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ABSTRACT

We examined whether resting anterior electroencephalographic (EEG) asymmetry in the alpha
frequency band has psychometric properties that would be expected of a measure assessing
individual differences. In each of two experimental sessions, separated by three weeks, resting EEG
in midfrontal and anterior temporal sites was recorded from 85 female adults during eight 60-s
baselines. Resting alpha asymmetry demonstrated acceptable test-retest stability and excellent
internal consistency reliability. Analyses including other frequency bands indicated that degree of
stability varied somewhat as a function of band and region. In addition, asymmetry was less stable
than absolute power. Discussion focuses on the implications of the present findings for the
measurement and conceptualization of resting anterior asymmetry.
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The present study assessed the test-retest stabil-
ity and other psychometric properties of resting
electroencephalographic (EEG) asymmetry record-
ed from anterior regions of the scalp. Our interest
in this issue derived from recent findings of ours
indicating that resting anterior EEG asymmetry in
the alpha (8-13 Hz) frequency band may be a bi-
ological marker of emotional predispositions or
traits. This research has shown that relative right
hemisphere activation (i.e., alpha suppression) re-
corded from midfrontal and anterior temporal re-
gions during resting baselines is associated with in-
creased negative affect and decreased positive af-
fect. Conversely, relative left anterior activation at
rest has been linked to increased positive affect and
decreased negative affect. For example, we have
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found that resting frontal asymmetry predicts
adults’ (Tomarken, Davidson, & Henriques, 1990;
Wheeler, Davidson, Tomarken, & Kinney, in press)
and infants’ (Davidson & Fox, 1989) responses to
emotion-eliciting stimuli. In addition, we have
shown that resting anterior asymmetry is linked to
individual differences in affective traits and tem-
perament (e.g., Finman, Davidson, Colton, Straus,
& Kagan, 1989; Tomarken, Davidson, Wheeler, &
Doss, 1992), to vulnerability for affective disorders
(Henriques & Davidson, 1990), and to immuno-
logical functioning (Kang et al., 1991) (for reviews,
see Davidson, in press; Davidson & Tomarken,
1989).

If resting anterior asymmetry is indeed a mea-
sure of individual differences, then, almost by def-
inition, it should be stable over time. In addition,
just as separate items on a scale designed to assess
a personality trait should significantly covary, dif-
ferent measures of resting anterior asymmetry as-
sessed on one occasion should covary. In other
words, these measures should demonstrate ade-
quate internal consistency reliability (e.g., Lord &
Novick, 1968; Nunnally, 1978).

Unfortunately, to our knowledge, no studies to
date have directly assessed the test-retest stability
and other psychometric features of resting anterior
EEG asymmetry in the alpha band or in other fre-
quency bands. Several studies in recent years have,
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however, demonstrated that measures of absolute
and relative EEG power in specific sites demon-
strate excellent test-retest stability over time. Par-
ticularly good stability has been shown for measures
of alpha power in both anterior and posterior sites
(Fein, Galin, Yingling, Johnstone, & Nelson, 1984;
Gasser, Bacher, & Steinberg, 1985; Lynch, Paske-
witz, & Orne, 1974; Pollock, Schneider, & Lyness,
in press; Van Dis, Corner, Dapper, Hanewald, &
Kok, 1979). In addition, several studies have found
high levels of concordance among power measures
assessed on a single occasion from anterior and/or
other sites (Gasser et al., 1985; Oken & Chiappa,
1988; Stassen, 1980; cf. Matousek, Arvidsson, &
Friberg, 1979). ,

In the present context, however, one significant
1 limitation of these previous studies is that the sta-
| bility of EEG power does not necessarily imply the
1 stability of EEG asymmetry. Indeed, despite the
fact that measures of power are used in the calcu-
lation of asymmetry, we have typically found that
power and asymmetry measures are only weakly
| correlated (e.g., ’s in the ~.20 to .20 range). This
i observation follows directly from the fact that
¢+ asymmetry is typically computed as the difference
i between power values in homologous sites, and
from two statistical characteristics of power mea-
sures. Concerning the latter, power measures in ho-

| mologous sites are usually highly correlated (e.g.,

r’s in the .90 range are not uncommon), and the
variances of such power measures are usually at
-+ least roughly equal. Under these conditions, it can
- be shown that correlations between a measure (e.g.,
. power) and a difference score involving that mea-
+ sure (e.g., asymmetry) are mathematically con-
1 strained to be of low magnitude.
The low correlation between power and asym-
1 metry measures highlighted the need for direct as-
5 sessment of the stability of resting anterior EEG
| asymmetry. Ehrlichman and Wiener (1979) have
4 previously shown that resting EEG asymmetry in
4 posterior (parietal-temporal) sites is stable over
time (test-retest r=.74 over a three-week interval;
1 see also Amochaev & Salamy, 1979; Dabbs & Chou,
1980; Morgan, McDonald, & MacDonald, 1971).
On the basis of these results, and our recent findings
7 suggesting that resting anterior asymmetry may be
% a marker of individual differences, we predicted
i that measures of resting anterior EEG asymmetry
1 would demonstrate good test-retest stability over
5 time. In addition, we predicted that resting asym-
4 metry measures assessed during separate resting
+ baselines within a given session would demonstrate
+ appropriately high levels of internal consistency.
: To test these predictions, we recorded resting
1 EEG from adult subjects across two occasions, sep-
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arated by three weeks. During each session, eight
1-min baselines of resting EEG were recorded from
the two anterior sites (midfrontal and anterior tem-
poral) that have been linked to individual differ-
ences in emotional style in our previous individual
difference studies. Below, we report the test-retest
stability of resting measures of both absolute power
and asymmetry in the alpha band and other bands.
We also report the within-session internal consist-
ency reliability of resting alpha asymmetry, and
several of its additional psychometric properties.

Method
Subjects

Subjects were 90 right-handed undergraduate fe-
males aged 17-21 years, recruited from the Introduc-
tory Psychology pool at the University of Wisconsin-
Madison. Only right-handed subjects were used be-
cause of evidence that patterns of hemispheric acti-
vation for cognitive, and perhaps affective, functions
may differ in left- and right-handers (for a review, see
Bryden, 1982). Handedness was assessed by the Edin-
burgh Handedness Inventory (Oldfield, 1971). Due to
equipment malfunctions or other technical problems,
5 subjects’ EEG data were not usable for at least one
of the two experimental sessions. This resuited in a
final sample size of 85 used in the analyses reported
below.

Procedure

Session 1. Subjects participated in two experimen-
tal sessions, approximately three weeks apart. All sub-
jects were run individually. After electrodes were ap-
plied for the measurement of EEG, subjects were in-
formed that all necessary instructions for the experi-
mental procedure would be presented on a video mon-
itor. After the experimenter left the room, the instruc-
tions informed subjects that: 1) there would be eight
1-min resting baselines; 2) four baselines would be con-
ducted with eyes-open and four would be conducted
with eyes-closed; and 3) during the resting baselines,
they should try to minimize eyeblinks and move-
ments, but not be so concerned about doing so that
they were distracted. In accord with previous work in
our laboratory (e.g, Tomarken et al., 1990), subjects
were not given highly specific instructions concerning
the resting baselines. They were told simply to try to
be as “restful” as possible.

Two randomly assigned, counterbalanced orders
were used for the eyes-open and eves-closed trials of
the resting baselines (O-C-C-O-C-O-O-C and C-O-0O-
C-0-C-C-0). Subjects heard one tone denoting the be-
ginning of each 60-s baseline and two tones denoting
the end of each baseline. There was a 3-min interval
between the fourth and fifth baselines. A 45-s interval
occurred between all other baselines. Following the
eighth and final resting baseline, electrodes were re-
moved and subjects completed a series of paper-and-
pencil measures assessing individual differences in
emotion and personality (see, e.g., Davidson, Abram-
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son, Tomarken, & Wheeler, submitted; Tomarken et
al., 1992).

Session 2. Subjects returned to the laboratory for
the second experimental session approximately 3
weeks after Session 1. More specifically, the allowable
interval between sessions was 17-25 days with the
great majority of subjects returning exactly 21 days
after the first session. The procedure for recording rest-
ing baselines was identical to that described in Session
1. Following the eight resting baselines, subjects were
exposed to nine film clips preselected to elicit discrete
emotions (see, e.g., Wheeler et al., in press).

EEG Recording and Quantification

EEG was recorded using a lycra stretchable cap
{(manufactured by Electro-Cap International, Inc., Ea-
ton, OH) positioned on the subject’s head using known
anatomical landmarks. It has been shown that this
procedure yields accurate electrode placements ac-
cording to the 10-20 electrode system (Blom & An-
neveldt, 1982). During Session 1, for the first several
cohorts of subjects (n=43), EEG was recorded from
the left and right midfrontal (Fs, F,) and anterior tem-
poral (T3, T,) regions. During recording, all four sites
were referenced to vertex (Cz). Two additional chan-
nels were recorded to derive an averaged-ears. refer-
ence: C,-A, and Cz-A; (A, = left earlobe and A, =
right earlobe). For the remainder of the subjects (n=
42), EEG was recorded from midfrontal and anterior
temporal sites and the following 10 additional sites
during Session 1: homologous lateral frontal (F;, Fy),
central (C;, C,), posterior temporal (Ts, T,) and par-
ietal (P4, P,) sites, and midline frontal (Fz) and parietal
(P,). During recording all these sites were referenced
to vertex, and two additional Cz-A, and Cz-A, chan-
nels were included. In Session 2, for all subjects, re-
cordings were made from all 16 sites noted above.

All electrode impedances were under 5000 ohms,
and the impedances for homologous sites were within
500 ohms of each other. In both sessions, eye move-
ments (EOG) were also recorded to facilitate artifact-
scoring of EEG. EOG was recorded from the external
canthus to the supra-orbit of one eye. The eye from
which recordings were made was randomly deter-
mined for each subject. EEG was amplified with a
Grass Model 12 Neurodata System using Model 12A5
pre-amplifiers (bandpass = 1 and 100 Hz; 60 Hz notch
filter in) and passed through anti-aliasing low-pass fil-
ters (Rockland Model 424) set at 65 Hz and charac-
terized by a roll-off of 24dB/octave. EEG was digitized
at 200 Hz by a PDP 11/34A minicomputer. The EEG
and EOG signals were visually scored and those por-
tions of the data containing eye movements, muscle
movements, or other sources of artifact were deleted.
When artifact occurred on a given channel, data from
all channels were removed.

The 25-uV and 50-uV 10 Hz sine waves were dig-
itized on each channel to calibrate the digitized EEG.
To assess the technical integrity of the recording sys-
tem, additional calibration trials were run during
which 4 Hz, 20 Hz, and 40 Hz 25-xV and 50-uV sine
waves were digitized. These trials were run both im-
mediately before and immediately after each experi-
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mental session. For 6 subjects, these calibration trials
revealed slightly lower than expected A-to-D counts
for the 40-Hz calibration trial of one session. For these
subjects, A-to-D counts yielded by all other calibration
trials were well within the normal range, with the ex-
ception of one subject, for whom one 20-Hz calibration
trial yielded slightly lower than expected A-to-D
counts. Although these deviations from expected val-
ues were slight, we decided to omit the high-frequency
band (beta 2 = 20-30 Hz) data of these 6 subjects
from analyses and to omit the beta 1 band (13-20 Hz)
data of the subject with slightly deviant 20-Hz cali-
bration values. The results and conclusions are un-
changed if the data from these 6 subjects are omitted
from the analyses of all frequency bands.

In addition to the original recording montage ref-
erenced to vertex, EEG was recomputed off-line to de-
rive a computer-averaged ears reference. The com-
puter-averaged reference is conceptually equivalent to
the more traditional linked-ears reference but avoids
the potential problem of attenuation of the magnitude
of asymmetry due to physical linking of the ears (e.g.,
Davidson, 1988; Nunez, 1981).! To compute the com-
puter-averaged ears reference, the CA, and Cz-A,
channels were averaged and added to the original ver-
tex-referenced data. More specifically, to derive this
reference, the following computations were made (in
this example, F, serves as the site for which power is
derived):

(Fy — C) + [(C; — AD + (Cz — Ap)/2 (1)
=F—-C +C— (A +A)2 (2)
=F — (A + A2 (3

All artifact-free chunks that were 2.05 s in duration
were extracted through -a Hamming window, used to
prevent spurious estimates of spectral power. Chunks
were overlapped by 75% to counteract the differential
weighing of data points attributable to the use of the
Hamming window (for a review, see Dumermuth &
Molinari, 1987). A Fast Fourier Transform (FFT) was
then used to derive estimates of spectral power (in uV?)
in different 1-Hz frequency bins. These power values
were then averaged across each of the artifact-free
chunks of a given resting baseline trial. Finally, power
values were converted to power density (uV?/Hz) in
each of five bands: delta (1-4 Hz), theta (4-7 Hz),
alpha (8-13 Hz), beta 1 (13-20 Hz), and beta 2 (20-
30 Hz). Power density was computed by summing
power values across all the 1-Hz bins within a band
and then dividing by the number of bins.

To normalize the data, we log-transformed all pow-
er density values (Davidson, Chapman, Chapman, &

1At the time that this study was begun, data were un-
available concerning the degree to which physical linking
of the ears does in fact attenuate the magnitude of ob-
served EEG asymmetry. Since that time, Senulis and Day-
idson (1989) have reported that physical linking of the
ears does not appear to have any systematic effect onalpha
power asymmetry. Recently, Andino et al. (1990) have '
reported the same finding. :
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Henriques, 1990; Gasser, Bacher, & Mocks, 1982).
Then, for the purpose of analyses assessing the stability
of anterior EEG asymmetry across Sessions 1 and 2,
we computed weighted means across each of the eight
baselines of a given session. Several steps were used
" in the computation of weighted means. First, for each
baseline, we multiplied (i.e., weighted) the power den-
sity value for a given band (e.g., alpha) and site (e.g.,
F;) by the number of artifact-free 2.05-s chunks of EEG
available during that baseline. When a subject had few-
er than 10 artifact-free chunks for a given baseline,
that baseline was not included in the computation; that
is, it received a weight of zero. In fact, such zero-
weighting occurred fairly rarely, because baselines
tended to have a large number of artifact-free chunks
(6.84% of all baselines contained <10 chunks of ar-
tifact-free data; mean duration of artifact-free EEG =
43 s per baseline).?

In the next step, we summed the weighted power
density values across each of the eight baselines of a
given session, after which we divided by the total num-
ber of artifact-free chunks for that session. This process
resulted in the generation of a weighted mean log pow-
er density value for a given session. In the final stage,
measures of EEG asymmetry in the midfrontal and
anterior temporal regions were derived for each com-
bination of band (delta, theta, alpha, beta 1, and beta
2) and reference (C and averaged ears). Asymmetry
was computed as the difference between mean log pow-
er density in a right hemisphere lead and mean log
power density in the homologous left hemisphere lead
(i.e., log R minus log L power density).3

There were several reasons why we pooled over
both eyes-open and eyes-closed baselines when com-
puting the asymmetry values used in the primary anal-
yses assessing stability. First, pooled values were used
in the majority of our previous studies demonstrating
relations between resting anterior asymmetry and
emotion measures. Second, the correlations between
eyes-open and eyes-closed asymmetry values were of
sufficient magnitude to justify aggregation. We com-
puted correlations between eyes-open and eyes-closed
asymmetry for each combination of frequency band,

’In addition to the zero-weighing criteria for individual
baselines, we also imposed subject selection criteria. Spe-
cifically, we decided a priori to eliminate any subjects with
fewer than 10 artifact-free chunks of EEG across the four
. eyes-open or four eyes-closed baselines of a given session.
Due to the consistently large amount of artifact-free EEG,
imposition of these criteria resulted in the elimination of
no subjects.

’Although we have used the Log R minus Log L mea-
sure in all of our recent studies on individual differences
inanterior asymmetry, a number of previous studies have
used the following ratio measure of asymmetry: (R — LY/
(R + L), where “R” and “L” denote power density in
homologous right and left hemisphere leads. In the present
study, as in previous studies (see Davidson, 1988), log
- difference and ratio scores were very highly correlated
- (e, r's in the .90-.99 range). Consequently, the results
vielded by the two measures were essentially identical.
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reference, and site. The four correlations within each
frequency band averaged as follows: delta, X=.74,
range=.65-.84; theta, X=.73, range=.65-.80; alpha,
X=.67, range=.51-.79; beta 1, X=.62, range=.47-
.77, and beta 2, X=.64, range=.56-.73. Third, in the
great majority of cases, the test-retest stability of asym-
metry measures pooled over eyes-open and eyes-closed
baselines was either: 1) greater than the stability values
for both eyes-open and eyes-closed asymmetry, or 2)
greater than one of the two eyes-open/eyes-closed val-
ues and essentially equal to the other. In only one case
(beta 1 band, midfrontal site, vertex reference) was the
stability of the pooled measure notably lower than that
of either the eyes-closed or eyes-open measure. For this
reason, in addition to presenting the test-retest stability
of beta 1 asymmetry pooled over eyes-open and eyes-
closed baselines below (see Table 4), we present the
separate stabilities of eyes-open and eyes-closed asym-
metry in the beta 1 band (see Table 6). Because our
recent findings focus on EEG asymmetry in the alpha
band, we also present the separate eyes-open and eyes-
closed stabilities of alpha asymmetry below.

Stability Analyses

We assessed the stability of power and asymmetry
measures across sites, bands, and references in several
ways. First, we computed matched-pair 7-tests assess-
ing the difference between Session 1 and Session 2
means. Second, we computed both Pearson correla-
tions and intraclass correlations (e.g., Shrout & Fleiss,
1979; Strube, 1990) to estimate the test-retest stability
of power and asymmetry measures. Because intraclass
correlations may be unfamiliar to readers, several of
their relevant features should be noted. First, there are
several alternative models for the intraclass correlation
(Shrout & Fleiss, 1979). In the present study, these
alternatives differ in whether between-session effects
are estimated and, if so, whether such effects are con-~
sidered fixed or random. The model that we used es-
timated the between-session component of variance as
a fixed effect (i.e., Shrout & Fleiss’s formula numbered
“3,17). Subsidiary analyses revealed, however, that the
magnitudes of the intraclass correlations reported were
essentially unchanged if alternative models were used.
This concordance across models is largely due to the
relatively small between-session mean differences.

Second, as evidenced by the results presented be-
low, in the majority of cases the intraclass r’s were
essentially identical to the Pearson r’s. This concor-
dance is due largely to the fact that the standard de-
viation of a given measure (e.g., frontal asymmetry)
tended to remain relatively constant across sessions.
It can be shown (see footnote 4) that when standard
deviations are identical and the number of levels of
the within-subjects factor equals two, fixed-effect in-
traclass correlations computed according to Shrout
and Fleiss’s model (3,1) and Pearson r’s are mathe-
matically identical.*

“The intraclass ¢ for the model used in the present
study is equivalent to the ratio of the mean of the covar-
iances between the levels of the within-subjects factor (i.e.,
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In the present paper, we report both sets of corre-
lations, for two reasons. First, in our opinion, intra-
class #’s are more appropriate indices of stability, be-
cause they are more readily generalizable to contexts
in which stability is assessed across multiple time-
points. Research currently in progress in our labora-
tories is addressing this latter question. On the other
hand, we believe that Pearson r’s are more appropriate
for statistical tests of the difference between stability
correlations that we conducted and that are presented
below. We tested for the difference between correla-
tions using the Z,* statistic (Dunn & Clark, 1969) for
dependent correlations (for a review, see Steiger,
1980). The computation of Z,* for tests of the differ-
ence between two correlations (r;, and ry,,) requires the
calculation of four additional correlations (fj, Tjm, Tin,
In). In certain cases, these latter four correlations in-
volved pairs of variables with very different variances
(e.g., a measure of power and a measure of asymme-
try). Because these differing variances reflected differ-
ences in what might be considered the ““natural” ranges
or metrics of the measures and not problematic fea-
tures of the data, and because intraclass correlations,
relative to Pearson r’s, tend to be deflated markedly
by large differences in variances, the use of intraclass
correlations in the computation of Z,* might have led
to distorted results relative to those yielded by the use
of Pearson r’s.

Finally, in addition to presenting intraclass corre-
lations that assess the stability of EEG assessed at one
point in time, we also present intraclass correlations
estimating the stability of EEG averaged across two
sessions (Shrout & Fleiss, 1979). These latter intraclass
correlations (ICCs) are mathematicaily identical to es-
timates that would be derived from application of the
Spearman-Brown prophecy formula to the one-session
estimates. In tables and text, one-session stability es-
timates are denoted “ICC1” and two-session estimates
are denoted “ICC2.” For both sets of ICCs, 95% con-
fidence intervals were computed (e.g., Shrout & Fleiss,
1979), and are also presented in the tables below.

Results

Test-Retest Stability Across Sites and Bands

Tables 1-5 present the test-retest stability data
for each of the five frequency bands, respectively
(delta, theta, alpha, beta 1, and beta 2). Below, we
will highlight the general patterns of results in these
tables by discussing the effects on stability measures
of differences in EEG measures (power density vs.
asymmetry), EEG bands, referencing schemes (ver-

in the present case, sessions) and the mean of the vari-
ances of these levels (Winer, 1971). When the number of
levels equals 2 and the standard deviations of the two
levels (SD1 and SD2) are equal, this formula reduces to
COV(1,2)/[(SD1)XSD2)}, where COV(1,2) = the covari-
ance between the two levels. This is a standard definitional
formula for the Pearson r.
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tex vs. averaged ears), and regions (midfrontal vs.
anterior temporal).

Comparisons between power and asymmetry
measures. Examination of the Pearson r’s and in-
traclass correlations in Tables 1-5 reveals a con-
sistent disparity between the stability of log power
density and the stability of EEG asymmetry. Con-
sistent with prior findings (e.g., Gasser et al., 1982;
Pollock et al., in press), absolute power measures
demonstrated excellent stability, with correlations
in the .8-.95 range consistently evidenced for the
theta, alpha, and beta 1 bands. Somewhat lower,
but still quite respectable, correlations were evi-
denced for the delta and beta 2 bands. Although
the correlations for asymmetry measures were al-
ways statistically significant, and often rather im-
pressive in magnitude (see also below), these values
were consistently lower than those for absolute
power. In certain cases, the discrepancy between the
test-retest stability of power and asymmetry values
was quite notable. In support of these observations
were the results of Z,* tests comparing the Pearson
r stability correlations of power measures to those
of their corresponding asymmetry measures. Of the
40 Z,* tests conducted (5 bands, 8 tests per band),
36 yielded significant differences at the p<<.05 level,
with the majority yielding differences at p<<.001.

The results of z-tests comparing the overall
means for each session indicated a less notable dif-
ference between the stability of power and asym-
metry than was indicated by the correlational anal-
yses. Using a p<<.05 criterion, both absolute power
and asymmetry measures tended to be associated
with nonsignificant shifts in mean values over time.
Results for the delta band were one exception to
this conclusion. In this case, three of the four asym-
metry measures were associated with significant
mean changes over time, whereas none of the ab-
solute power measures were.

Because asymmetry measures are more relevant
than power measures to our previous research and
the overall goals of the present paper, we will focus
on the results for the former in the sections below.

Comparisons among frequency bands. Concern-
ing differences among frequency bands, across var-
ious combinations of site and reference, the stabil-
ity correlations for alpha band asymmetry were
consistently either the highest, or among the high-
est, relative to the asymmetry values of other fre-
quency bands. In addition, the overall session j
means for alpha asymmetry were stable over time 5
(see Table 3). Asymmetries in the delta and beta | i
bands tended to demonstrate the lowest stability. §
Z,* tests comparing the Pearson r stability corre- .
lations among frequency bands revealed that: 1}av- ¢
eraged-ears midfrontal asymmetry and vertex-ref- - ‘
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Stability Correlations

Time 2 Mean
Time 1 Time 2 —Time 1 Mean Pearson IcC1 ICC2
Reference/EEG Measure Mean (SD) Mean (SD) ? r (95% Conf. Int.)  (95% Conf. Int.)
Midfrontal Region (N=85)
Average Ears
F; Power 1.57 (.36) 1.54 (.40) <1 TR gk ((58...80)  .83%*** ((73-.89)
F, Power 1.59 (.35) 1.59 (.41) <1 LOgHHEE GR¥RAE (54_7T)  81¥*** ((70-.87)
Asymmetry .027 (.09) .050 (.09) 2.09* JgRIEE 40 (20-.56) 5T (.34-.72)
- Vertex
F; Power 69 (.42) .66 (.44) <1 JTgRRRE JQRRRE (69-86)  .88F*** (.82-.92)
F, Power .72 (.40) 75 (42) <1 LB9FERE 6OQFRRE (56--.79)  .82¥¥** ((72-.88)
Asymmetry .030 (.16) 086 (.17) 2.94%** LQ2FHRE 4ONRAK (D3-58)  59FF** ((37-.73)
Anterior Temporal Region (N=85)
Average Ears
T, Power 63 (.39) .62 (.37) <1 JITRERE TPRRRE (67-84)  8TF* (80-.92)
T, Power .66 (.42) .65 (41) <1 8O¥HwE ROFRRk (71-.87)  .88%*** (.83-.93)
Asymmetry .025 (.18) 028 (.21) <l LG3FHME G3HRAE (47_74) TR (64-.85)
Vertex
T, Power 1.40 (.38) 1.42 (41) <1 JTERHRE JeFRER (65-.84)  BEFHF ((79-91)
T, Power 1.37 (.39) 1.43 (41) 1.77* TARRRE TARRER (63..82)  85FFRF ((77-.90)
Asymmetry —.034 (.14) .007 (.13) 2.56%* IRk AR (9D.57)  58%* (35-73)

power. Pearson r = Time 1/Time 2 Pearson correlation. ICC1 =

*p<.10, ¥*p<<.05, ¥**p<.01, ¥***p<.001.

Table 2

Stability of log.power density (uV?/Hz) and asymmetry in the theta band (4-7Hz)

Note.—All power values are log-transformed (natural log). Asymmetry = log right hemisphere power minus log left hemisphere
intraclass correlation estimating the stability of measures assessed
atone time-point. ICC2 = intraclass correlation estimating the stability of aggregate measures averaged across two time-points.

Stability Correlations

Time 2 Mean
’ Time 1 Time 2 —Time 1 Mean Pearson 1cC1 ICC2
Reference/EEG Measure Mean (SD) Mean (SD) 7 r (95% Conf. Int.)  (95% Conf. Int.)
Midfrontal Region (N=85)
Average Ears
F; Power 1.23 (.65) 1.24 (.69) <1 .88** .88** (.82-.92) .94** (.90-.96)
F, Power 1.25 (.64) 1.26 (.66) <1 88** .88** (.82-.92) .94** (.90-.96)
Asymmetry .019 (.09) 019 (.12) <1 S51%* .50%* (.30-.63) 6T** (46~.77)
. Vertex
F; Power .38 (.67) 43 (71) 1.62* 8o .89%* (.83-.93) .94%* (.91-.96)
F, Power .39 (.65) 46 (.68) 1.84* 38+ .88** (.82-.92) .94** (.90~.96)
Asymmetry 015 (.16) 022 (17) <1 567 .56** (.39-.69) T4%* (.56-.82)
Anterior Temporal Region (N=85)
-~ Average Ears
T; Power 10 (71 11 (.69) <1 90** 90%* (.85-.93) .95%* (.92-.97)
T, Power .09 (.73) 09 (.72) <1 .90** .90** (.85-.93) 95%* (.92-.97)
Asymmetry —.011 (.20) —.023 (.21) <1 ST S5T7** (41-.70) 75%* (.58-.82)
Vertex :
T, Power 1.22 (.64) 1.25 (.65) 1.05 88 .88** (.82-.92) .94%* (.90-.96)
T, Power 1.19 (.63) 1.26 (.66) 1.77* 88** .88%* (.82-.92) .94** (.90-.96)
Asymmetry —.024 (.14) .002 (.13) 1.95*% 55 S57¥* (.38~.68) TE** ((55-.81)

*p<.10, **p<.001.

Note.—All power values are log-transformed (natural log). Asymmetry = log right hemisphere power minus log left hemisphere
power. Pearson r = Time 1/Time 2 Pearson correlation. ICC1 = intraclass correlation estimating the stability of measures assessed
" at one time-point. ICC2 = intraclass correlation estimating the stability of aggregate measures averaged across two time-points.

erenced anterior temporal asymmetry in the alpha
band were significantly more stable than their cor-
responding delta band asymmetry measures (p’s <
4+ 05 and .01, respectively); 2) midfrontal alpha

asymmetry derived from both reference montages
was more stable than midfrontal beta 1 asymmetry
(averaged-ears p<<.01; vertex p<<.05); 3) averaged-
ears anterior temporal asymmetry in the alpha band
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Table 3
Stability of log power density (uV?/Hz) and asymmetry in the alpha band (8-13Hz)
Stability Correlations
Time 2 Mean
Time 1 Time 2 —Time 1 Mean Pearson Icc1 Icc2
Reference/EEG Measure Mean (SD) Mean (SD) t r (95% Conf. Int.)  (95% Conf. Int.)
Midfrontal Region (N=85)

Average Ears

F; Power 99 ( .89) 92 ( .88) 1.77* 92** 92** (.88-.95) 96** (.94-.97)

F, Power 1.02 ( .88) 96 ( .87) 1.55 91%* 91%* (.86-.94) ,95%* (.93-.97)

Asymmetry .030 ( .09) .038 ( .10) <1 66 .66** (.52-.76) 19%* (.68-.87)
Vertex

F; Power .15 (1.03) 14 (.99) <1 92 .92%* (.88-.95) 96** (.94-.97)

F, Power 17 (1.01) .16 (.97) <1 92x* .92** (.88-.95) .96** (.94-.97)

Asymmetry 018 ( .13) 025 ( .13) <1 53« 53** (.36-.67) .69** (.53-.80)

Anterior Temporal Region (N=85)

Average Ears .

T, Power 24 (1.01) 19 (.99) 1.35 94 .94** (.91-.96) 97** (.95-.98)

T, Power : 37 (1.02) 28 (.96) 1.86* 92%* .92%* (.88-.95) .96** (.93-.97)

Asymmetry 125 ( .20) 094 ( .21) 1.24 I ik 2%+ (.60-.89) 84%* (.75-.89)
Vertex

T, Power 1.23 ( .91) 1.18 ( .90) 119 93x* .93** (.89-.95) .96** (.94-.98)

T, Power 1.26 ( .94) 1.22 ( .90) 1.03 92%* .92%* (.88-.95) .96** (.94-.97)

Asymmetry 031 ( .24) 034 ( .22) <1 71 71%* (.58~.80) .83** (.74-.89)

Note—All power values are log-transformed (natural log). Asymmetry = log right hemisphere power minus log left hemisphere
power. Pearson r = Time 1/Time 2 Pearson correlation. ICC1 = intraclass correlation estimating the stability of measures assessed
at one time-point. ICC2 = intraclass correlation estimating the stability of aggregate measures averaged across two time-points.

*p<.10, **p<<.001.

Table 4
Stability of log power density (uV?/Hz) and asymmetry in the beta 1 band (13-20Hz)
Stability Correlations
Time 2 Mean
Time 1 Time 2 —Time 1 Mean Pearson ICC1 ICC2
Reference/EEG Measure Mean (SD) Mean (SD) t r (95% Conf. Int.)  (95% Conf. Int)
Midfrontal Region (N=84)

Average Ears .

F; Power —1.09 ( .80) —1.09 ( .83) <1 91%* 91%* (.86-.94) .95** (.93-.97)

F, Power —1.05 (.79 —1.04 ( .83) <i .88 .88%* (.82-.92) .94** (.90-.96)

Asymmetry 035 ( .12) 044 ( .17) <1 36* 34 ((12-.50) S51%* (21-.67)
Vertex

F; Power —2.21 (1.05) —2.16 (1.06) 1.15 92+ .92%* (.88-.95) .96** (,91-.97)

F, Power —2.13 (1.03) —-2.06 (1.02) 1.15 89** .89** (.84-.93) 94** (.91-.96)

Asymmetry 087 ( .24) .094 ( .28) <1 28* 28% (.06-.46) 44** ((13-.63)

Anterior Temporal Region (N=8;1)

Average Ears

T, Power —1.71 (1.08) —1.81 (1.04) 1.64 86%* .86%* (.79-.91) 92** (.88-.95)

T, Power —1.67 (1.10) —1.75 ( .97) 1.29 87** .86** (.79-.91) 92%* (.88-.95)

Asymmetry .037 ( 47) 060 ( .49) <1 48% 48** (.30-.63) 65** (.46-.77)
Vertex

T; Power —.80 ( .84) —.83 ( .89) <1 88%* .88%* (.82-.92) .94** (.90-.96)

T, Power —=.77 ( .83) —.81 (.78) <1 87 87** (.89-.95) .93%* (.89-.95)

Asymmetry .024 ( .35) 027 ( .31) <1 61+ .60** (.45-.73) 75%* (.62-.84)

Note.—All power values are log-transformed (natural log). Asymmetry = log right hemisphere power minus log left hemisphere
power. Pearson r = Time 1/Time 2 Pearson correlation. ICC1 = intraclass correlation estimating the stability of measures assessed

at one time-point. ICC2 = intraclass correlation estimating the stability of aggregate measures averaged across two time-points.
*p<.01, ¥*p<<.001.

was more stable than averaged-ears anterior tem-  of delta and beta 1 power (p’s<.05). It should be
poral asymmetry in the beta 1 band (p<.01); and added, however, that noteworthy improvements in
4) vertex-referenced frontal asymmetry in the theta the stability of delta and beta 1 asymmetry are af-
band was more stable than corresponding measures  forded by aggregation across two sessions, as in-
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Stability of log power density (uV?/Hz) and asymmetry in the betq 2 band (20-30Hz)
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Stability Correlations

Time 2 Mean
Time 1 Time 2 —Time 1 Mean Pearson ICC1 ICC2
Reference/EEG Measure Mean (SD) Mean (SD) 7 r (95% Conf. Int.)  (95% Conf. Int.)
Midfrontal Region (N=79)
Average Ears
F, Power —2.94 ( .88) —2.94 ( .96) <1 91Fx Q%% (86-.94)  .95%** (92-.97)
F, Power —2.86 ( .87) —2.88 (.92) <1 90> 90*** (.85-.93) 95%** (.92-97)
Asymmetry 083 ( .25) .056 ( .35) <l S2¥EE 49%%% (28-.62) 66%¥* (.44-.76)
Vertex
F, Power =379 (1.27) —3.67 (1.28) 1.61 B8¥** R8FI* ((82-.92) .94*** (.90--.96)
F, Power —3.66 (1.25) —3.60 (1.26) <1 B5Hxx B5¥wk ((78-.90) .92%** (.88-.95)
Asymmetry 126 ( .41) 069 ( .54) 1.02 AO¥RE 4THRRE (27-61) 64%¥* (.42-.76)
Anterior Temporal Region (N=79)
Average Ears
T; Power —3.72 (1.60) —3.95 (1.47) 1.80* T3 73R (61-.81)  .84%** (.76-.90)
T, Power —3.62 (1.36) —3.85 (1.33) 2.17%* TTRER 7T (67-.84) 8T (.80-.92)
Asymmetry 097 (1.14) .104 (1.06) <1 BOF* 60*** (44-.72) 5% ((61-.84)
Vertex
T; Power —2.32 (1.10) —2.46 (1.10) 1.73* T9ERE TR (69-.86) 88*** (.82-.97)
T, Power —2.37 (1.06) —-244 (1.01) <1 TJgREE 7GR (69-.86) 88*¥** (.82-.92)
Asymmetry —.051 ( .71) 021 ( .62) 1.18 66%FF  65%¥* (50-.75) JT79*** (L67-.86)

Note.—All power values are log-transformed (natural log). Asymmetry = log right hemisphere power minus log left hemisphere
power. Pearson r» = Time 1/Time 2 Pearson correlation. ICCI = intraclass correlation estimating the stability of measures assessed
at one time-point. ICC2 = intraclass correlation estimating the stability of aggregate measures averaged across two time-points.

*p<.10, ¥*p<.05, ¥*p<.001.

dicated by the Intraclass Correlations 2 presented
in Tables 1 and 4.

Because our previous findings on the affective
and other correlates of individual differences in an-
terior asymmetry focused on alpha power, assess-
ment of the stability of alpha asymmetry was a cen-
tral concern of the present study. For this reason,
in Figures 1 and 2, we present scatter plots depicting
the across-session test-retest stability of averaged-
ears referenced midfrontal and anterior temporal
alpha asymmetry, respectively. Averaged-ears ref-
erenced values are shown in these figures because
this montage yielded the best stability values over-
all and because it has been used in the majority of
our previous studies with adult subjects that dem-
onstrate relations between resting anterior asym-
metry and emotion measures. Considered together,
Table 3 and Figures 1 and 2 indicate that resting
alpha asymmetry has a strong individual differ-
ences component.

Comparison between regions. Across references
and frequency bands, asymmetry in the anterior
temporal band tended to be either more stable than,
or as stable as, midfrontal asymmetry. In the case
of averaged-ears referenced asymmetry in the delta
band, and vertex-referenced asymmetry in the al-
pha and beta 1 bands, the disparity between ante-
rior temporal and midfrontal asymmetry was no-
table and statistically significant (Z,* p’s<.05).

Comparison between reference montages. Over-
all, no consistent pattern was evidenced by com-
parisons of the relative stability of averaged-ears
and vertex-referenced EEG asymmetry. In the ma-
jority of cases, stability values were comparable for
the two referencing schemes. The only significant
difference yielded by Z,* tests was the greater sta-
bility of averaged-ears, relative to vertex-refer-
enced, asymmetry in the delta band for the anterior
temporal site (p=.05) (see Table 1).

Comparisons between eyes-open and eyes-closed
baselines. Table 6 presents the separate stability
correlations for eyes-open and eyes-closed asym-
metry in the alpha and beta 1 bands. The test-retest
r’s for eyes-open and eyes-closed alpha asymmetry
measures were generally comparable, with the ex-
ception of midfrontal averaged-ears asymmetry. In
this case, eyes-closed asymmetry was significantly
more stable than eyes-open asymmetry (Z,* p<
.01). Interestingly, in the alpha band, the stability
values of the four midfrontal eyes-closed baselines,
and of the four eyes-open and eyes-closed baselines
in the anterior temporal region, were comparable
to the values evidenced for the overall asymmetry
measures pooled across all eight baselines (compare
Table 6 to Table 3).

Greater stability of eyes-closed relative to eyes-
open baselines was more evident in the beta 1 band.
However, only the vertex-reference midfrontal
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Figure 1. Scatterplot of the test-retest stability of averaged-ears referenced
midfrontal asymmetry in the alpha band. Each square denotes one subject
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Figure 2. Scatterplot of the test-retest stability of averaged-ears referenced
anterior temporal asymmetry in the alpha band. Each triangle denotes one

subject (N=85).

comparison was statistically significant (p<<.01). In
other bands, eyes-open and eyes-closed stability
values were consistently comparable, with the ex-
ception of anterior temporal averaged-ears asym-
metry in the beta 2 band. In this case, eyes-open
asymmetry (r=.61) was more stable than eyes-
closed asymmetry (r=.39) (p<<.05).

Additional Analyses of Alpha Asymmetry

Effects of degree of aggregation. To assess more
comprehensively the psychometric properties of
resting asymmetry in the alpha band, three addi-
tional sets of analyses were conducted. The first of
these was based on the extensive evidence from a

variety of contexts supporting the basic psychom-
etric principle that heightened aggregation is asso-
ciated with greater reliability and/or stability (e.g,
Epstein, 1979, 1980; for a review, see Rushton,
Brainerd, & Pressley, 1983). The greater stability of
Intraclass Correlations 2, relative to Intraclass Cor-
relations 1, in Tables 1-5 serves as one concrete
demonstration of this principle. We expected sim-
ilar improvements in test-retest stability as a result
of increased aggregation across baselines. To test
this latter prediction, we computed the stability of
midfrontal and anterior temporal asymmetry
pooled over the first two, the first four, the first six,
and all eight baselines of a given session. In each
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. Table 6
Stability of asymmetry in the alpha (8-13 Hz) and beta 1 (13~20 Hz)
bands for eyes-open and eyes-closed baselines

Eyes-Open Eyes-Closed
Pearson ICC1 Pearson ICC1
Region/Reference r (95% Conf. Int.) r (95% Conf. Int.)

Alpha Band (N=85)

Midfrontal
Average Ears 45%* 45%* (.26-.60) 68*%* .68**2 (.54-.78)
Vertex A4%* A42%* (21-.57) 48** .48** (.30-.63)
Anterior Temporal
Average Ears 67%* 67 (53-.77) 69** .69%* (.56-.79)
Vertex 64%* .63** (47-.74) NS J71** (.58-.80)
Beta 1 Band (N=84)
Midfrontal
Average Ears 28* 27% (.07-.46) 43+ 42%% (22-.58)
Vertex .08 .07  (.00-.28) S 48** (.29-.62)
Anterior Temporal
Average Ears 33%* .33% (.13-.51) 46%* 46** (.27-.61)
Vertex 48** .48** (.30-.63) 59** 58** (.42-.70)

Note.~Asymmetry = log right hemisphere power minus log left hemisphere power.
_ Pearson r = Time 1/Time 2 Pearson correlation. ICC1 = intraclass correlation es-
timating the test-retest stability of measures assessed at one time-point.
aEyes-open and eyes-closed r’s differ at p<<.05.
bEyes-open and eyes-closed r’s differ at p<<.01.

*p<.01, **p<<.001.

case, given the nature of the baseline orders used,
half of the baselines in each index were always eyes-
open and half were eyes-closed. To ensure that any
differences between time-points would not be due
to differing groups of subjects included in compu-
tations, we restricted the analyses to those subjects
with artifact-free EEG that met the minimum
chunk criteria noted above for every index com-
puted. Thus, for example, only those subjects were
included who had at least 10 chunks of data for the
first eyes-open and eyes-closed baselines. Using this
criterion, 57 subjects were included in the mid-
frontal analyses and 58 subjects were included in
the anterior temporal analyses.

Figure 3 shows the effects of aggregation on In-
traclass Correlation 1 assessing test-retest stability
of both averaged-ears referenced and vertex-refer-
enced EEG asymmetry.> This figure reveals that,
for averaged-ears referenced EEG asymmetry in
both regions, and vertex-referenced EEG asym-
metry in the anterior temporal region, increases in
aggregation were associated with increased test-re-
test stability up to the point at which six baselines
were averaged. In contrast, the stability of vertex-

SThe smaller sample sizes for these analyses relative
to the overall stability analyses reported above account
for the slight differences between the two sets of analyses
in the test-retest stability correlations computed across all
eight baselines.
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Figure 3. Effects of degree of aggregation across base-
lines on the intraclass correlations assessing the test-retest
stability of midfrontal (n=57) and anterior temporal (n=
58) EEG asymmetry in the alpha band. Both averaged-
ears and vertex-referenced asymmetry values are shown.

referenced midfrontal asymmetry did not vary ap-
preciably with degree of aggregation. Consistent
with these observations, Z,* tests revealed that the
stabilities of the first six baselines and of all eight
baselines were significantly greater than the stabil-
ities of the first two baselines for the two averaged-
ears asymmetry measures and for vertex-referenced
anterior temporal asymmetry (averaged-ears mid-
frontal p’s<<.03; all other p’s<<.005). Additionally,
four baselines were more stable than two baselines
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for vertex-referenced anterior temporal asymmetry
(p<.01). At six baselines, however, stability values
reached an asymptote, with no evident differences
between EEG asymmetry averaged across six and
eight baselines.

Internal consistency of alpha asymmetry. As not-
ed above, another desirable psychometric feature
of any measure of a construct is adequate internal
consistency reliability. To assess the internal con-
sistency of measures of resting anterior asymmetry
in the alpha band, we computed coefficient alphas
(Cronbach, 1951) across the asymmetry values for
each of the eight baselines of a given session. In
addition, we computed coeficient alphas on base-
line means averaged over Sessions 1 and 2. Two
different sets of analyses were conducted using
slightly different criteria for selection of subjects. In
the first set, we included all subjects who had any
artifact-free EEG for all eight baselines of a given
session. Because complete data for all baselines was
required for the computation of coefficient alpha,
we did not assign a weight of zero to baselines with
fewer than 10 chunks of usable EEG, as we had in
the stability computations, Table 7 shows the val-
ues of coefficient alpha when subjects with fewer
than 10 chunks of artifact-free EEG for a given base-
line were included in computations. Additionally
shown in this table are the average correlations
among the basclines used to compute each coeffi-
cient alpha. These correlations are important be-

_Table 7
Internal consistency reliability and average
intercorrelations of alpha asymmetry measures across
baselines (<10 chunks of EEG included)

Coefficient Alpha
Time 1/
Reference/ Time 2
Reliability Measure Time 1 Time 2 Mean
Midfrontal Region (N=85)

Average Ears

Coef. Alpha .83 .88 .90

Average r .37 47 53
Vertex

Coef. Alpha . .81 .86 .89

Average 35 .44 Sl

Anterior Temporal Region (N=85)

Average Ears

Coef. Alpha .90 91 .94

Average r .55 .56 .67
Vertex

Coef. Alpha .92 .89 .94

Average r .59 .50 .65

Note.—Asymmetry = log right hemi;phere power minus log
left hemisphere power. Eight 60-s baselines were recorded in each
session.
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cause the two primary factors influencing the mag-
nitude of coefficient alpha are the average correla-
tion among items and the total number of items
(e.g., Nunnally, 1978).

Assuming a minimally acceptable coefficient al-
pha in the .7-.75 range (Kraemer, 1981), all coef-
ficient alphas shown in Table 7 were acceptable and
most were excellent. The magnitude of the values
observed for individual sessions was quite notable
given that only eight baselines were assessed. This
is analogous to computing coefficient alphas on an
eight-item scale. The high levels of internal con-
sistency observed were due largely to the high in-
tercorrelations among individual baselines (see Ta-
ble 7). These correlations were notably larger than
those typically observed among items of a person-
ality scale (Nunnally, 1978).

We also computed coefficient aiphas using a sec-
ond set of selection criteria. As noted above, in the
test-retest stability analyses, baselines with fewer
than 10 chunks of artifact-free EEG were given a
weight of zero. Thus, for some subjects, fewer than
eight baselines were included in the computation
of mean asymmetry for a given session. Because
the number of items included in the aggregate index
can be a major determinant of the magnitude of
coefficient alpha, the use of a zero-weighting pro-
cedure raises the question of the internal consist-
ency of resting EEG asymmetry when fewer than
eight baselines are included. Unfortunately, be-
cause different baselines received a weight of zero
for different subjects, it was impossible to estimate
directly the internal consistency of measures of
asymmetry aggregated over fewer than eight base-
lines. We did, however, estimate it indirectly by: 1)
computing the average intercorrelations among
baselines and coefficient alphas for that subgroup
of subjects with at least 10 chunks of usable EEG
for all eight baselines, and 2) using the Spearman-
Brown prophecy formula to estimate the internal
consistency of fewer numbers of baselines. These
estimates were based on the average intercorrela-
tions yielded in Step 1 (e.g., Nunnally, 1978).

Table 8 shows the estimates of coefficient alpha
generated by this procedure for five to seven base-
lines and the coefficient alphas directly estimated
for all eight baselines. As this table indicates, for
both sets of sites and references, the estimated re-
liability coefficients remain high and well above
minimal criteria of acceptability even when as few
as five baselines are included in a summary index
of asymmetry.

sSupplementary repeated measures ANOVAs revealed
no significant changes in asymmetry across baselines for
either experimental session.
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Table 8
Internal consistency reliability and average
intercorrelations of alpha asymmetry measures across
baselines (<10 chunks of EEG excluded)

Psychometric Properties of Anterior Asymmetry

Coefficient Alpha

Time 1/
Reference/ Time 2
Reliability Measure Time 1 Time 2 Mean
Midfrontal Region
Average Ears
Coef. Alphag .87 .89 94
Coef. Alpha, .85 .88 .93
Coef. Alpha, .83 .86 92
Coef. Alphas .80 .84 .90
Average r 45 Sl .64
N 57 60 44
Vertex
Coef. Alpha, .85 .89 .92
Coef. Alpha, .83 .88 91
Coef. Alpha, 81 .86 .89
Coef. Alpha, .78 .83 .87
Average r 41 .50 .58
N 56 60 44
Anterior Temporal Region
Average Ears
Coef. Alphag .94 .93 94
Coef. Alpha, 93 92 93
Coef. Alpha, 92 .90 92
Coef. Alpha, 91 .89 .89
Average r .67 .61 67
N 57 60 43
Vertex
Coef. Alpha, .92 .90 .94
Coef. Alpha, 91 .89 93
Coef. Alphag .90 .87 .92
Coef. Alpha; .88 .84 .89
Average r .59 .52 .67
N 56 60 45

Note.—Asymmetry = log right hemisphere power minus log
left hemisphere power. Eight 60-s baselines were recorded in each
session. Alpha; = coefficient alphas computed across all eight
baselines of a session. Alpha, = estimated coefficient alphas across
seven baselines. Alpha, = estimated coefficient alphas across six
baselines. Alpha, = estimated coefficient alphas across five base-
lines. The Alpha,, Alpha, and Alphas estimates were computed
using the Spearman-Brown prophecy formula.
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Comparisons of anterior and posterior alpha
asymmetry. As noted above, for a subgroup of sub-
jects (n=42), EEG-was recorded in both anterior
and more posterior sites in the two experimental
sessions. Table 9 displays the test-retest stability
correlations for measures of alpha asymmetry de-
rived using the averaged-ears reference in the cen-
tral (C,/C,), posterior temporal (Ts/T,), and par-
ietal (P,/P,) regions. In addition, this table displays
the Pearson correlations between measures of an-
terior asymmetry and posterior asymmetry. As this
table indicates, the stability of averaged-ears alpha
asymmetry in more posterior sites is high, and com-
parable in magnitude to the stability values for al-
pha asymmetry in the midfrontal and anterior tem-
poral regions shown in Table 3. Table 9 also shows
that although anterior temporal asymmetry is at
least moderately correlated with all three measures
of asymmetry in more posterior sites, midfrontal
asymmetry is moderately correlated with central
asymmetry but essentially uncorrelated with pos-
terior temporal and parietal asymmetry. This latter
observation is consistent with our previous findings
concerning the affective correlates of anterior and
posterior asymmetry in normal subjects. This evi-
dence indicates that frontal asymmetry is strongly
related to positive and negative affect but that pos-
terior asymmetry (i.e., parietal) generally fails to
predict affective valence (for a review, see Davidson
& Tomarken, 1989).”

"When we have compared depressives, or individuals
with a history of depression, and normals, opposite re-
lations between anterior asymmetry and posterior asym-
metry have been found. That is, compared to non-de-
pressives, depressives have a pattern of relative right hem-
isphere activation in anterior sites and a pattern of relative
left hemisphere activation in posterior sites (e.g., Dav-
idson, Schaffer, & Saron, 1985; Henriques & Davidson,
1990).

Table 9
) Alpha asymmetry in more posterior sites:
Stability and relation with anterior asymmetry (averaged ears reference)

Pearson r’s with

Stability Anterior Asymmetry
ICC1 ICC2 Anterior
Site Pearsonr  (95% Conf. Int.)  (95% Conf. Int.) Midfrontal Temporal
Central (C,/C,) T TR TR (67-.84) BT (.80-.92) 32* 64rx
Posterior Temporal (Ts/T) 6% 6T (53-.77) .80*** (.70-.87) .00 40**
Parietal (P,/P,) 73w 73%** (.61-.82) .84%** ((76-.90) 12 5qrx

Note.~N=42. Pearson r = Time 1/Time 2 Pearson correlation. ICC1 = intraclass correlation estimating the
test-retest stability of measures assessed at one time-point. ICC2 = intraclass correlation estimating the test-retest
stability of aggregate measures averaged across two time-points. Pearson r’s between anterior and posterior sites

were computed using means averaged across time-points.

*p<.05, **p<.01, ¥*p<.001.
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Discussion

Below, we will briefly summarize the major find-
ings concerning the stability of EEG power and
EEG asymmetry across frequency bands, regions,
and reference montages. Then, we will focus on the
major issue addressed in the present study, the psy-
chometric properties of resting anterior EEG asym-
metry in the alpha band.

Summary of Findings Across Frequency Bands

Overall, the stability analyses conducted across
frequency bands, regions, and reference montages
suggest several conclusions. First, these results in-
dicate that the psychometric properties of measures
of EEG power and EEG asymmetry are by no
means redundant. The stability correlations for ab-
solute power measures were consistently higher
than the correlations for asymmetry measures. In
addition, in the delta band, asymmetry, but not
power, measures were susceptible to mean shifts
over time.

Although measures of EEG asymmetry tended
to be less stable over time than measures of power
density, in all cases test-retest correlations for asym-
metry measures pooled over eyes-open and eyes-
closed baselines were statistically significant. Often
these correlations were of sufficient magnitude to
indicate a strong individual difference component
in EEG asymmetry. However, the results of the pre-
sent study indicate that the stability of asymmetry
may be conditional on various factors. Perhaps the
major factor is the particular frequency band as-
sessed. In the present study, the stability of alpha
asymmetry tended to be higher than, or as high as,
measures of asymmetry in other frequency bands.
On some comparisons, the stability of alpha asym-
metry was significantly greater than the stability of
measures of asymmetry in the delta and beta 1
bands. It should be added, however, that, as indi-
cated by the Intraclass Correlations 2 shown in Ta-
bles 1-5, the stability of even delta and beta | asym-
metry measures can be improved by aggregating
measures across two recording sessions.

One other factor that sometimes moderated the
degree of stability observed was the region assessed.
In several instances, anterior temporal asymmetry
was significantly more stable over time than mid-
frontal asymmetry. In contrast, the stability cor-
relations for averaged-ears referenced and vertex-
referenced EEG asymmetry were generally com-
parable, with only one significant difference be-
tween these two montages observed (anterior tem-
poral asymmetry in the delta band).

Psychometric Properties of
Resting Alpha Asymmetry

Based on our recent findings indicating that rest-
ing anterior EEG asymmetry in the alpha band is
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a measure that assesses affective predispositions,
the major goal of the present study was to assess
the stability and other psychometric properties of
resting alpha asymmetry. We assessed the psy-
chometric properties of resting alpha asymmetry
using criteria that are usually invoked for paper-
and-pencil personality measures. However, such
criteria are clearly also relevant to psychophysio-
logical measures of individual differences (Strube,
1990).

Overall, the present results indicated that the
psychometric features of resting alpha asymmetry
justify its conceptualization, and use, as a measure
of individual differences. First, resting anterior
asymmetry in both midfrontal and anterior tem-
poral sites demonstrated excellent internal consist-
ency reliability. In the present study, only a rela-
tively small number of baselines {eight) was nec-
essary to generate high coefficient alphas in the .8-
.95 range. In addition, high internal consistency es-
timates were observed even when fewer than eight
baselines were included in computations. These
findings were largely due to the high intercorrela-
tions among the 60-s resting baselines. In turn, one
likely reason for these high intercorrelations is the
fact that asymmetry scores for specific baselines
were aggregated across all the artifact-free chunks
of that baseline (see Method section).

Adequate internal consistency reliability could
be considered a desirable feature of almost any
measure of a construct, irrespective of whether the
latter denotes stable individual differences (e.g., a
“trait”) or more transient states. A second psy-
chometric property, which is more uniquely rele-
vant to an individual difference measure, is stability
over time. On the whole, our test-retest stability
findings also indicated that resting anterior alpha
asymmetry can be considered a measure of indi-
vidual differences. First, across both midfrontal and
anterior temporal sites, there were no significant
mean shifts in resting alpha asymmetry over time.
Second, the Intraclass Correlations 1 and Pearson
r stability correlations indicated that resting ante-
rior asymmetry has a strong individual difference
component. Across both the vertex- and averaged-
ears referenced montages, the Time 1/Time 2 cor-
relations for anterior temporal asymmetry were
slightly greater than .70. For the midfrontal site,
stability values for the averaged-ears montage ap-
proximated these values (intraclass correlation =
.66), although vertex-referenced alpha asymmetry
in the midfrontal site was associated with somewhat
lower test-retest stability (intraclass correlation =
.53). -

Several comments concerning the test-retest sta-
bility findings for resting alpha asymmetry are in
order. First, analyses of the relation between degree
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of aggregation and stability suggested that six rest-
ing baselines can yield test-retest correlations that
are, for all practical purposes, equivalent to those
yielded by eight baselines. However, our findings
suggest that stability will be underestimated when
fewer than six baselines are used. Second, it might
be argued that although intraclass correlation val-
ues in the .65-.75 range indicate adeguate stability
according to criteria that have been proposed for
an individual difference measure (e.g., Kraemer,
1981), these stability values are not optimal ac-
cording to criteria that might be invoked for a per-
sonality measure of a given trait. The fact that a
relatively short time interval separated the two ex-
perimental sessions (three weeks) could also be cit-
ed as evidence that the stability correlations ob-
served here are adequate but not optimal.

We suspect that one reason for our failure to find
stability values higher than the .65-.75 range is the
fact that resting anterior EEG asymmetry is sus-
ceptible to influences other than individual differ-
ence factors alone. For example, there is a wealth
of prior evidence indicating that changes in anterior
asymmetry can be induced by exposure to positive
or negative emotion elicitors (for a review, see Dav-
idson & Tomarken, 1989). In addition, it is likely
that the stability of anterior asymmetry is influ-
enced by other factors that have yet to be identified.
Given these considerations, it may not be partic-
ularly surprising that correlations higher than the
.65-.75 range were not found.

The notion that resting EEG asymmetry may
reflect the joint contribution of both stable indi-
vidual differences and more situational state-like
factors is consistent with conclusions previously
reached by Levy (1983) who has assessed asym-
metric hemispheric activation using behavioral
methods. This reasoning would also suggest that
resting EEG asymmetry may well be most analo-
gous to measures of personality or psychopathology
that are known to reflect both variations in con-
current state and more stable individual differences
(Tomarken et al., in press). For example, it is well
known that the Beck Depression Inventory (BDI;
Beck, Ward, Mendelson, Mock, & Erbaugh, 1961)
is sensitive to both long-term depressive affect and
more transient mood states (Depue & Monroe,
1978, Sacco, 1981).

One question raised by the argument that resting
asymmetry is affected by both individual difference
factors and more transient influences is that of the
optimal methodological strategy for measurement
of asymmetry and selection of subjects in future
studies. Several alternative approaches are possible.
First, it may well be that, in many cases, resting
EEG asymmetry measured on one or two occasions
is sufficiently stable to serve as a valid indicator of
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individual differences in anterior asymmetry for the
sample as a whole. The high Intraclass Correlations
2 shown in Table 3 indicate that measures of an-
terior asymmetry aggregated over two occasions
may provide particularly stable estimates of indi-
vidual differences in resting asymmetry. Consistent
with this reasoning, in several of our recent studies,
we have found that resting asymmetry measured
on one (e.g., Davidson & Fox, 1989; Tomarken et
al.,, 1990) or two (e.g., Tomarken, Davidson, &
Wheeler, submitted) occasions significantly pre-
dicted affective reactivity or individual differences
in affective traits.

In specific cases, better prediction of affective
variables may occur when alternative methodolog-
ical approaches are used. For instance, in several
of our recent studies we have found stronger rela-
tions between anterior asymmetry and emotion
measures for those subjects who manifest particu-
larly stable patterns of asymmetry over time, or for
those subjects who demonstrate a combination of
stable and extreme asymmetry (e.g., asymmetry
scores in the top quartiles of the distribution on
each of two occasions; e.g., Davidson et al., sub-
mitted; Tomarken et al., 1992; Wheeler et al., in
press). These findings suggest that, in certain in-
stances, stability of asymmetry may serve as a var-
iable that moderates the relation between degree of
asymmetry and emotion (for more extensive dis-
cussion of this issue, see Tomarken et al., 1992).
Research currently in progress in our laboratories
is testing the validity of this hypothesis.

We are also currently assessing the effects of al-
ternative reference montages on the stability of an-
terior asymmetry. In recent years, several research-
ers have recommended source density analysis of
electrophysiological measures using the Laplace
transform as a way to increase the spatial resolution
of recording and to avoid other problems associated
with the use of active or potentially active reference
sites (e.g., Hjorth, 1975; MacKay, 1984; Nunez,
1981). Unfortunately, the relatively limited sam-
pling of sites in the present investigation (especially
during Session 1) precluded the use of a Laplacean
derivation in the present study.

Anatomical Contributions to the
Stability of Asymmetry

One final issue deserving consideration is that
of the underlying physiological and anatomical sub-
strates of EEG asymmetry and their relation to the
measurement of asymmetry and estimates of its sta-
bility. Previously, we have interpreted resting an-
terior EEG asymmetry as a measure of individual
differences in regional brain activation. Consistent
with proposals made by Levy (1983; Levy, Heller,
Banich, & Burton, 1983), we have speculated that
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such individual differences in activation are super-
imposed on a relatively invariant pattern of hem-
ispheric specialization. We have further speculated
that such activation differences may account for
individual differences in affective and related traits
that are observed despite such invariance (for more
extensive discussion, see Davidson & Tomarken,
1989).

However, it could be argued that resting EEG
asymmetry reflects the contribution of other fac-
tors. For example, there is evidence that asym-
metrical skull thickness or other cranial asymme-
tries can predict electrophysiological asymmetries
(Coppola, Karson, Daniel, & Myslobodsky, 1987,
Leissner, Lindholm, & Petersen, 1970; Myslobod-
sky, Coppola, et al., 1989). In addition, Coppola,
Myslobodsky, and their associates have recently
found that neuro-anatomical brain asymmeiries
can predict electrophysiological asymmetries (Mys-
lobodsky, Bar-Ziv, van Praag, & Glicksohn, .1989;
Myslobodsky, Coppola, et al., 1989). Because skull
thickness and anatomical asymmetries are obvious-
ly stable over time, one could argue that these fac-
tors may at least partially account for the high test-
retest stability observed for measures of anterior
EEG asymmetry in the present study.

Although future studies are necessary to defini-
tively assess the relation between cranial and/or an-
atomical brain asymmetries and EEG asymmetry,
two points relevant to this issue can be made at the
present time. First, our findings indicating linkages
between individual differences in emotion and rest-
ing anterior EEG asymmetry directly parallel pre-
vious findings indicating relations between exper-
imentally induced positive and negative affective
states and EEG asymmetry. Thus, for example, just
as stable individual differences in negative affect
have been associated with resting right anterior ac-
tivation (e.g., Tomarken et al., 1992), experimen-
tally induced negative affective states have been as-
sociated with increased relative right anterior ac-
tivation (e.g., Davidson, Ekman, Saron, Senulis, &
Friesen, 1990). These latter findings indicating link-
ages between anterior asymmetry and affective
states are based on within-subjects comparisons
and designs. Thus, it is highly likely that these re-
sults are attributable to genuine activation asym-
metries and not asymmetrical skull thickness or
neuro-anatomical asymmetries. In turn, the paral-
lels between the two sets of asymmetry findings
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would suggest that activation asymmetries may
similarly be the primary factor that underlies the
relation between individual differences in resting
asymmetry and emotion.

Second, in a recent small study, we have directly
examined the relation between EEG asymmetry
and cranial or neuro-anatomical asymmetries
(Davidson, Pardington, Wheeler, Doss, & Tomar-
ken, in preparation). Using magnetic resonance im-
aging (MRI), we compared brain asymmetries in
two small groups of subjects run in the present co-
hort (total N=09): those who demonstrated stable
and extreme right frontal activation and those who
demonstrated stable and extreme left frontal acti-
vation. Despite the fact that these two groups rep-
resented opposite extremes of the distribution of
EEG asymmetry scores, they failed to differ on all
measures of skull or neuro-anatomical asymmetries
computed. Indeed, no trends were even evident.
Although this finding clearly requires replication
and extension using a larger sample size, it suggests
that cranial or anatomical asymmetries do not ac-
count significantly for the effects of individual dif-
ferences in EEG asymmetry observed in the present
and previous studies.®

Summary and Conclusions

In summary, the present findings indicate that
the psychometric features of resting alpha asym-
metry in anterior scalp regions generally support its
conceptualization as a measure of individual dif-
ferences. Resting anterior asymmetry in the alpha
band has excellent internal consistency and ade-
quate test-retest stability. Future research is nec-
essary to compare the effects of alternative ap-
proaches to the measurement and quantification of
anterior asymmetry on its psychometric properties
and on its linkage to measures of emotion and tem-
perament. In addition, future studies are necessary
to evaluate more definitively the contribution of
cranial and brain asymmetries to anterior EEG
asymmetry.

8Although the results of our recent small study suggest
that individual differences in resting anterior EEG asym-
metry are not related to differences in measurable cranial
or anatomical asymmetries, it may be that measures of
absolute power are related to individual differences in
skull thickness. In turn, it may be the case that the greater
stability of power relative to asymmetry measures is due
to the greater effects of skull thickness on the former.
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