
W.R. GOFF ET AL 

I -  ’ The research reported here was supported by NICHD Con- 
tract N01-HD-8-2824, ONR Contract N00014-75C-0398, UCSF 
Academic Senate research funds, Langley Porter Institute BRSG 
Grant 2-507-RR05755, UCSF Computer Center Funds and 
funds from the California Association for Neurologically 
Hondicapped Children. 
* Present address: New Hope Pain Center, Alhambra, Calif., 
C S.A. 

Present address: Brentwood Veterans Administration Medical 
Center, Brentwood, N.Y., U.S.A. 

ndrome. Adv. Pediat.. 

and Goff, W.R. The 
sensory and auditor! 
. Neurophysiol., 1977. 

, H.G. The functional 
tials. In: E. Callawaj. 

Event-Related Brain 
lew York, 1978: 1-79. 
r, J.C.. Allison, T. and 
latency evoked poten- 
lm the cortical surfacr 
it (Ed.), Clinical Uses 
omatosensory Evoked 
Vol. 7. Karger, Basel. 

D.P. and Miller, J.D 
e human head trauma 
ials. Part I .  Evoked 
nalysis. J. Neurosurg.. 

J.D. and Mayer. D.J 
e human head trauma 
i. Part 2. Localization 
a with posttraumatic 
.. 1977b. 47: 163-177 
kic monitoring of ex- 
,me. In: J.D. Pollack 
Stratton. New York. 

J.A. Central somato- 
>atients. Ann. Neurol.. 

Reye’s syndrome in 

. Encephalopathy and 
lisease entity in child- 

, M.S. and Venes, J.L. 
ntracranial pressure in 
977, 59: 595-605. 
, J.L. Monitoring and 
ial pressure in Reye 
Pediatrics. 1980. 66: 

Elec troencephalography and clinicul Neurophysiology. 1983, 55 : 399-405 
Elsevier Scientific Publishers Ireland, Ltd. 

399 

EEG POWER SPECTRA IN NORMAL AND DYSLEXIC CHILDREN. 1. RELIABILITY DURING 
P.4SSIVE CONDITIONS ‘ 
G€ORGE FElN **, DAVID GALlN *, JACK JOHNSTONE * ’, CHARLES D YINGLING *, MARILYN MARCUS * ’ and 

San Francisco Vererans Administration Medical Center, San Francisco. Calif 

MARTHA E KIERSCH 

1 irversity of California, Son Francisco, Calif and 
9 4 1 1  ( U S A )  

(A< .epted for publication: November 18, 1982) 

The use of the EEG as an assessment tool 
depends upon the stability of an individual’s EEG 
pd tterns during the measurement situations 
studied. In adults, studies indicate that EEG re- 
corded in passive eyes open (EO) or eyes closed 
(F C) conditions yield stable intra-individual spec- 
t r d  power distributions over periods of up to 
se\eral weeks (Kennard and Schwartzman 1957; 
Bcrkhout and Walter 1968; MatouSek et al. 1979; 
V.m Dis et al. 1979; Stassen 1980). 

Data on reliability of childrens’ EEG spectra 
&.ring EO and EC conditions is sparse. In a recent 
pzper, John et al. (1980) report inadequate reliabil- 
it! under certain conditions. They gathered 60 sec 
of artifagt-free EC and EO EEG from lo00 nor- 
m.11 and learning disabled children both before 
an 1 after a 1 h evoked potential examination. Ab- 
so1 ate power measures in each frequency band 
re\ ealed ‘poor’ (test-retest) reliability in both EO 
an.] EC conditions. The data were then trans- 
formed to relative power measures by dividing 
abolute power in each frequency band by total 
pcwer in all bands. For the EO EEG, ‘substantial 

unreliability remained,’ while the EC EEG ‘re- 
vealed excellent reliability.’ These results suggest 
that EO EEGs as well as absolute power spectra 
for EC EEGs would be of little use as indices of 
normal and abnormal CNS function in children. 
Further, other measures which are based upon 
absolute spectral values (such as left-right dif- 
ference or ratio measures) would be of questiona- 
ble value. Unfortunately, details of the reliability 
analyses John performed were not published, nor 
were the criteria for the judgments of adequacy of 
reliability and stability specified. 

Because of the severity of the restrictions sug- 
gested by John et al. (1980), we sought further 
evidence in our own laboratory. The resting EO 
condition is an important comparison conltion 
for active EO tasks such as reading, block design, 
etc., and should not be too quickly dismissed as 
unreliable. It is important to use absolute power if 
possible because this measure retains information 
concerning levels of EEG power in addition to the 
shape of the spectrum. As a consequence of the 
interdependencies of relative power measures 
across the bands, changes in relative power in 
specific bands are difficult to interpret. For exam- 
ple, a decrease in relative delta may result from 
decreased delta activity, increased activity in other 
bands with delta activity unchanged, or some com- 
bination of the above. 

We examined EEG spectra during EC and EO 
resting conditions in control and dyslexic 10-12- 
year-old males, both before and after approxi- 
mately 5 h of behavioral tasks. We assessed test- 
retest reliability of both absolute and relative spec- 
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tra. We also applied a multivariate reliability mea- 
sure to the whole spectra. 

Methods 

Subjects 
Thirty-two normal and 31 dyslexic boys were 

studied. All were right handed, had full-scale 
WISC-R IQ of 88 or higher, and were clinically 
normal on tests of vision, hearing and neurological 
status. None had been diagnosed as hyperactive or 
as having primary emotional disturbances. The 
specific exclusion criteria are given in Brown et al. 
(1982). 

Recording procedures 
Subjects were seated in a sound attenuated 

room. EEG was recorded via gold cup electrodes 
from C3, C4, P3, P4, mid-temporal left (MTL, 
between T3 and T5), mid-temporal right (MTR, 
between T4 and T6), and linked ear (AIA2) leads, 
referenced to vertex (Cz). A separate montage 
referenced to linked ears was derived off-line by 
subtracting the AlA2-Cz channel from the other 
leads. Eye movements were monitored by elec- 
trodes placed above and medial, and below and 
lateral to the left eye. Polygraph preamplifiers 
were set to half amplitude cutoffs of 0.3 and 35 
Hz. The EEG was digitized at 256 points/sec and 
stored on magtape. An 80 pV, 10 Hz calibration 
signal was recorded on each channel both before 
and after the session. The digitized data were 
visually edited for movement, EOG, EMG, and 
other artifact on a second by second basis. Each 
second of artifact-free EEG was then Fast Fourier 
Transformed at 64 points/sec, calibrated to actual 
pV2, and stored in 1 Hz bins. Means and S.D.s 
were computed over all artifact-free seconds of 
recording in each task. Samples, which averaged 
2-2.5 min for each recording condition, were 
banded into delta (0.5-3.5 c/sec), theta (3.5-7.5 
c/sec), alpha (7.5- 13.5 c/sec), beta, (13.5-20.5 
c/sec) and beta, (20.5-32.5 c/sec), before statisti- 
cal processing. 

Tasks 
Three minutes of EO and EC EEGs were ob- 
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tained both before and after behavioral tasks. For 
EC and EO, subjects were asked to fixate straight 
ahead, and to hold their head and eyes still. The 
intervening behavioral tasks were designed to en- 
gage the subjects in a variety of cognitive processes, 
and typically lasted over 5 h including rest breaks 
and lunch. 

Data analysis 
Data were partitioned by group, task, reference 

electrode and recording site. Within each partition. 
intra-class correlations (ICCs) (see Winer 19’3. 
pp. 283-296) were computed as reliability e 4  
mates for each EEG band. The ICC measures [he 
proportion of total score variance accounted for 
by inter-subject differences. When pairs of mza- 
sures are drawn from a bivariate normal popula- 
tion, and the variances of the two measures tre 
equal, the sample ICC is the maximum likelihood 
estimate of the population correlation (Kraerner 
1975). F,,, tests comparing variances acrosx the 
two repetitions were consistently non-significmt. 
indicating equal variances. Although the absc-lute 
and relative EEG spectra are not normally distrib- 
uted, the ICCs were virtually identical to Sptar- 
man rank order correlations in almost all c t h e s .  

suggesting that our use of the ICCs (with lo\, of 
the fewest degrees of freedom) was robust . b i t h  
respect to the normality assumption. The ICCs 
were computed between the two repetitions the 
recording condition across all subjects within the 
group (control or dyslexic). In addition t ( ’  the 
individual band ICCs, we computed a multiL .mate 
ICC across 5-tuples representing the 5 bands of 
the spectrum (Ahrens 1976). 

Correlations were compared across groups usin@ 
a test of homogeneity of ICCs (Kraemer 19-5). In 
order to formally compare ICCs within a Group 
across conditions (e.g., comparing EO and EC 
conditions or comparing reference electrodeb). 3 

distribution-free procedure such as a random per- 
mutation test or jackknifing (as suggested b) 
Duncan and Layard 1973) would be nece\sar)i. 
These procedures are difficult and lengthy ta im- 
plement and were not performed in the preserJ 
study. 

The ICC index stability of the EEG over t 4-5 
h period. We also examined the short-term jpeC- 
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tral stability across the 1 sec artifact-free epochs 
Nlthin the 3 min task EEG recordings by com- 
puting the coefficients of variation (CV = 
S.D./mean) for each 1 Hz bin separately withm 
each task by reference combination. For half of 
the data (MTL, P3 and C3 recording sites), CVs 
from 1 to 20 Hz were compared between groups, 
tasks and reference electrodes using the median 
test. 

Results 

ICCs were computed for both vertex and linked 
e'irs referenced montages. The linked ears refer- 
enced spectra were consistently less reliable; to 
c~nserve space, and because the linked ears 
montage is more commonly used, only linked ears 
rcferenced reliabilities will be presented in the 
figures. The figures provide a lower bound for the 
reliabilities we found. Figs. 1 and 2 present ICCs 
a b,eraged (using Fisher's transformation) across bi- 
1,iteral linked ears referenced lead pairs within the 
C~ mtrol and dyslexic groups, respectively. In addi- 
tlon to individual band ICCs, multivariate ICCs 
are  also presented. 

Reliability of power values (control subjects) 
For absolute power, 23 of 30 

ii~dividual band-lead ICCs are 0.90 or above. The 
lowest reliabilities afe in the temporal leads, delta 
(ICCs of 0.83 and 0.86) and beta, (ICCs of 0.64 
aqd 0.57) bands. For relative power, 26 of 30 ICCs 
are lower than the corresponding absolute power 
ICC. ICCs for relative power are primarily in the 
0 70's to 0.90's (10 of 30 are above 0.90, 10 are 
between 0.80 and 0.89, 9 are between 0.73 and 
0 79, and one is 0.64). For the linked ears refer- 
ence, Fig. 1 reveals two patterns. First, within each 
lead pair, beta, and delta ICCs are lower than 
theta, alpha and beta, ICCs. Secondly, temporal 
lCCs are markedly lower than central or parietal 
ICCs, primarily in delta and beta, bands. These 
two patterns reflect the essential differences in 
lCCs between the Cz and A1A2 reference, result- 
ing in absolute and relative power being more 
similar for A1A2 as compared to Cz reference. 

The ICCs for the EO condition 
are very similar to those for EC. The lowest relia- 

EC condition. 

EO condition. 
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Eyes Closed-Absolute Power Eyes Closed-Relative Power 

Eyes Open-Absolute Power Eyes Open-Relative Power 

Fig. 1. Control group reliabilities. Intra-class correlation coeffi- 
cients (ICCs) for 32 normal readers. EEG is linked ears refer- 
enced. lCCs were computed between the two repetitions (4-5 h 
apart) of the recording condition. m = multivariate ICC across 
the 5 bands. 

bilities are for temporal leads, delta and beta, 
bands. Linked ears referenced spectra are less reli- 
able than Cz referenced spectra, primarily in the 
delta and beta, bands, and within those bands 
primarily in the temporal leads. Fig. 1 illustrates 
the similarity of ICCs between EC and EO condi- 
tions for the A1A2 reference. 

Reliability of power values (dyslexic subjects) 
The only significant differences between groups 

involve lower dyslexic ICCs for EO, Cz reference, 
all absolute power bands except theta (P < 0.05 
for delta and beta,, P < 0.01 for alpha and beta,), 
and for EO, AlA2, relative delta power (P < 0.05). 

Dyslexic reliabilities, with both references, al- 
though lower than control group values, are accep- 
tably high for central and parietal leads, excluding 
the beta, band. .Delta, theta, alpha and beta, 
reliabilities for central and parietal leads are in the 
0.70's, 0.80's and 0.90's (see Fig. 2). 
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Eyes Closed-Absolute Power Eyes Closed-Relative Power 

Eyes Opn-Absolute Power Eyes Open-Relative Power 

I I I 

Fig. 2. Dyslexic group reliabilities. Intra-class correlation coef- 
ficients (ICCs) for 31 dyslexics. Data presented are as in Fig. 1. 

Coefficients of variation within 3 min task record- 
ings 

CVs index the degree of within-subject, second- 
to-second variability of 1 Hz spectral estimates 
within each recording condition. If the effects pre- 
sented above were a consequence of underlying 
differences in second- to-second variability be- 
tween conditions and groups, then the CV pattern 
of effects should mirror the ICC effects. 

There were only minor CV differences across 
groups or conditions. CVs varied between 0.98 and 
1.42, indicative of the high variability of 1 sec 
estimates of 1 Hz bin EEG spectra. There were 
few differences in CVs between groups, and these 
differences showed no consistent pattern of one 
group having higher values than the other. EO and 
EC conditions had virtually identical CVs except 
for 8-12 Hz where, as expected, the CVs were 
larger for EO. In the EC condition, MTL elec- 
trode, there were very high CVs for the 1 and the 2 
Hz bins when the A1A2 reference was used (aver- 
age = 1.26) as compared to the Cz reference (aver- 

age = 1.08). No other consistent CV effects were 
associated with group, reference, task or repeti- 
tion. 

Discussion 

The reliability coefficient ( rxx)  equals that pro- 
portion of observed score variance which is t rue  
score rather than measurement error variance, and 
may be interpreted as the proportion of a measure's 
variance available to correlate with other mea- 
sures. The observed correlation between variables 
X and Y will be smaller than the correlations 
between their respective unobservable true scores 
X* and Y*. Specifically: rxy = r x . y . / z .  

We considered EEG reliabilities acceptable if 

they were roughly equivalent to reliabilities of the 
diagnostic or psychometric variables they were to 
be correlated with. For this reason, we arbitrarily 
decided that reliabilities above 0.70 would be con- 
sidered acceptable,- while reliabilities above 0 90 
would be considered excellent. 

Our data show that absolute power is as reliable 
as relative power, disagreeing with the finding of 
John et al. of 'poor' reliability for absolute poner. 
Power spectral reliability consists of two parts: 
reliability of spectral shape and reliability of a\ er- 
age spectral power. Relative power would be more 
reliable than absolute power only if spectral sh.rpe 
was more stable than average spectral power. There 
are large inter-individual differences in aver\ige 
spectral power, presumably due to physiological 
and anatomical attributes of the individual (such 
as skull thickness, Leissner et al. 1970) which dre 
certainly constant within individuals over the short 
to intermediate time intervals of this study. The 
EEG also reflects the changing state of the indii id- 
ual. As one's level of arousal moves from somno- 
lence through restful waking to alert attentive 
states, the major change in the EEG spectrum 
involves diminishng lower frequency activity And 
increased higher frequency activity. These changes 
act strongly on spectral shape. We could not e m -  
sion any aspect of subject state or EEG measilre- 
ment which could produce instability of average 
spectral amplitude and at the same time produce 
greater stability of spectral shape, as reported by 
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John et al. (1980). Only such a combination could 
produce greater reliability of relative than absolute 
spectra. 

Our data demonstrate high reliability of central 
and parietal EEG spectra within EO as well as EC 
cmditions. This finding is consistent with the re- 
sults of Van Dis et al. (1979) with adult women, 
and is in disagreement with John et al. (1980). Our 
result provides the necessary precondition to the 
use of the EEG during the EO condition and the 
use of EO as a comparison condition for other EO 
tsks .  

We believe the lower reliability of the delta and 
beta, bands across leads referenced to A1A2 re- 
flects the greater presence of residual eye move- 
ment artifact (delta) and EMG noise (beta,) at the 
A 1 A2 site. The temporal leads also have relatively 
higher amounts of residual eye movement and 
EMG activity than central or parietal leads, re- 
scdting in lower temporal reliabilities of delta and 
beta , for both references. When the temporal leads 
are referenced to AlA2, these effects summate, 
resulting in unacceptably low reliabilities for tem- 
~oral-AlA2 delta and beta,. 

While collecting the data we noticed a number 
of subjects (within both groups) who had difficulty 
kzeping their eyes fixated during the EC condition. 
Despite repeated instructions to keep their eyes 
s:ill, the subjFts seemed incapable of keeping 
their eyes from occasionally rolling slowly. In- 
structions to subjects to practice imagining the 
f i  vation point did not eliminate the problem. Sub- 
jects were unaware that their eyes were moving. 
R'e have not seen this problem reported elsewhere. 
\'e visually edited our data on a second-by-second 
bais, attempting to remove all epochs wherein 
EOG contaminated EEG recordings. We believe 
the increased CVs for the 1 and 2 Hz bands in the 
EC condition, MTL-A 1A2 recording (where the 
signal (EEG) to noise (EOG) ratio is smallest) may 
reflect artifactual rolling eye movements on some 
subjects which were not totally edited out of the 
records. 

Although the reliabilities within the dyslexic 
group were lower than control group reliabilities, 
the dyslexic group reliabilities were respectable, 
falling mostly in the 0.70's, 0.80's and 0.90's. Our 
dyslexic group was very highly screened for neuro- 

i 
i logical, sensory and emotional impairments. Per- 

haps the heterogeneity (diagnostically and chrono- 
logically) of John's group was a major factor in the 
poor reliabilities they found. Our results show that 
within a group of well screened IO-12-year-old 
right-handed dyslexic boys, EEG spectral profiles 
in resting EC and EO conditions are stable over 
4-5 h. The lower reliabilities that we find in the 
dyslexic as compared to the control group most 
likely reflects a combination of two factors: (1) 
greater EMG artifact as evidenced by lower beta, 
reliability; and (2) increased within-subject varia- 
bility over time, which we find in other behavioral 
tasks as well as with the EEG. The CV data clearly 
indicate that there is not an increased second-to- 
second variability of the EEG in the dyslexics. 

Our EC and EO EEG data are based upon over 
2 min of artifact-free record. John et al.'s proce- 
dure specified a minimum of 20 sec of artifact-free 
EEG within each condition. This may be an im- 
portant factor in the different reliabilities that 
were obtained. 

In summary, our data demonstrate the high 
degree of reliability of children's EEG spectra 
possible under well controlled recording condi- 
tions. We have demonstrated the reliability of 
absolute and relative power in both EC and EO 
conditions. In particular, we find excellent relia- 
bility for power in the alpha band in both our 
dyslexic and normal readers. This establishes a 
strong empirical basis supporting the use of EEG 
spectra in assessment of brain function in normal 
children and in children with specific dyslexia. 

Summary 

Three minutes of passive eyes-closed (EC) and 
eyes-open (EO) EEG were recorded before and 
after 4-5 h of behavioral tasks in 10-12-year-old 
boys of normal intelligence and neurological status. 
Half were severely reading disabled; half were 
reading normally. Bilateral central, parietal, and 
mid-temporal EEG referenced both to vertex and 
to linked ears was recorded. Averaged FFT power 
spectra of artifact-free 1 sec epochs were com- 
puted within each recording condition. 
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Test-retest reliabilities were computed for each 
band and for the entire spectrum using intra-class 
correlations (ICC). Reliabilities were assessed sep- 
arately for each group, lead and reference condi- 
tion, and for absolute power and relative power. 

The results reveal excellent reliability in the 
normal reading group. Reliabilities are higher with 
the Cz reference than the A1A2 reference, pn- 
marily in the delta and beta, bands. Temporal 
recordings have lower reliabilities than central or 
parietal leads. These effects summate to yield poor 
reliabilities for the delta and beta, bands for tem- 
poral-A 1A2 recordings. 

Reliabilities for the dyslexic group are lower 
than control group values, yet are still acceptably 
high. Beta, ICCs were markedly reduced in the 
dyslexics, possibly reflective of increased EMG 
artifact. 

Our finding that absolute power is as reliable as 
relative power is at odds with the report of John et 
al. (1980) that absolute power was not reliable 
enough to be useful in automated EEG assessment 
procedures. Use of absolute power is warranted 
whenever possible, since the interpretation of find- 
ings based solely upon relative power can be am- 
biguous. 

Our results indicate that under properly con- 
trolled conditions, excellent reliability of both ab- 
solute and relative power even for the passive EC 
and EO conditions can be obtained. These find- 
ings support the utility of EEG power spectra as a 
reliable index of brain function for studies of 
normal and learning disabled children. 

RCsumC 

Spectre de puissance de I’EEG chez des enfants 
normaux et dyslexiques. I. Fiabilite dans des condi- 
tions passives 

Trois minutes d’EEG passif avec yeux clos (YC) 
ou yeux ouverts (TO) ont ete enregistrks avant et 
apres 4-5 h de tests comportementaux chez des 
garqons de 10 a 12 ans avec intelligence et status 
neurologique normaux. La moitie avait un deficit 
severe de lecture, l’autre moitie lisait normalement. 
Un EEG bilateral central, parietal et temporal 
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median avec reference a la fois au vertex et aux 
deux oreilles a ete recueilli. Des moyennes des 
puissances spectrales en FFT pour des traces de 1 
sec sans artefact ont ete etablies dans chaque 
condition d’enregistrement. La reproductibilite de 
test a test a ete calculke pour chaque bande et pour 
le spectre tout entier en utilisant des correlation5 
interclasse (CIC). La fiabilite a ete determinke 
separement pour chaque groupe, chaque deriva- 
tion et chaque reference, et pour la puissance 
spectrale absolue et relative. Les resultats ont 
traduit une excellente fiabilite dans le groupe 
lecture normale. Elle etait meilleure avec la refe- 
rence Cz qu’avec AlA2, essentiellement dans le> 
bandes delta et bCta,. Les enregistrements tem- 
poraux ont une fiabilite plus faible que les enrs- 
gistrements parietaux ou centraux. Ces effets ,e 
cumulent pour aboutir a une mauvaise fiabilite 
dans les bandes delta et beta, en enregistrement 
temporal/AlA2. Les fiabilitb pour le groupe d>s- 
lexique ont ete plus faibles que pour le groupe 
temoin, bien que raisonnablement hautes. Les CIC 
du beta, etaient nettement reduites chez lg d\  s- 
lexiques, reflet probable de l’abondance .le 
l’artefact EMG. 

Notre resultat que Ia puissance absolue est au\si 
fiable que la puissance relative n’est pas en accord 
avec le travail de John et al. (1980) selon lequel ia  
puissance absolue n’etait pas assez fiable pour C t : s  
utilisk dans des techniques de traitement auro- 
matise de I’EEG. L‘utilisation de la puissance ‘ti)- 

solue est justifik des qu’elle est possible, puisque 
l’interpretation des resultats bases sur la sede 
puissance relative peut Ctre ambigue. 

Nos resultats indiquent que dans des conditic ‘nb 

bien contr6ltes, une excellente fiabilite de la pi!!s- 
sance absolue et de la puissance relative peut 2tre 
obtenue, meme dans des conditions passives YC st 
YO. Ces resultats renforcent l’interet de la puib- 

sance spectrale EEG comme indice fiable du 
fonctionnement du cerveau, dans les etudes chsz 
les enfants dyslexiques et normaux. 
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