeed. Further, these
‘clean’ trials are, by definition, unrepresentative.

The trial rejection procedure is often accompa-
nied by instructions to the subjects to ‘keep their
eyes still' during the experiment, or to confine
blinks and movements to designated times when
experimental stimuli are not being presented. These
instructions effectively assign a *secondary task’ to
the subject, requiring the division of resources
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between the experimental task and self-monitoring
of ocular activity. Note that, if there are individual

-differences in ocular activity, the secondary task

will vary in difficulty from subject to subject.
Alternative procedures seek to correct the ERP
data for the effect of ocular activity. These proce-
dures assume that the scalp potential is given by
the linear summation of brain and ocular poten-
tials. Therefore, if we subtract the ocular poten-
tials from the- EEG record, we should obtain a
‘clean’ brain potential. According to the simplest
version of this procedure, the EOG is subtracted
from each trial or from the average (either on-line
or off-line) to remove that portion of the raw EEG
that can be attributed to ocular activity. As the
EOG signal is presumed to propagate by volume

" conduction across the skull, it is reasonable to

expect that the contribution of EOG varies across
the scalp. Thus, subtraction of the same EOG
signal at each electrode site is likely to yield erro-
neous estimates of the residual ERP. A more rea-

sonable approach would attempt to estimate a

propagation factor for each electrode site and scale
the EOG signal by that factor prior to subtraction.

There have been several attempts to estimate
these propagation factors. Hillyard and Galambos
(1970) and Girton and Kamiya (1973) estimated
the propagation factor by recording the EOG
clicited when subjects moved their eyes by known
amounts during a pre-experimental calibration ses-
sion. The effects of these movements at different
electrode locations were used to estimate specific
correction factors, and regression techniques (Hill-
yard and Galambos 1970) or analog procedures
(Girton and Kamiya 1973) were used to derive
corrected values of EEG. This technique, then,
depends for its. validity both on the linearity as-
sumptions and on the validity of the estimation
procedure for the propagation factor.

The assumption of linearity is supported by
data obtained by Hillyard and Galambos (1970)
and by Overton and Shagass (1969). Slight devia-
tion from linearity is found for vertical move-
ments, due probably to differential involvement of
the eyelids in upward versus downward move-
ments (Overton and Shagass 1969). But these devi-
ations are not sufficient to violate the assumption
of linearity.
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However, the assumptions underlying the esti-
mation of the correction factor may be untenable.
Thus, it was assumed that the fields generated by
voluntary movements made during a pre-experi-
mental calibration session are identical to the fields
generated by task contmgent eye movements. There
is evidence that voluntary and involuntary eye
movements are different (Records 1979). These
differences may lead to differerices in the nature of

‘the ocular artifact. It would seem prudent to

estimate the propagation factor under the same
conditions that obtain when it is applied. A second
assumption is that fields generated by blinks and

" eye movements are the same. Overton and Shagass

(1969) have demonstrated convincingly that this is
not the case. While both blinks and eye move-
ments affect the ocular dipole, there is consider-
able eyelid activity during blinks which creates
characteristic fields. Thus, a correction factor for
blinks should be estimated separately from a cor-
rection factor due to eye movements. The proce-
dure recently proposed by Verleger et al. (1982)
involves the computation of propagation factors
from a subset of the data which needs correction.
In this sense, it avoids the first problem mentioned
above. However, the procedure fails to differenti-
ate between blinks and saccades and. thus, may
yield invalid correction factors.

We describe here an eye movement correction
procedure (EMCP) for computing the correction
factors that avoids both problems. First, estimates
of correction factors are derived from EOG and
EEG records obtained during the experiment
rather than during a pre-experimental calibration
period. Second, correction factors are computed
separately for blinks and eye movements. A third
and novel feature of the current procedure is that
the degree to which signals at the EOG electrodes
are propagated to any given EEG electrode pair is
estimated after removal of event-related EOG and
EEG activity from the data. If there are event-re-
lated effects in both EEG and EOG records, the
propagation of EOG signal to EEG electrode
would be overestimated. Our estimates of correc-
tion factors are computed on data at each time
point on every trial after event-related activity has
been subtracted.

After a description of the algorithm we present
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Fig. . Schematic representation of the correction procedure.

several tests that confirm the validity and reliabil-
ity of this off-line procedure for removing ocular
artifacts from the EEG. .

Procedure

We begin by describing the computational pro-
cedures that are used to derive the correction
factors. A formal derivation is presented in Ap-
pendix A. Fig. 1 gives a graphic representation of
these procedures. Assume, for the sake of this
description, that a subject is run in a study with P
conditions and that N trials, and thus N records,

2 If primary interest is in ERPs from mid-line derivations only
vertical EOG need be obtained. If interest is also in ERPs from

N

Corrected ERP

are available for each condition. The record for
each trial consists of data, obtained at K electrode
pairs, one of which abuts the eyeball yielding an
EOG trace for each of the trials 2.

lateral electrode sites. then both horizontal and vertical EOG
should be obtained and the correction procedure applied sep-
arately for each EOG channel. Picton (personal communica-
tion) indicated that spuriously high correction factors. for
either horizontal or vertical movements, could be obtained if
there are consistent oblique movements. A solution to this
problem is to detect time points in which such movements
occur using vertical and horizontal EOG. and then either
compute a separate correction factor for these movements, of
discard these time points from the data bases used to compute
vertical or horizontal correction factors. It should be noted that
correction for blinks is accomplished using vertical EOG only.
EEG and EOG would be recorded using the same filtering
parameters.




[IMOVAL OF OCULAR ARTIFACT

f averaging
ach of the P conditions all the N trials are

(-

ed, for each of the ¥ electrode pairs, sep-
¢ly, These ensemble averages estimate the
\!Fus related variation for the EEG and the

G éhannels.

Stbtraction of the raw average from the single
{ data , .

[ he raw averages are subtracted from the corre-
nding single trial records. That is, the average
btracted from each of the N trials used in its
computation. After subtraction of a ‘baseline’
puted as the mean of all points in an epoch,
ave a set of wave forms that are considered an
jate of the activity at an electrode site, on
rial, that is not event-related.

rrection factor ‘
p (b) yiclds estimates of the electrical activity
h trial at the EOG and the EEG electrodes
not stimulus related. The EEG data are
considered as a dependent variable in a re-
computation in which the EOG data serve
independent variable. The regression equa-
omputed in this fashion are used to derive
rection factors.

ration of blinks and eye movements

correction factors are computed sep-
Lfor blinks and eye movement data. Blinks
#cicd first by locating all time points in the
ord where the rate of change in electrical
exceeds a criterion. These points are used
it 2 correction factor as described above.
(pre-subtraction) EEG data are then ‘cor-
subtracting from the EEG, the EOG
#led by the correction factor. A new cor-
',_Mor for eye movements is then computed
# data remaining after the blinks have
lved. Note that although the correction
# computed using only activity that is nof
lled, it is applied to all activity in the

hig
tracting the scaled EOG from all single
ta can be averaged as in (a) yielding
| ERPs.
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Tests of the procedure

Three series of testsi have been conducted to

evaluate the validity and the reliability of EMCP.

Series 1 :
- . 1 :

The first series of tests involved data obtained
from a study on the relationship between P300,
slow wave and CNV (Donchin et al. 1983). Sub-
jects were required to perform a simulated driving
task in which they controlled a ‘car’ with a joystick
as it appeared to move along a road depicted in a
CRT display. From time to time, numbers ap-
peared within the subject’s car which warned the .
subject of the upcoming appearance of obstacles
which had to be avoided. EEG measures, obtained
from Fz, Cz and Pz, were used to derive ERP
responses to the warning " numbers. EOG
measures > were also obtained from the same epoch
(1400 msec). For each of the subjects, data ob-
tained on about 100 trials were used. The nature
of the task and the display we used led to a
sufficient number of trials being associated with
¢ye movements, providing a reasonable data base
for these validity tests. Two types of tests arc
presented: (A) deviation from “true’ ERP, and (B)
reduction in variance.

For the purpose of these tests we note the
following terminology:

(a) True ERP

For a given subject the average of the records
obtained for trials during which EOG activity did
not exceed a strict variance criterion.

(b) Dependent and independent samples
~ Two samples of trials were used to provide the
ERPs to be compared with the ‘true’ ERP.

(i) A sample consisting of the trials excluded
from the sample used to compute the ‘true’ ERP.

3 An oblique electrode derivation was used to derive the EOG
data in this experiment. Thus, variations in the EOG trace
could be due to either vertical or horizontal movements (or
both). In fact, task requirements were such that vertical (and
not horizontal) movements occurred. Therefore, the EOQG trace
reflected predominantly vertical eye movement activity.
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Thus, this sample contained all trials for which
EOG activity exceeded our strict criterion. Be-
cause the sample contains a different set of trials
than that used to compute the ‘true’ ERP, we use
the term ‘independent’ sample.

(i1) A sample consisting of all the trials. Because
this sample included those trials used to compute
_ the ‘true’ ERP, we refer to it as the ‘dependent’

sample '

(c) Raw ERP -

- For a given subject the raw ERP is defined as
the average of all trials in either the independent
or dependent samples. The records are not cor-
rected and are used in averaging regardless of the
occurrence of EOG artifacts.

( d) Corrected ERP

For a given subject, the corrected ERP is de- |

fined as the average of all trials in either ‘the
‘independent or dependent samples after the trials
have been corrected by EMCP.

(¢) Randomly corrected ERP

This ERP is computed in the same manner as
the corrected ERP except that the correction fac-
tor is obtained by substituting a random number
between ~1 and +1 (from a rectangular distribu-
tion) for the correlation coefficient used in the
correction procedure. In this way, 10 ‘random
regression coefficients’ were generated by multi-
plying these randomly selected values by the ratio
of the standard deviations of EEG and EOG. This
random-correction procedure was used to estimate
a sampling distribution of deviations within which
we could evaluate deviations yielded by the EMCP.

(A) Deviation from ‘true’ ERP. The first tests
of validity of EMCP involve comparisons of cor-
rected ERPs with an estimate of the ‘true’ ERP.

While we had no direct measure of the ‘true’ ERP,

we assumed that the ERP obtained from trials
selected by the traditional rejection procedure can
serve as a reasonable substitute. This appears
plausible because this type of ERP is accepted as a
‘clean’ ERP by most investigators. If we can show
that the ERP corrected by EMCP is more similar
to this ‘true’ ERP than uncorrected or randomly
corrected ERPs, then we can consider our proce-
dure to be valid.

G. GRATTON ET AL.

The degree to which an ERP corresponds to (or
differs from) the ‘true’ ERP is expressed by means
of a deviation index, computed as follows:

= (X, - ERP)?
t=1

Deviation =

i n

where X, = value of the evaluated ERP at time t;

ERP; = value of ‘true’ ERP at point t; n = number
of points in an epoch

In the first test of this series, the deviation

index from the true ERP was computed for the
corrected ERP, the raw ERP, and each of 10
randomly corrected ERPs for each of 5 subjects,
for each electrode.

- Figs. 2 and 3 show the values of these deviation

mdxces. Fig. 2 shows results for the independent '

trial sample; Fig. 3 gives data for the dependent
trial sample. The deviation for the raw ERP is

- marked by an asterisk, the deviation for the cor-
rected ERP with an arrow and that for the 10

randomly corrected ‘ERPs with bars. As a com-
bined measure of total deviation across the 3 elec-
trodes, we computed the square root of the mean
of the squared individual deviations. Values for
total deviation are also shown in Figs. 2 and 3.

It can be seen that deviations for randomly
corrected ERPs are generally larger than those for
ERPs obtained using the derived correction factor.
For both independent and dependent trial sam-
ples, the deviation for the corrected ERPs is al-
ways smaller than the deviation for the raw ERP.
In a few cases randomly corrected ERPs yield
smaller deviations, but these can be explained as
follows. First, for subject 4, the EOG trace associ-
ated with the ‘true’ ERP showed a small but
consistent EOG response. Thus, the estimate of
the ‘true’ ERP for this subject may not be a good
estimate. Secondly, subject 2 showed little evi-
dence of eye movements. Third, subject 1 had very
few trials for which EOG variance was less than
the strict criterion. Thus, the estimate of the ‘true’
ERP for this subject may have been contaminated
with noise. ’

In Fig. 4 we display ERP wave forms for two
subjects based on independent trial samples. Of
particular interest are those for the ‘true’ ERP and
those for corrected and uncorrected ERPs based
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Fig. 2. Deviations (in log arbitrary units) from *true’ ERP of ERPs derived from trials with EOG variance larger than a criterion
(independent sample). Deviations relative to wave forms corrected by EMCP (arrows). uncorrected (stars). and corrected according to
a random procedure (bars) are shown separately for cach subject and electrode. The tatal deviation computed over all electrodes is

also shown.

on trials with EOG variance greater than the crite-
rion. Note that, for both subjects, the similarity
between corrected and ‘true’ ERPs is greater than
that for raw and ‘true’ ERPs. Fig. 5 shows similar
wave forms for subject 1 for the total trial sample.
Note that, again, the effect of correction is to
make the corrected ERP more similar to the ‘true’
ERP..

(B) Reduction in variance. We assumed abové
that the true ERP may be estimated by computing
an average ERP based on trials selected for low
EOG variance. This assumption, although made
by almost every ERP researcher, may not be valid.
Either because of residual consistent EOG activity,

or because of inadequate sample size, the estimate
of the true ERP may be inaccurate. For this rea-
son, we conducted two additional validity tests
that were based on the prediction that our correc-
tion procedure should reduce the variance between
ERPs, or among trials at each time point. This is
because some of the variance between trials is due
to eye movements. The first of the additional tests
examines the prediction that if EMCP increases
the similarity between the corrected and the * true’
ERP, then corrected ERPs, derived from the same
subject, condition and electrode, should be more
alike than corresponding uncorrected ERPs.

The samples used in this test were the same as
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Fig. 3. Deviations (in log arbitrary units) from “true’ ERP of ERPs derived from all trials (dependent sample). Deviations relative to
wave forms corrected by EMCP (arrows), uncorrected (stars) and corrected according to a random procedure (bars) are shown
separately for each subject and electrode. The total deviation computed over all electrodes is also shown.

the independent samples used above. That is, for
each subject, two sets of trials were derived, those
for which EOG variance was greater, or less, than
the strict criterion. Comparison between average
ERPs based on these two samples, both before and
after EMCP, was accomplished using the deviation
index. Table I gives the relevant deviation indices.
Note that, in every case, corrected ERPs are more
similar to each other than are the raw ERPs. This
is also illustrated in Fig. 4. ‘

The second additional test examines the pre-
diction that, if the values at each time point in the
trial correspond more to those associated with the
‘tru¢’ ERP as a result of correction, then the

variance across trials for each time point should be
reduced by correction. To test this prediction we
computed, for each subject, electrode and time
point, the variance across trials before and after
correction. Then, differences in variance between
uncorrected and corrected single trials were de-
rived for each time point.*. The frequency distri-
butions of these differences are shown in Fig. 6.
For 2 subjects (out of 5) all the time points for
all the electrodes show a reduction in the variance

4 Note that, for each trial, the baseline, defined as the mean
value of the time points across the epoch, is subtracted from
cach time point before the variance across trials is computed.

[
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BEFORE CORRECTION AFTER CORRECTION
‘ Subject 1

0 600 1200
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Fig. 4. ERPs and associated EOG for subjects 1 and 2 for trials
with EOG variance larger (a) and smaller (b) than the criterion.
Note that (a) corresponds to the ‘independent’ sample and (b)
o the “true’ ERP sample. The figure shows the wave forms
obtained from trials before correction (left) and after correction
by EMCP (right). Note the ERP derived from uncorrected
trials with EOG variance smaller than the criterion corresponds
to the “true’ ERP.

between trials following the application of EMCP.
For subjects 4 and 5, about 1% of time points are
associated with an increase in variance following
correction. For subject 1 there is an increase fol-
lowing correction on 13% of time points. As a
whole. about 99% of the time points show decrease
in the variance between trials following correction.

Series 2
T In the experiment which provided the data for

the ests in series 1, the EOG electrodes were
d above and to the side of the eye. This
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"True Average"
Selected Trials
Uncorrected

All Trials Uncorrected

0 600 1200 ——:— E0G

Fig. 5. *True’ ERP (a), and ERP derived from all the trials
before (b) and after (¢) correction by EMCP for subject 1.
Associ'alcd EOG is also shown,

oblique derivation is affected by horizontal, as
well as by vertical, eye movements. However, we
proposed (footnote 3) that because eye movements
in this task were almost exclusively in the vertical
direction. the EOG would reflect only vertical
movements. Nevertheless, because of the possible
contamination of the EOG record by horizontal
movements in the first series of tests, we con-
ducted a second series using data from an experi-
ment in which a vertical placement was used for
EOG. These tests involved data from a simple
visual oddball task (Fabiani et al. 1982). The word
‘count’ was presented 100 times to each of 4
undergraduate female subjects, in each of 2 ses-
sions, 1-2 weeks apart. On 20 occasions the word
was larger than it was on the other 80 occasions.
The subjects were instructed to count the number
of ‘rare’ words (those with larger size). EEG was
recorded at Fz, Cz and Pz, referred to linked
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TABLEI

Deviations between ERPs based on large and small * EOG
variance trials before and after correction.

Subject Deviation before correction % of
? no. - trials
Fz Cz Pz Tot with
~small
EOG
. - variance
! 1 81.91 48.02 37.81 59.01 25
X 2 51.75 41.26 28.79 41.67 77
3 2000 1424 . 1253 15.91 52
4 43.31 33.69 24.00 34.58 56
5 37.07 25.13 18.69 28.02 50
Deviation after correction
f) Fz Cz Pz Tot
} 1 28.84 19.89 16.84 22.44
2 41.23 ° 36.56 25.95 35.17
3 ©14.21 11.86 10.68 12.34
4 31.62 29.15 20.55 27.52
5 21.24 23.49 16.79 20.70

* Note: ERPs based on small EOG variance trials before
correction correspond to the *true’ ERPs.

mastoids. and vertical EOG was recorded from

clectrodes placed above and below the right eye.
Data for each session were analyzed indepen-

dently and averages were computed for ‘rare’ and

TABLE 11

Correction factors from the visual oddball experiment.
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‘frequent’ stimuli and for each electrode sep-
arately. Three kinds of averages were computed:

(a) True ERP :
Average of the records for trials during which
EOG activity did not exceed a strict variance

criterion. : N

(b) Raw ERP

Average of the records for all the trials, regard-
less of the occurrence of ocular artifacts.

( c)’ Corrected ERP
Average of the records for all the trials, regard-

less of the occurrence of .ocular artifacts, but cor-

rected according to EMCP,

- The correction factors yielded by EMCP are
presented in Table I1. Separate correction factors
are presented for each subject, session, scalp elec-
trode and for blinks and saccades. Means and
standard deviations for each scalp electrode and
for blinks and saccades are also shown.,

As can be seen in Table 11, the correction
factors for saccades are consistently larger than
those for blinks, in accordance with the propaga-
tion factors reported in the literature (Corby and
Kopell 1972). The correction factors both for blinks
and saccades appear to be stable, although small
differences between subjects can be observed. The
correlations between the correction factors for the
first and second sessions were 0.97 for blinks and

Subject no. Session no. Blinks Saccades
Fz Cz Pz Fz Cz Pz
1 0.20 0.07 0.04 0.29 0.11 0.07
2 0.19 0.07 0.04 0.23 0.10 0.05
1 0.13 0.08 0.05 0.18 0.10 0.06
2 0.11 0.06 0.07 0.10 0.05 0.03
1 0.21 0.09 0.04 0.23 0.09 0.03
2 0.19 0.07 0.02 0.23 0.10 0.04
1 0.16 0.05 0.03 0.20 0.07 0.03
2 0.18 0.04 0.00 0.25 0.07 0.02
Mean 0.17 0.07 0.04 0.21 0.09 0.04
8., 0.03 0.01 0.02 0.05 0.02 0.02
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0.91 fof saccades (n = 12, P <0.01). Note that the
correction factor may change between experimen-

tal sessions if electrodes are not placed in exactly

the same position because propagation characteris-
tics will change with electrode position. This is
particularly true if there are variations in the
placement of the EOG electrodes. Furthermore,
variation in impedances between sessions might
also lead to instability in the estimate of correction
factors. We -also would not necessarily expect to
find identical values for different subjects because
of morphological differences.

Wave forms for the first subject are presented

-~ in Fig. 7. In this figure the averages from each

session both for rare and frequent stimuli are

presented. ‘True,” ‘raw’ and ‘corrected’” ERPs for -
Fz, Cz and Pz are presented, together with the -

Rare

G. GRATTON ET AL.

vertical EOG trace. This figure shows that a large
ocular artifact is present at a latency of about 800
msec for the rare stimuli. It is particularly evident
at the frontal electrode. Note that the artifact has
been entirely corrected by EMCP.
To quantify the ‘goodness’ of the correction,
deviation indices from the ‘true ERPs’ (defined as
~above) were computed for both the ‘raw’ and the
‘corrected’ ERPs, for each subject, session and
electrode. The deviation indices are presented in
Table III. As can be seen in this table, EMCP
generally reduces the deviations from the ‘true’
ERPs. In a few cases the difference bétween the
deviations for the ‘corrected’ and ‘raw’ ERPs is
slightly negative. In this case the subjects made

actually rejected in the computation of the ‘true’
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Fig. 7. *True’ ERPs, ERPs based on all trials, and corrected ER
for subject 1, session 1.
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Fig. 8. ' Truc’ ERPs, ERPs based on all trials, and corrected ERPs, for rare and frequent stimuli in the visual addball experiment, Data

.

e e T T et S

for subject 4, session 1.

ERP. To illustrate this case, wave forms from the
first session of the fourth subject are presented in
Fig. 8.

Series 3

In the third series of tests, we assessed the
constancy of the correction factor over different
blocks of trials obtained from the same subject in
the same experimental session as well as between
sessions. The data used for this test series came
from another experiment (Coles et al. in prepara-
tion). Four subjects performed a total of 2160
trials of a choice reaction time task in blocks of
108 trials over 3 or 4 experimental sessions. Each
trial was initiated by depression of a foot.pedal by
the subject. One second later a visual display

containing target letters S or H appeared on a
projection tachistoscope and the subject made a
left- or right-hand squeeze response. EOG and

" EEG. recorded from Fz, Cz and Pz, were obtained

as in the previously described experiment. The
epoch for analysis began 1280 msec before the
foot press and extended through 1280 msec after
the stimulus, making a total duration of 3560
msec.

For the purpose of analysis, each block of 108
trials was treated separately and individual correc-
tion factors for each electrode were computed.
Fig. 9 shows the mean and inter-quartile range for
correction factors for each subject and electrode
separately over all trial blocks. Note that there is
no overlap between electrodes, with correction fac-
tors for Fz> Cz > Pz. Note also that there is



Session Deviation before correction

no.
Fz Cz Pz Total
1 1 69.29 38.02 33.48 49.56
’ 2 61.94 38.98 27.23 45,08
1 28.74 20.44 - - 17.67 22.78
2. 6.04 5.61 451 5.43
1 h 30.19 23.42 15.12 23.73
2 59.87 60.52 39.86 54.27
1 7.81 8.20 8.78 8.28
2 24.66 19.90 = 17.44 20.88
Deviation after correction
Fz Cz - Pz Total
1 1 31.72 33.75 24,93 30.37
2 31.20 34.84 27.76 31.40
2 1 19.82 17.91 15.47 17.83
2 5.63 5.20 - 4.38 5.10
-1 21.16 24.50 12.85 20.11
2 35.38 28.21 27.38 30.53 -
4 1 7.07 9.04 9.04 = 8.43
2 15.27 19.35 17.27 17.38

stability in correction factors between subjects
within electrodes. The within-subject variability
seen in Fig. 9 is mostly due to between-session
variability. This is illustrated in Fig. 10 where the
data for subject 3 are shown for each session (day)
separately. Note that there is some variability

across days. but that the variability within a ses-

sion is smaller than that between sessions. As
noted above, the variability across days may be
due to slight variations in electrode placement
and/or impedance between sessions. This variabil-
ity points to the importance of computing separate
correction factors at least for each experimental
session.

Discussion
The results of the first and second series of tests

reveal that trials corrected by EMCP yield an ERP
which corresponds more closely to the “true” ERP
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than ERPs derived from ‘randomly’ corrected or
uncorrected trials. This is true for trials selected on

_the basis of large eye movement or blink con-

tamination and for unselected trials. For both trial
samples, EMCP reduces deviation from the *true’
ERP, but some deviation remains. This residual
deviation is not surprising. As we have noted, our
estimate of the ‘true’ ERP may not correspond to
the ‘true’ ERP. First, this estimate may be com-
puted on too small a number of trials to eliminate
random noise from the average. Secondly, any

traditional rejection criterion. such as that used

here, can permit trials associated with small, and
perhaps consistent, eye movement artifact to be
included in the average. A rejection criterion of
zero variance in the EOG channel is clearly unre-
alistic. Thus, some contamination may be present

‘even in an average based on trials selected accord-

ing to a strict EOG variance criterion.

A second reason for the persistence of some
deviation from the ‘true’ ERP even after correc-
tion is, of course, that the correction factors are
themselves estimates, although based, in our pro-
cedure, on a large sample. Noise in the EOG
channel could significantly reduce the magnitude
of the correction factor.

Other tests of validity also support our claim
that EMCP is a valid procedure. The difference
between ERPs derived from trials with different
degrees of artifact decreases following correction.
Furthermore. variance between individual time
points across trials decreases following application
of EMCP. In both cases. the procedure reduces.
but does not eliminate. variance between ERPs or
among single trials. Again. this is not surprising.
Eye movement or eye blink artifacts are not the
only source of variance contributing to differences
between ERPs or among single trials.

The validity of EMCP is also supported by the
data obtained from the reliability tests (second
and third series). Because of the propagation char-
acteristics of the head, we would expect that ERPs
obtained from frontal electrode sites would be
more contaminated than those obtained from more
posterior derivations (cf., Overton and Shagass
1969). Figs. 9 and 10 and Table II indicate clearly
that the magnitude of the correction factor de-

“creases from frontal to parietal electrodes. The

481

second series of tests also show that the correction
factors are consistently larger for saccades than for
blinks (Corby and Kopell 1972).

The data from the third series reveal that values
of the correction factor are stable within subjects
and sessions, although there is some variability
between sessions. :

Thus, we believe that EMCP is both a valid and
reliable procedure for dealing with the problem of
eye movement and eye blink artifact. Furthermore,
the procedure has clear advantages. First, it dis-
tinguishes between blink and eye movement
artifact. Second, by deleting stimulus-related EOG
and EEG activity before computing the correction
factors it provides corrections that are insensitive
to stimulus-locked activity at the EOG electrodes.
Third, a/l trials are retained for use in subsequent
analyses. Fourth, it is a general procedure which
does not require special data to be collected. In
this respect, it also reduces the problem of a
possible difference between voluntary and
involuntary movements and blinks. Fifth, the sub-
jects need not be instructed to ‘control’ or mini-
mize their eye movements. As we have noted, such
instructions may impose an unwanted secondary
task. Sixth, the estimate of artifact is based on a
large sample (trials X time points) rather than a
few points obtained from a few prescribed cye
movements (cf.. Hillyard and Galambos 1970:
Girton and Kamiya 1973).

The EMCP has been implemented in a Fortran
program on the Harris/7 computer at the Cogni-
tive Psvchophvsiology Laboratory. For the data
used in the validity tests described above (Fabiani
et al. 1982; Donchin et al. 1983), computation of
correction factors for each subject and subsequent
correction takes approximately 5 min of CPU
time. These data consisted of 100 trials, 140
points/trial, for 3 EEG channels, 1 EOG channel
and 1 event channel. For comparison, we note that
simple averaging of the same data set takes 1.5
min of CPU time, while latency adjustment using
the Woody technique (3 iterations) and step-wise
discriminant analysis take 4 min and 2.5 min,
respectively. Thus. the EMCP technique does con-
sume considerable computer resources. However,
the gains in precision and data preservation, in our
opinion. more than justify the costs.
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The procedure could be made both more simple
or more complicated. If blinks are not a particular
problem, then trials-on which blinks occur could
be eliminated and EMCP performed only to cor-
rect for movements. This would result in a 50-75%
reduction in computer time. On the other hand,
the procedure could be more complex if up and
down movements were considered individually.
This would also require monopolar recordings of
vertical EOG.

The advantages of the procedure listed above
suggest that EMCP could be fruitfully used in any
situation in which ERPs are recorded. However,
there are certain situations where it seems particu-

larly appropriate. These situations include those
. where eye movements are part of the task or are
characteristic of the population being studied.
When the procedure is used, our tests suggest that
individual correction factors should be computed
for each subject, electrode and experimental ses-
sion. Where ERPs from midline sites are of inter-
est, only vertical artifacts need to be corrected.
However, if lateral derivations are used, then both
vertical and horizontal EOG should be recorded
and used to compute separate correction factors
for blinks .and vertical and horizontal eye move-
ments.

Finally, we should note that the procedure has
been used by us in the analysis of the data from
Donchin et al. (1983, see above). The benefits
gained were very apparent. First, all trials could be
used in analysis — even though. for one condition.
only 5% of trials were free of eye movements and
blinks. Second, condition differences which were
evident, but not reliable, in analyses of data
selected by traditional rejection procedures, be-
came reliable when the analyses were based on
corrected trials.

Summary

A new off-line procedure for dealing with ocu-
lar artifacts in ERP recording is described. The
procedure (EMCP) uses EOG and EEG records
for individual trials in an experimental session to
estimate a propagation factor which describes the
relationship between the EOG and EEG traces.

G. GRATTON ET AL.

The propagation factor is computed after stimu-
lus-linked variability in both traces has been re-
moved. Different propagation factors are com-
puted for blinks and eye movements.

Tests are presented which demonstrate the
validity and reliability of the procedure. ERPs
derived from trials corrected by EMCP are more
similar to a ‘true’ ERP than are ERPs derived
from either uncorrected or randomly corrected
trials. The procedure also reduces the difference
between ERPs which are based on trials with
different degrees of EOG variance. Furthermore,
variability at each time point, across trials, is re-
duced following correction.”

The propagation factor decreases from frontal

to parietal electrodes, and is larger for saccades |

than blinks. It is more consistent within experi-
mental sessions than between sessions.

The major advantage of the procedure is that it
permits retention of all trials in an ERP experi-
ment, irrespective of ocular artifact. Thus, studies
of populations characterized by a high degree of
artifact, and those requiring eye movements as
part of the experimental task, are made possible,
Furthermore, there is no need to require subjects
to restrict eye movement activity. In comparison
to procedures suggested by others, EMCP also has
the advantage that separate correction factors are
computed for blinks and movements and that
these factors are based on data from the experi-
mental session itself rather than from a separate
calibration session.

Résumé

Nouvelle méthode d’élimination off-line des artéfacts
oculaires

Une nouvelle technique ‘off-line’ pour éliminer
les artéfacts oculaires lors de I'enregistrement des
PER est décrite. La technique *EMCP’ utilise les
enregistrements de 'EOG et de 'EEG au cours
d’essais individuels d'une session expérimentale,
pour déterminer un facteur de propagation
décrivant la relation entre tracés EOG et EEG. Le
facteur de propagation est calculé apres que la
variabilite liée au stimulus est ¢té ¢liminee sur les
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deux tracés. Différents facteurs de propagation
sont calculés pour les clignements de paupiéres et
les mouvements oculaires. '

Des tests démontrant la validité et la fiabilité de
la technique sont présentés. Les PER obtenus a
partir d’essais corrigés par la EMCP ressemble
davantage 4 un ‘vrai’ PER qu'un PER obtenu
partir d’essais, soit non corrigés, soit corrigés au
hasard. La méthode réduit également la différence
entre PER recueillis lors d'essais avec différents
degré de variance de I'EOG. De plus la variabilite
a chaque instant entre les essais est réduite apres
correction. ‘

Le facteur de propagation décroit des électrodes
frontales aux électrodes pariétales, il est plus grand
pour des saccades que pour des clignements. Il est
plus stable 4 lintérieur d’une session que d'une

‘session A l'autre, 4

L’avantage majeur de la méthode est de pouvoir
retenir tous les essais dans une expérience de PER,
quels que soient les artéfacts oculaires. Ainsi les
études de populations caractérisées par un grand
nombre d'artéfacts et celles nécessitant des mouve-
ments oculaires comme partic intégrante  de
I'experience, sont devenues possibles. De plus, il
n'est pas nécessaire de demander au sujet de limiter
son activit¢ motrice oculaire.

Par rapport a des techniques proposees par
d'autres 'EMCP a aussi I'avantage d'établir des
facteurs de correction séparés pour les clignements
de paupieres et les mouvements oculaires. Ces
facteurs sont basés sur des données recueillies lors
de la seance expérimentale elle-méme. et non a
partir d'une séance d’é¢talonnage séparee.

Earle Heffley, Amir Mane and Noel Marshall made helpful
comments on earlier versions of the manuscript. In developing
the procedure for distinguishing between eye movements and
blinks, we relied on unpublished work by Ron Clapman in our
laboratory.
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Appendix
Derivation of the EMCP procedure

Between any given electrode pair, on any trial.
we record for each of the time points a voltage V,.
which can be expressed as

V,=ERP + EMA + N, (1)

where ERP, = the ‘true’ value of the ERP at time
point t; EMA | = the contribution to V, of signals
generated at the eyeball; N, = the ‘noise’ which
includes all electrical activity not time locked to
the eliciting event and not associated with oculo-
graphic signals. It is assumed that the expected
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value of N, is 0. Note that V, = E(V,) = ERP,
+EMA,, where EMA, is the ensemblc average of
the mdmdual EMAs. As there is no reason to
believe that E(EMA,) =0, the EMA| is an artifact
that must be removed from V, or E(V ).

We assume that EMA  is a scaled value of the
signal recorded at the eyeball by the oculographic
electrode pair. Thus,

EMA, = K(EOG,) (2,

where EOG, is the value recorded at the ocular
electrodes at time point t; K is the scaling constant
that determines the contribution of the EOG sig-
nal at V,.

It is the goal of our procedure to estimate K.
This value can then be used to ‘correct’ V, to
remove EMA, and to allow proper interpretation
of the data. The estimation problem is of course
complicated by the fact that EMA, is unknown.
We solve this problem in the followmo way.

We assume that the EOG is composed of two
components as follows

EOG, = EMR + EMN, (3)

where EMR | = the voltage generated by an cye
movement mx,;;uui and time-locked, to the elicit-
ing event; EMN, = voltage at time point t that 1s
not time-locked to the eliciting event. Tt is assumed
that E(EMN ) =0.

We can now express Vi as follows:

V.= ERP, + K(EMR, + EMN,) + N, (4)
Therefore
E(V‘)=ERPl+K(EMR‘) (5)
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Of course, V“ the ensemble average of the V, over
the n trials, is an estimate of E(V,).

We can now obtain the following relations.
From (5) and (4), we get

Vl - V& = K(EMNx) + Nt (6)
from (6) and (3) we get
V, - V,=K(EOG, — EMR ) + N, (7)

As EMR, can be estimated from the ensemble
average of the EOG,, by the same reasoning that

estimates the ERP, by V,, we get
Vv, - V. = K(EOG, - EOG,) + N, (8)

Note that all elements in equation (8), with the
exception of K and N, are given by the data.
However, as E(N,) =0, we can estimate K using
standard least-squares techniques. The correction
factor K is therefore obtained by

(1) Computing V, and EOG,, for all p time
points, over the trials.

(2) Computing, for each trial, (V.= V,) and
(E(JG I‘O(J )
the «.quatmn‘ (\' V‘) I\(I,()(A: - 'i”(‘)‘(} ). U\mg
all the pairs (V, = V), (EOG = EOG,)] gcncr;ucd
by all trials and all time points.

The cquation is solved separately for time points
affected by blinks and those affected by eye move-
ments. A blink is assumed to have occurred at
time point . whenever the EOG signals exceed a
preset criterion within a 20 msec interval bruckcl-
ing time point t. Thus. if (EOG, - EOG, )~
(EOG, — EOG, . 4) = criterion, a blink is assuxm.d
to have occurred.
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