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Summary  EEGs of extensively screened dyslexics and normal rcadcrs were recorded while they read easy and difficult texts silently and 
orally, and during two other verbal tasks which also differed in overt spcaking but had m~ reading component:  narrative speaking and listening to 
a story. Mid-temporal,  central and parietal leads were referenced to linkcd ears and to ('z. Largc differences bctwecn tasks and between groups 
were found. 

With the linked ears reference, power was higher in all bands in oral reading than in silcnl rcading, with the largest change occurring in the 
temporal leads. In the theta and low beta bands the difference between oral and silent reading was greater for controls than for dyslexics. These 
effects were not accounted for by differences in reading speed or in difficulty. Similar results wcrc found in two cohorts of subjects. 

The difference between groups in theta was flmnd only in the reading tasks. In contrast, the group difference in low beta was also found in 
the change from listening to speaking. This implies that the oral-silent group difference in theta is related to some aspect of the reading tasks 
other than the presence or absence of overt speaking, and that the low beta group difference is related to some aspect of overt speaking rather 
than to reading per so. With the Cz reference no group differences were found. 

It is suggested that the groups differ in the reading strategies they usc, and the degree to which they shift strategy between the silent and oral 
tasks. We hypothesize that these cognitive differences are reflected in thc thcta activity from the temporal lobe. 

While there were many differences between the tasks in alpha powcr and assyn'mlch),, no group differences inw)lving alpha were found. 
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Numerous studies have used electrophysiological 
methods in attempts to discriminate dyslexic from nor- 
mal readers and to identify brain mechanisms underly- 
ing specific reading disability. No consensus has 
emerged on whether there are EEG features charac- 
teristic of dyslexia (see reviews by Benton 1975; Hughes 
1978; John et al. 1977; Fein et al. 1986; Duffy et al. 
1988). There have been remarkably few reports of 
EEG recordings during reading, the actual behavior of 
interest (Sklar et al. 1973; Rebert et al. 1978; Leisman 
and Ashkenazi 1980; Duffy et al. 1980, 1988; Lubar 
and Deering 1981). We have recorded the EEG during 
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reading and found differences between dyslexics and 
the normal readers which were not found in the resting 
EEG, or during other active tasks. 

Early EEG studies of dyslexics relied on clinical 
interpretation of recordings from passive subjects, and 
a high frequency of abnormal findings was often re- 
ported (Hughes 1978). However, Conners (1978) has 
pointed out that the type of abnormalities found dif- 
fered from one study to another (e.g., epileptic spikes, 
slow waves), and that the diagnosis of dyslexia was 
often not well supported. He further noted that there 
was a correlation of -0.91 between the percentage of 
abnormalities found and the year in which the study 
was published and concluded that the high incidence of 
abnormalities found in early studies was due to inclu- 
sion of subjects who had problems other than reading 
disability. 

The search for electrophysiological markers in 
dyslexia has continued, with investigators looking for 
more subtle abnormalities in patterns of EEG activa- 
tion, in coherence, and in evoked potential features 
(Sklar et al. 1973; John et al. 1977; Bakker and Vinke 
1985; Davidson et al. 1985; Duffy and McAnulty 1985). 
However, the problem of specificity remains; the clini- 
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cal and theoretical significance of such findings de- 
pends on whether the abnormalities found are associ- 
ated with learning disabilities per se, or whether they 
are secondary to other coexisting neurological deficits. 
A very sophisticated and extensive program was carried 
out by E.R. John and his colleagues, called "neuromet-  
rics" (John et al. 1977, 1980; Ahn et al. 1980). They 
applied the principles of numerical taxonomy to analy- 
sis of resting EEG and evoked potentials, using com- 
puterized feature extraction, a large normative data 
base, and an unusually large sample of learning dis- 
abled children. They reported that "neurometric  EEG 
measures.., discriminated between normal and learning 
disabled children better.., than psychometric measures" 
(John et al. 1977). We followed up these interesting 
results by applying the neurometrics procedure to a 
highly screened group of severe dyslexics and a care- 
fully matched control group, all free of overt neurologi- 
cal dysfunction. Unfortunately, it did not discriminate 
between these groups. We concluded that even severe 
dyslexia per se is not associated with the neurometric 
abnormalities reported in more heterogeneous learning 
disabled populations (Yingling et al. 1986). In further 
studies of the resting EEG in these highly screened 
dyslexics and controls (Fein et al. 1986), we did find 
significant differences in beta power, but there was 
considerable overlap between the groups. Low beta 
power is not specific to dyslexia; it has also been 
reported in hyperactive children (Callaway et al. 1983). 

In addition to the resting EEG, our research pro- 
gram has emphasized recording while the subjects are 
actively engaged in the behavior of interest; the deficit 
in a system may only be detectable when the system is 
tested "under  load." We have studied two groups of 
cognitive tasks, one focused on lateral specialization 
for verbal and spatial processing in general (e.g., narra- 
tive speech vs. block design construction), and the 
other involving reading per se. In the lateral specializa- 
tion studies we found no support for the "Orton hy- 
pothesis" of disordered cerebral dominance as the 
basis for dyslexia (Galin et al. 1988). In the present 
paper we report our findings on the EEG during 
reading. 

All subjects in this study met rigorous screening 
criteria designed to ensure no overlap in reading abili- 
ties between the two groups, and no coexisting neuro- 
logical or psychological conditions which might cause 
EEG findings unrelated to dyslexia per se. We place 
great stress on this aspect of our work because we 
believe that the lack of consensus in the dyslexia litera- 
ture is in part due to the wide variety of criteria for 
subject selection. Many studies have used heteroge- 
neous samples of dyslexic children, without adequate 
control over potentially confounding demographic, sen- 
sory, neurological or psychometric variables. Handed- 
ness and sex have varied both within and between 

studies without being evaluated as controlled variables. 
Samples have included children with impaired sensory 
acuity, hyperactivity, emotional or psychiatric disor- 
ders, assorted gross neurological signs or below normal 
IO. Furthermore,  control subjects have often received 
much less screening than the "experimental" group. 
All of these factors have been controlled in the present 
study. 

Methods 

Subjects 

Fifty-six dyslexics and 57 normal readers were se- 
lected. We chose a 2-cohort design in which the second 
cohort was used to cross-validate results from the first 
cohort. The first cohort consisted of 34 dyslexic and 35 
controls, age 10-12. The second cohort consisted of 22 
dyslexics and 22 controls, age 9-13. All were right- 
handed Caucasian boys, middle class, whose only lan- 
guage was English, and who had attended school regu- 
larly. Most of the dyslexics were referred from private 
remedial schools and other special education pro- 
grams. Most of the controls were self-referred in re- 
sponse to newspaper ads. To avoid a skewed self-selec- 
tion of controls, we solicited boys to participate in a 
"scientific research" project, with no mention of read- 
ing. 

Parent interviews were conducted to establish nor- 
mal pregnancy, birth and neonatal health, and a history 
free from accidents or illness which might have af- 
fected brain function. Children with a history of hyper- 
activity, epilepsy, emotional problems, developmental 
anomalies, or previously diagnosed deficits in oral lan- 
guage were excluded. Candidates were given clinical 
hearing, vision, and neurological examinations (Touwen 
and Prechtl 1970), the Wechsler Intelligence Scale for 
Children (Revised) (Wechsler 1974), and oral and silent 
reading tests. Candidates with Full-Scale IQs below 88, 
or with positive findings on the sensory or neurological 
tests, were excluded (see Johnstone et al. 1984 for 
detailed listing of exclusion criteria). 

Reading ability was considered in relation to what 
would normally be expected on the basis of a child's 
age and IQ. Oral reading was tested with the Gray 
Oral Reading Test (Gray 1963), and silent reading 
vocabulary and comprehension were tested with the 
Gates-MacGinitie Reading Tests (Gates and MacGini- 
tie 1965). A reading quotient (Myklebust 1968) was 
used to determine the ratio of actual achievement to 
expected achievement: 

Reading quotient = 

[(2 x reading age ) / ( ch ron ,  age + mental age)].  
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TABLE I 

Age, IQ, and reading scores of dyslexics and controls (cohorl 1 and 
cohort 2 combined). 

Dyslexics ( n  = 49) Controls ( n  = 51 ) 

Mean S.D. Mean S.D. 

Age (months) 138.2 (13.4) 140.6 (11.4) 
Verbal IQ 100.2 (9.5) 112.8 (10.51 
Performance IQ 109.1 (12.(t) 111.7 (11.5) 
Full scale IQ 1(14.7 (10.0) 113.7 (1(t.91 
Oral reading grade 2.(I (0.5) 8.6 (2.3) 
Reading comp. grade 3.1 (1.3) 9.2 (2.4) 

Mental age was based on WISC-R Fullscale IQ. All 
dyslexics accepted into the study had reading quotients 
at or below 0.80 on both reading tests, which is equiva- 
lent to 2 years below grade level for a 10-year-old child 
with an IQ of 100. All control subjects' reading quo- 
tients on the Gates-MacGinitie were 0.93 or above, 
and their oral reading scores were within 1 year of 
actual grade placement, or higher. 

These stringent screening criteria resulted in the 
exclusion of several hundred candidates. Rejection 
rates were roughly equal for both dyslexic and control 
groups. Even among those who had passed the tele- 
phone interviews, less than one-third met all the psy- 
chometric, neurological, and sensory criteria. The 
groups finally selected consisted of essentially "pure"  
dyslexics, and good to superior readers, with equivalent 
group means and distributions of age and Performance 
IQ. There was a 6.0 grade level difference between 
groups in reading comprehension and a 6.4 grade level 
difference in oral reading (see Table I). 

Procedures 

Subjects worked at an inclined table in a sound 
attenuated room monitored with video and intercom. 
EEG was recorded during passive conditions (resting, 
with eyes open and with eyes closed, 3 rain each), and 
during active cognitive tasks, including block design, 
mirror tracing, oral and silent reading of easy and hard 
texts, listening to a story, narrative speech, and vigi- 
lance-reaction time. For the first cohort the series of 
tasks was repeated in reverse order to control for time 
trends. For the second cohort some conditions were 
dropped and the repetitions were omitted. Testing 
sessions began mid-morning and typically lasted 5 h 
including lunch and breaks. Great  care was taken to 
maintain the subject's alertness and cooperation, in- 
cluding testing vigilance at the beginning and end of 
the session, and monitoring performance on each task. 
This report presents the results from the reading tasks, 
listening, and narrative speech. For a complete de- 
scription of procedures, see Yingling and Galin (1982). 

Cognitice tasks 

89 

Oral and sih'nt reading 
We recorded during both silent and oral reading 

because they differ in cognitive demands. To control 
for difficulty we used both easy and difficult reading 
materials selected for each child, 2 grade levels below 
and above his tested reading level. To get material 
which was truly easy for some dyslexics we had to go to 
primer levels, and to get hard enough material for 
some of the bright normal readers we had to go to 
college levels. 

In order to minimize test anxiety we explained that 
this was not at all like a test in school. The children 
were advised that while some passages would be quite 
easy, we kncw that others would be very, very, difficult 
for them, because we were studying what the brain 
does when it is working hard. They only had to try their 
best, even when they knew they were making mistakes, 
and there would be no grades. This seemed to be 
rcassuring and we encountered no reluctance to partic- 
ipate from any subject. 

The text to be read was presented on double-spaced 
typed pages on the work table. Each task lasted 2-2.5 
rain. Questions were asked after each selection to 
further motivate attending and to verify their engage- 
ment in the silent tasks. Thcsc questions provided an 
informal measure of comprehension but were not 
equivalent to a standardized comprehension test. If 
performance was questionable, new materials were 
presented. Reading speed in words per minute was 
scored. 

Narratice speech ("SPEAK") 
Subjects were instructed to choose a topic on which 

they could talk continuously for several minutes 
(favorite movies, TV shows, books or personal experi- 
ences). Visual fixation was maintained on the work 
table as for the READ tasks. The speech samples 
averaged 240 sec (range 140-330 sec) and were recorded 
for later analysis (Davenport et al. 1985). 

Listening to a story ("LISTEN") 
The child listened to a 2 min tape-recorded factual 

account, with eyes open and fixed on the work table. 
Stories were taken from age-appropriate texts. Com- 
prehension questions were asked after each story to 
verify the child's engagement with the task. 

The order of the tasks was Read Silent Easy (RSE), 
Read Oral Easy (ROE), Listen to Story, Narrative 
Speech, Read Silent Hard (RSH), and Read Oral Hard 
(ROH). Subjects were coached to eliminate extraneous 
facial movements and relax the neck and jaw in order 
to minimize EMG contamination. 
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EEG recording and signal processing procedures 

EEG was recorded during each task using Grass 
gold cup electrodes from bilateral central (C3, C4), 
parietal (P3, P4), mid-temporal (Tmi a I~ located halfway 
between T3 and T5, and Tmi d R located halfway be- 
tween T4 and T6), and linked ear (A1A2) leads, all 
referenced to vertex (Cz). A separate montage refer- 
enced to linked ears was derived off-line by subtracting 
the A1A2-Cz channel from the other leads. We used 
the Cz reference as well as the more common linked 
ears reference because we have found it to be more 
sensitive to hemispheric asymmetries. Eye movements 
were monitored by electrodes placed above and me- 
dial, and below and lateral to the left eye. Signals were 
amplified with a Grass Model 7 polygraph, with Model 
7P5 preamplifiers set to half amplitude cut-offs of 0.3 
and 35 c /sec .  The EEG was digitized by a NOVA 
minicomputer at 256 points /sec and stored on mag- 
tape. An 80/zV 10 c / sec  calibration signal was recorded 
on each channel both before and after the session. 
Off-line, each 1 sec epoch of digitized data was visually 
edited for movement, EOG, EMG, and other artifact. 
Each accepted epoch was then subjected to Fast 
Fourier Transform (FFT), calibrated to actual tzV ~ in 
1 c / s ec  bins, and stored on floppy disks. Means and 
standard deviations were computed for each task, for 
each subject. Sample lengths averaged 2-2.5 min for 
each task (minimum length accepted = 30 sec) Data 
were banded into delta (0.5-3.5 c/sec) ,  theta (3.5-7.5 
c/sec) ,  alpha (7.5-13.5 c/sec),  low beta (13.5-20.5 
c / sec)  and high beta (20.5-32.5 c/sec).  

Data analysis 

Statistical analysis was performed on the common 
logarithms of the absolute spectral power. In the first 
analysis a repeated measures ANOVA was performed 
for each reference and band using "Readtype"  (oral vs. 
silent), "Difficulty" (easy vs. hard), "Lead-pair"  (mid- 
temporal, central, and parietal), and "Side" (left vs. 
right) as within-subject factors. The between-subject 
factor was Group (dyslexic vs. control). The sphericity 
assumption of the ANOVA was applicable only to 
effects involving lead-pair, since the other factors have 
only two levels. The Huynh-Feldt correction (Huynh 
and Feldt 1976) was applied to the computation of 
significance probabilities for these effects. To follow up 
these results a second ANOVA was performed on 
TALKING vs. NO TALKING tasks: Read Oral and 
Speaking vs. Listening and Read Silent. This analysis is 
detailed below. 

In addition to considering significance levels, we 
computed the size of effects, expressed in standard 
deviation units, using a generalization of the procedure 
for matched-pairs t tests (equation 2.35, p. 48, Cohen 

1977). The quantitative measure of effect size adds 
perspective to results reported only with P values. 
Significance levels depend on sample size and give no 
information about the magnitude of the differences. 
Effect sizes of 0.5 S.D. are considered medium, whereas 
effect sizes of 0.8 S.D. are large and obvious, e.g., " the 
difference in mean IQ between Ph.D.s and college 
freshmen" (Cohen 1977). 

Because of the large number of significance tests 
computed we applied a Bonferroni correction. With 
210 tests (21 main effects and 2- and 3-way interac- 
tions, for 5 bands with 2 references), the alpha level 
equivalent to P = 0 . 0 5  for a single test would be 
0.05/210 = 0.00024. Since we had replication data from 
2 independent cohorts, we combined their results using 
the meta-analytic techniques of Rosenthal (1984), which 
establish a new alpha level for the sum or product of 
the P values in the 2 cohorts corresponding to Bonfer- 
roni-corrected levels for each cohort alone. By this 
method an effect was considered significant when the 
sum of P values for both cohorts was less than 0.022. 

Significant effects were investigated in more detail. 
We tested for possible regional localization by comput- 
ing effect sizes for each lead. Plots of the distribution 
of oral minus silent difference scores were examined to 
see if the group effects could be due to the influence of 
a small number of outliers. Reading speed was intro- 
duced as a covariate. Finally, plots of the difference 
scores and effect sizes were examined in 1 c / s ec  fre- 
quency bins, as well as broad bands. 

Results 

The basic data consisted of the log power in 1 c / sec  
bins from 1 to 32 c / sec  for each lead and reference, 
for each task, for each subject. The major results 
concern the theta, alpha, and low beta bands with the 
linked-ears reference; means and S.D.s are presented 
in Tables II, III and IV. Full tables for all bands and 
both references are available on request. Cohorts I and 
II are presented separately in each table. In addition to 
the 6 active conditions, the eyes-open and eyes-closed 
resting conditions presented previously (Fein et al. 
1986) are included for comparison (eyes-open condi- 
tion not tested in cohort II). 

(I) ANOVA on reading tasks 

The first analysis focused on the reading tasks. Ten 
separate repeated measures ANOVAs were performed 
on log power, one for each reference and band, with 
G R O U P  (Dyslexic vs. Control) as a between-subjects 
factor, and 4 within-subject factors: REA D TYPE (oral 
vs. silent), DIFFICULTY (easy vs. hard), LEAD-PAIR 
(mid-temporal, central, and parietal), and SIDE (left 
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vs. right). Only effects which were significant over both 
cohorts with the Bonferroni correction are reported 
here. There were no significant main effects or consis- 
tent interactions with DIFFICULTY, and therefore 
data are presented for easy and hard conditions aver- 
aged, except as mentioned. The following abreviations 
will be used: Read Silent Easy (RSE), Read Silent 
Hard (RSH), Read Oral Easy (ROE), Read Oral Hard 
(ROH). 

(A) Effects unrelated to group 
(1) READTYPE." power is higher in oral than in silent 

reading. Large main effects of READTYPE were 
found in all bands. Power was higher during oral 
reading than during silent reading, except for theta and 
alpha with the Cz reference. 

(a) Linked-ears reference. Power in all bands in- 
creased from silent to oral reading, P < 0.00001 for 
each band, both cohorts, except alpha P =  0.02 in 
cohort I, P = 0.001 in cohort II. 

For each band a significant interaction of READ- 
TYPE by LEAD-PAIR was found for both cohorts 
(P  < 0.00001, except for delta cohort I P = 0.006). In 
each band the interaction was due to the READTYPE 
effect being largest in the mid-temporal leads. Alpha 
power increased slightly in the temporals and de- 
creased slightly in central and parietal leads. These 
changes with READTYPE were symmetrical; there 
was no significant interaction with SIDE in any band 
for either cohort. 

(b) Cz reference. Power in delta, low beta and high 
beta increased significantly from silent to oral, P < 
0.00007, both cohorts. For the theta band there was no 
change in power in either cohort, P = 0.62, P = 0.72. 
For the alpha band, power decreased most prominently 
in the central leads (P  < 0.00001 in cohort I, P < 0.0005 
in cohort II). 

A significant interaction of R E A D T Y P E  by 
LEAD-PAIR was found for each band except theta 
(P  < 0.00001 for all bands, both cohorts, except delta 
cohort II P =  0.003). For delta, low beta, and high 
beta, the interaction was due to the increase in power 
during oral reading being largest in the mid-temporal 
leads. In the alpha band the decrease during oral 
reading was most prominent in the central leads, with 
little change in the temporals. These changes with 
READTYPE were symmetrical: there was no signifi- 
cant interaction with SIDE in any band for either 
cohort. 

(2) SIDE: asymmetry shows little relation to other 
uariables. There was a significant main effect of SIDE 
with the Cz reference only, for the alpha band (right 
greater than left; cohort I P = 0.0001, cohort II P = 
0.03). For low beta the effect was not quite significant; 
cohort I P = 0.0002, cohort II P = 0.06. The sum of P 
values for the two cohorts (0.060) was close to, but 
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Fig. 1. Log power for theta band, left mid-temporal lead, linked ears 
reference. LS = listening to story, SP = narrative speaking, RS = 
reading silently, easy text, RO = reading orally, easy text. Note: the 
plotted values are group means,  which include between-subject vari- 
ance. This obscures to some extent the very consistent within-subject 
task differences which are revealed by the A N O V A  within-subjects 

repeated measures  design. 

exceeded, the Bonferroni-corrected criterion value 
(0.022). There were no significant interactions of SIDE 
with GROUP,  READTYPE,  or LEAD-PAIR.  

(B) Effects related to group 
(1) Differences between dyslexics and controls in oral 

and silent reading." interactions of GROUP with READ- 
TYPE. The ANOVA showed no main effects of 
G R O U P  for any band, for either cohort or reference. 
However, with the linked-ears reference, there were 
significant interactions of GROUP-by-READTYPE;  
while power increased from silent to oral reading for 
both groups, the change in power between tasks was 
significantly smaller for dyslexics than for normal read- 
ers. This interaction involved frequency bands which 
we did not expect; theta, low beta, and marginally 
significant for high beta. There was no significant inter- 
action in the alpha band. Similar results were found in 
both cohorts. The size of the effects were quite large, 
ranging up to 1.23 standard deviation units (Cohen 
1977) depending on lead, band, and cohort. Note that 
these results were for differences between tasks within 
subject; in Figs. 1 and 2 and in Tables II, III, and IV 
group means for each task are shown, which do not 
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highlight the small but very consistent differences 
within subject. In other words, the variance of the 
within-subject task differences is small compared to the 
task differences. In the repeated measures analysis the 
larger between-subject variance is removed. 

(a) Theta band (see Table II): the group means for 
theta log power, combining Easy and Hard, and pool- 
ing leads were: 

RS RO RS RO 

Cohort 1 Control 2 .45 2.58 Cohort 11 Control 2 .37  2.48 
Dyslexic 2.47 2.55 Dyslexic 2.40 2.46 

Note that there was no significant difference be- 
tween dyslexics and controls for either RS or RO, only 
for the change from RS to RO. The P value of the 
G R O U P  by R E A D T Y P E  interaction for cohort I was 
P = 0.017, effect size = 0.53; for cohort I I P  = 0.0001, 
effect size = 1.23. These P values jointly are well be- 
low the level necessary for significance with the Bon- 
ferroni correction. Examination of frequency his- 
tograms of individual subjects' R O - R S  difference 
scores confirmed that the effect was not due to out- 
liers. For the Cz reference the interaction was not 
significant for either cohort. 

There were no significant 3- or 4-way interactions of 
G R O U P  by R E A D T Y P E  with LEAD, SIDE, or DIF- 
F ICULTY in either cohort. In other words, the theta 
band G R O U P  by R E A D T Y P E  effect was not system- 
atically larger in the central, mid-temporal,  or parietal 
region, or on one side or the other, or with easier or 
harder task demands. 

To investigate the theta band G R O U P  by READ-  
TYPE interaction in more detail, effect size was com- 
puted in 1 Hz bins, for the left temporal lead and for 
all leads averaged (cohort I, linked-ears reference). 
Effect size in both analyses was greatest at 4 and 5 Hz 
(ES = 0.65-0.9). 

(b) Low beta band (see Table IV): the group means 
for low beta log power, combining Easy and Hard, and 
pooling leads, were: 

RS RO RS RO 

Cohort I Control 1.58 1.73 Cohort II Control 1.54 1.69 
Dyslexic 1.62 1.71 Dyslexic 1.52 1.61 

As with the theta band, there was no significant 
difference between dyslexics and controls for either RS 
or RO, only for the change from RS to RO. The P 
value of the G R O U P  by R E A D T Y P E  interaction for 
cohort I was p = 0.0031, effect size = 0.62; for cohort 
lI P = 0.014, effect size -- 0.83. These P values jointly 
are well below the level necessary for significance with 
the Bonferroni correction. Examination of frequency 
histograms of individual subjects' RO - RS difference 
scores confirmed that the effect was not due to out- 

liers. For the Cz reference the interaction was not 
significant when the P values were corrected (P  = 0.05, 
0.06). 

There were no significant 3- or 4-way interactions of 
G R O U P  by R E A D T Y P E  with LEAD, SIDE, or DIF- 
FICULTY in either cohort. In other words, the low 
beta G R O U P  by R E A D T Y P E  effect was not systemat- 
ically larger in the central, mid-temporal,  or parietal 
region, or on one side or the other, o~ with easier or 
harder task demands. 

Analysis of effect size in 1 c / s ec  bins showed that 
the effect size in the low beta band was greatest at t~e 
lower end of the band, 14-17 c / see ,  and was near zero 
up to 24 c /sec .  Similar patterns were found for the left 
temporal lead and all leads averaged. Since any tonic 
EMG contamination remaining after editing would be 
maximum in the higher frequency bins, we conclude 
that the low beta effect is not an artifact of EMG 
activity. 

(2) Possible determinants of the GROUP by READ- 
TYPE effect. Since a large and reliable EEG differ- 
ence between dyslexics and controls appeared to be in 
some way related to a difference between silent and 
oral reading, we considered how these tasks differ. 
Some obvious features are difficulty, rate of processing 
words, and the requirement for speaking aloud in 
addition to decoding the text. 

(a) Reading ,speed: we have used reading speed as an 
indirect index of difficulty and of the rate of processing 
words. An analysis of the reading speed data has been 
previously reported (Johnstone et al. 1984) and is re- 
peated here briefly because it bears on the interpreta- 
tion of the EEG spectra effects. For cohort I the mean 
and standard deviation for reading speeds (words /min)  
for each group and reading condition were as follows: 

RSE RSH ROE ROH 

Controls 193.11(61.0) 145.2 (47.1) 146.4 (26.2) 1(10.1 (20.8) 
Dyslexics 79.5 (311.2) 73.7 (32.0) 75.2 (29.7) 62.1 (19.2) 

Reading speeds for each group and task condition 
were normally distributed. Reading speed was analyzed 
with a repeated measures ANOVA: G R O U P  by DIF- 
F ICULTY by READTYPE.  Aside from the expected 
main effects, there were interactions of G R O U P  by 
D I F F I C U L T Y  and G R O U P  by READTYPE.  These 
were investigated with 2-sample and matched-pair  t 
tests. Controls showed significantly larger decrements 
from easy to hard reading than did dyslexics (F  = 39.72, 
P < 0.0001). Controls slowed for difficult passages in 
both silent and oral reading (silent t = 7.50, P < 0.0001; 
oral t = 11.11, P < 0.0001). Dyslexics slowed signifi- 
cantly only in oral reading (t = 3.21, P < 0.003). Con- 
trols also showed a larger decrease from silent to oral 
reading than did dyslexics ( G R O U P  by READTYPE:  
F = 23.37, P < 0.0001). Controls were significantly 
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slower in oral than silent reading for easy as well as 
hard passages (easy t = 5.38, P < 0.0001, hard t = 7.26, 
P<0.0001) ,  whereas dyslexics read easy passages 
silently and aloud at the same speed, affected by 
READTYPE only with the hard passages (t = 2.62, 
P < 0.01). Results were similar in cohort II. 

The percentage of correct responses to the ques- 
tions asked following each reading task provided only a 
rough index of comprehension. Nevertheless, the data 
may help in interpreting the reading speed and EEG 
results. Controls showed a large decrement in compre- 
hension as well as speed on hard tasks, both silent and 
oral (silent t = 7.36, P <  0.0001, oral t = 5.87, P <  
0.0001. The dyslexics' comprehension decreased with 
difficulty only on the silent tasks (along with no signifi- 
cant slowing), and did not decrease significantly on the 
oral tasks (but with significant slowing). 

We next examined the G R O U P  by READTYPE 
effects on theta and low beta power in relation to these 
reading performance data. Unfortunately, an analysis 
of covariance with reading speed partialled out of the 
G R OUP  by READTYPE effect was not possible, be- 
cause speed was so highly correlated with group mem- 
bership that the assumptions of ANCOVA were not 
met. However, simple inspection of the data indicates 
that reading speed by itself does not account for these 
effects. For example, in the RSE condition, dyslexics 
read at 79 words/rain, controls at 193 words/rain,  
more than twice the dyslexics' speed; if reading speed 
per se affected theta and beta power, then there should 
have been a large difference between groups for the 
RSE condition considered alone. In fact, the difference 
was not significant. Similarly, within the control group 
itself, speed decreased from 146 words /min  in ROE to 
100 words /min  in ROH, with no significant change in 
theta or beta power. 

The ANOVA on spectral power showed no main 
effects or interactions for DIFFICULTY, for either 
group or for either type of reading, indicating that text 
difficulty by itself does not account for the EEG effects 
either. Therefore, we moved on to an analysis of the 
requirement for speaking aloud in addition to decoding 
the text. 

(II) ANOVA on tasks with and without talking 

Speaking aloud has cognitive aspects and also me- 
chanical aspects, such as muscle activity and tongue 
movement. It is unlikely that the theta and low beta 
effects are due to the mechanical aspects. EMG con- 
tamination would be greatest in the higher frequency 
bins, and the size of our low beta effect was greatest at 
the low end of the band, from 14 to 17 c/sec.  Tongue 
movement artifacts could not account for the effects; 

they appear in only 5% of the population and are most 
prominent in the delta band (Klass and Bickford 1960). 

(.4) TALK vs. READ analysis 
Therefore,  we devised another analysis to test 

whether the task and group differences in theta and 
beta power were related to some aspect of the reading 
process per se which is different in oral and silent 
reading, or due to the presence or absence of overt 
speech. We examined the EEG during two other verbal 
tasks that differ in overt speaking but have no reading 
component: narrative speaking and listening to a story. 
We performed a second repeated measures ANOVA 
on all the EEG variables from Listening to Speech 
(receptive, non-motor), Speaking (expressive, motor), 
Silent Reading (receptive, non-motor), Oral Reading 
(receptive and expressive, motor). For this analysis we 
used easy reading tasks only. The ANOVA used a 
" R E A D I N G "  factor (oral and silent reading vs. speak- 
ing and listening), a " T A L K I N G "  factor (oral reading 
and speaking vs. silent reading and listening), as well as 
GROUP,  LEADPAIR (mid-temporal, parietal, and 
central), and SIDE. No Bonferroni correction was ap- 
plied, since we made an a priori decision that only a 
few interactions were relevant, particularly READ by 
TALK by GROUP.  The significance probabilities for 
the two cohorts were combined using the Rosenthal 
method described above. Rate of speech in narrative 
speaking was the same for both groups (Davenport et 
al. 1985). 

With the Cz reference, in the theta band, there was 
no effect of the TALKING factor (i.e., no difference 
between Listening and Speaking, or between Read 
Silent and Read Oral), but a large effect of the READ- 
ING factor (both Listening and Speaking lower than 
Read Silent and Read Oral). For the low beta band the 
results were reversed; a significant effect of TALK- 
ING, and no effect of READING.  There were no 
effects involving group. The results were the same for 
both cohorts. 

With the linked-ears reference, in both the theta 
and low beta bands, there was a main effect of TALK; 
power was higher in the tasks with talking than those 
without (P  < 0.00001, both cohorts). Most important, 
in both bands there was a significant interaction of 
TALK with GROUP,  and the interactions were differ- 
ent in the two bands. In low beta there was a 2-way 
TALK by G R O U P  effect; dyslexics showed a smaller 
increase in power than did the controls in both pairs of 
tasks, whether reading was involved or not. In theta 
there was a 3-way TALK by READ by G R O U P  effect; 
the dyslexics showed the same increase as the controls 
from Listen to Speak, but a significantly smaller in- 
crease than the controls from Read Silent to Read 
Oral. These results imply that (1) the oral-silent group 
difference in theta is related to some aspect of the 
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reading tasks other than the presence or absence of 
overt speaking, and (2) the oral-silent group difference 
in low beta is related to some aspect of overt speaking 
rather than to reading per se. 

These results were found in both cohorts. For theta, 
the P value of the G R O U P  by R E A D  by TALK 
interaction for the two cohorts combined as above was 
< 0.0001, and for low beta the Group by Talk P value 

was 0.008. Figs. 1 and 2 show the group means for 
these tasks for the left mid-temporal  lead. 

Discussion 

Recording during actual reading and other verbal 
tasks revealed unexpected differences between tasks 
and between groups. Power in all bands was higher 
during oral reading than during silent reading in both 
groups, but in the theta and low beta bands the change 
in power between tasks was significantly smaller for 
dyslexics than for normal readers. The difference be- 
tween groups in theta was found only in the reading 
tasks. The group difference in low beta was also found 
in the change from listening to speaking as well as in 
the change from silent reading to oral reading and, 
therefore, seems to be related to some aspect of overt 
speech rather than to some aspect of reading. The 
effects were quite large, and similar results were found 
in both cohorts of subjects. These are the first large 
and replicable differences between the EEGs of dyslex- 
ics and normal readers which we have found. 

Localization of effects: groups distinguished only with 
linked-ear reference 

The group differences in theta were seen only with 
the linked-ears reference, not with Cz. The effect size 
was not consistently greater  in one lead than another 
(a mid-temporal  advantage seen in the first cohort was 
not replicated), nor between left and right leads in 
each region. This pattern of results is consistent with 
the hypothesis that the signals critical to the group 
difference were being picked up by the linked-ears 
electrodes. The ear leads have been shown to be par- 
ticularly sensitive to signals coming from the inferior 
temporal  lobe by Sperling and Engel (1985). Their 
observation was made in the course of evaluating the 
efficiency of different electrode placements in detect- 
ing pathological epileptiform discharges from the tem- 
poral regions. 

Unlike theta, low beta showed a significant Silent vs. 
Oral effect with both references, and with the Cz 
reference the low beta main effect of Side (power 
asymmetrical R > L) and interaction of group-by-task 
both approached significance. These differences in the 
pattern of results with the two references suggests that 

the theta and low beta effects may depend on separate 
mechanisms. 

Speculations on underlying cognitit'e mechanisms 

We will understand dyslexia better  when we know 
more about normal reading. In spite of encouraging 
recent progress (e.g., Coltheart et al., 1980; Just and 
Carpenter  1986), we still know very little in neuropsy- 
ehological terms about how normal children learn to 
read, or how skilled reading is done by normal adults. 
Reading is a relatively recent accomplishment on the 
list of human abilities; it has not been subjected to the 
prolonged evolutionary pressure which has shaped the 
neurological basis of speech. Therefore there may be 
many different cognitive strategies for reading, and 
thus more ways for it to break down. 

Sincc the theta effect was an interaction between 
G R O U P  and R E A D T Y P E  we must ask in what ways 
silent and oral reading might differ more for normal 
readers than for dyslexics. They obviously differ in the 
requirement for speaking aloud, in speed, and in diffi- 
culty: we have examined these variables (see Results 
above) and found that they did not account for the 
theta effect. 

We propose another  explanation post hoc, which 
will require further experiment to verify. We suggest 
that there are two critical differences between tasks, 
the requirement for pronouncing each word, and the 
requirement for understanding. Because of these dif- 
ferences the tasks are susceptible to different cognitive 
strategies. We suggest that the normal readers can use 
either strategy and do switch, and that the dyslexics 
cannot. 

Oral and silent reading differ in their customary 
purposes. The primary goal in oral reading is to pro- 
nounce each and every word to convey it literally to 
someone else, for them to assimilate it. Understanding 
is secondary. It is even possible to read a passage aloud 
fluently without understanding what was read. In con- 
trast, in silent reading the primary goal is to compre- 
hend and assimilate the meaning of the text. One does 
not naturally read something for the first time aloud, 
except in school or in the laboratory. In silent reading 
one can comprehend the text from just a subset of key 
words. They may also differ in the degree to which they 
invoke graphemc to phoneme decoding; in silent read- 
ing it would be possible to use a mechanism which 
decoded grapheme to semantic meaning without going 
through a phonemic step. In oral reading, the phone- 
mic level must eventually be accessed for speech out- 
put. 

We hypothesize that normal readers use different 
strategies in silent and oral reading. During silent 
reading they may use context cues to help decode 
single words, skip words while still grasping the mean- 
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ing, and to some extent they may avoid the grapheme- 
to-phoneme step. In oral reading these "sophisticated 
reading processes" are less relevant and, therefore, 
may be less used, since each word must be dealt with 
anyway, at the lowest level, phoneme by phoneme. We 
hypothesize that the normal readers' increase in theta 
has to do with some aspect of this change in strategy. 

We further hypothesize that the dyslexics tend to 
use a mixture of word-by-word and context-cue strate- 
gies in both silent and oral reading, although they are 
deficient in both strategies. There are several argu- 
ments to support this hypothesis. Our dyslexics per- 
formed very poorly on the nonsense-word subtest of 
the reading subskills battery (Yingling and Galin 1982), 
and Myklebust (1968) found that this subtest was the 
most effective one in separating his dyslexics from 
controls. This indicates that the dyslexics can make at 
least some use of context and other "top-down" cues 
in decoding individual words, and that they do use 
these cues; when there is no context to support the 
grapheme-to-phoneme translation they do poorly. It 
seems plausible to suppose that the dyslexics use what- 
ever top-down cues they have mastered in order to 
compensate; in oral reading they may be invoking 
context cues more than the normals do. We do not 
have direct evidence that in silent reading they use 
context less than the normal readers, but this inference 
is suggested by our findings that in narrative speech 
they show significant deficits in coherence and use 
significantly shorter communication units (Davenport 
et al. 1985). 

This formulation would explain why the dyslexics' 
reading speed did not change much from silent to oral. 
It is also congruent with the finding that their theta 
power does not change as much as the normals' from 
silent to oral, and is slightly higher than the normals' 
during RS, and slightly lower during RO. If this inter- 
pretation is correct, then the difference between groups 
in theta may not be a specific index of the underlying 
deficit in the dyslexics. It would be simply a sign that 
they are not using the same strategy as the normal 
readers, but not a sign of what keeps them from using 
it. 

The difference between groups in the low beta band 
appeared to be related to some aspect of overt speech. 
In a previous paper (Davenport et al. 1985), we re- 
ported two distinct deficits in these childrens' narrative 
speech performance. They used shorter communica- 
tion units (independent clauses with all their modifiers), 
and a higher percentage of their words were non-com- 
munications (words which are extraneous to the 
speaker's intended meaning). The two measures were 
uncorrelated; they relate to different aspects of effec- 
tiveness in expression. Rate of speech was the same for 
both groups. It was not possible to distinguish whether 
the dyslexics' difficulty in expressing themselves was 

due to problems in word-finding, or in converting ideas 
into sentences, or due to confusion in the ideas them- 
selves. However, in oral reading the organization of 
ideas and the arrangement of the ideas in sentences is 
already handled. Therefore, if the dyslexics' smaller 
increase in low beta in the "talking" tasks is related in 
some way to their performance deficits in narrative 
speech, the low beta is more likely to be related to 
word-finding. 

It is unlikely that the theta and low beta effects are 
due to muscle activity and tongue movement accompa- 
nying speaking aloud. EMG would be greatest in the 
higher frequency bins, and our low beta effect was 
greatest at the low end of the band. It seems even 
more implausible that EMG "contamination" could 
have produced a group difference in the theta band 
and not in the alpha band. 

Important negatit, e results 

(1) No group differences in alpha 
Because of our work with alpha asymmetry in cogni- 

tive tasks we were particularly interested in alpha 
during the dyslexics' reading. In a previous study (Galin 
et al. 1988), we had not found any support for the 
"abnormal lateralization" theories of dyslexia (for re- 
views, see Kinsbourne and Hiscock 1981; Hiscock and 
Kinsbourne 1982). We had used the change in alpha 
asymmetry from speaking to block design construction 
as a measure of lateral specialization, and found that 
our severely dyslexic children showed the same task- 
dependent  asymmetry of EEG alpha as the normal 
readers. Nevertheless, it was possible that the pur- 
ported differences in lateralization relevant to dyslexia 
might only show up during reading. However, the re- 
sults of the present analysis are clear: the dyslexics did 
not significantly differ from the normal readers in 
alpha power or in the direction or degree of asymme- 
try, at any lead, in either cohort, regardless of type of 
reading or level of difficulty. While there were many 
differences between the tasks in alpha power and al- 
pha asymmetry, consistent with our previous findings 
(Galin et al. 1982), there were no effects in the alpha 
band related to group. 

(2) No group differences in asymmetry 
The group effects in theta and beta showed no 

interaction with SIDE. It is possible that use of the 
linked-ears reference may have prevented seeing an 
asymmetry in the group differences. This hypothesis 
could be tested by repeating the tasks with references 
to the ispilateral ear, or to a midline non-cephalic 
reference. However that may be, in the data at hand 
we find no support for theories of dyslexia based on 
abnormalities of lateral specialization, in theta and 
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beta as well as alpha, even when recordings are made 
during reading. 

(3) No difficulty effects 
The absence of consistent effects related to the 

difficulty of the reading materials is puzzling. However, 
difficulty is a complex construct, and it may be affected 
by many different dimensions of task demand: the 
types of processes, how many are called for, and the 
rate of processing required (Galin et al. 1978). Thus, 
oral and silent texts judged to be 2 grades above a 
child's reading level may be "difficult" in different 
ways. Also, the particular task demand which is limit- 
ing may differ among different children. The individ- 
ual's response to difficulty may also vary, e.g., a child 
may choose to slow down to preserve comprehension, 
or sacrifice comprehension to preserve speed. These 
variables should be controlled in future research. 

The UCSF dyslexia project: screening, replication, task 
selection 

Three features distinguish this project from many 
previous dyslexia studies. The first is that we placed 
great emphasis on recruiting relatively "pure"  dyslex- 
ics. We selected children with severely impaired read- 
ing who were free from other conditions which a priori 
could lead to reading failure as a secondary symptom, 
or which could produce EEG abnormalities by them- 
sclves and thus confound the interpretation of any 
positive findings. Only a small fraction of potential 
subjects initially contacted was accepted. It is impor- 
tant to stress that the rejection rate was as frustratingly 
high for control candidates as for dyslexic candidates. 
In many studies the controls have not been given the 
same full screening as the index cases. The stringency 
of our selection procedure allows us to infer with some 
confidence that our findings are correlates of dyslexia 
per se and not due to unrelated disabilities also pre- 
sent by chance. On the other hand, our sample is not 
at all representative of the spectrum of children with 
learning disabilities encountered in the typical class- 
room or remedial clinic, and generalization of our 
findings to other more heterogeneous populations must 
be cross-validated. 

The second distinguishing feature of our project is 
the 2-cohort design which permits cross-validation of 
any first cohort findings on the independently gathered 
second cohort. This proved to be quite important, 
because we encountered many instances where group 
differences with significance values of P < 0.01 and 
even P < (J.001 were found in one cohort which did not 
replicate, in spite of the great care which we took to 
insure the equivalence of the two samples. 

The third feature of our study is that we recorded 
while the children were reading, both silently and 

orally, at two levels of difficulty, including a condition 
which was relatively easy for the dyslexics and one 
which was relatively hard for the normal readers. Natu- 
ral reading (extracting meaning from connected prose) 
is a complex of many subprocesses. In addition to the 
decoding of individual words or syllables, it requires 
targeted eye movements, the integration of serial fixa- 
tions, making use of transition probabilities between 
words, and the understanding of syntax. Because "nat- 
ural" behaviors are so complex, they are more difficult 
to control than the fragments of behavior usually used 
in the laboratory (e.g., reading single words, or non- 
sense syllables). Nevertheless, because of the wide 
range of cognitive demands presented by our reading 
conditions, plus the listening and narrative speech tasks, 
we were able to isolate certain gross dimensions of the 
tasks, e.g., by comparing those with talking vs. those 
with no talking, reading vs. no reading. We do not 
know of any other EEG studies of talking other than 
our own. These results have provided clues as to which 
specific subprocesses should be isolated and studied in 
more detail in future research. 

Other studies of dyslexics' EEGs during reading 

There have been remarkably few studies of dyslexia 
which employed spectral analysis of EEG recorded 
during reading (Sklar et al. 1973; Rebert et al. 1978; 
Duffy et al. 1980, 1988; Leisman and Ashkenazi 1980; 
Lubar and Deering 1981; Duffy and McAnulty 1985). 
All of these studies examined silent but not oral read- 
ing and did not control or manipulate difficulty for the 
individual subject. Sklar et al. (1973) reported that 
dyslexics (n = 12) had lower relative alpha power at 
rest, and greater relatit,e theta power than the controls 
(n = 13) at rest and during reading. In their data, the 
rest condition difference discriminated the groups bet- 
ter than the reading condition difference. We have 
discussed some problems associated with the use of 
relative power measures in a previous paper (Fein et 
al. 1986). Leisman and Ashkenazi (1980) report no 
difference between groups during reading, but lower 
relative alpha power in dyslexics during rest. Duffy et 
al. (1980) reported higher absolute alpha and theta 
power in dyslexics, with greater group differences dur- 
ing reading and memorizing nonsense forms than dur- 
ing rest. However, this study included only 8 dyslexics, 
only 4 right handed. A subsequent study with 30 dyslex- 
ics divided into 3 subtypes found differences only in 
delta and low beta (Duffy et al. 1988). Rebert et al. 
(1978) studied children characterized as "general 
learning disability with reading difficulty," with and 
without severe oral language problems, which he 
termed "dyslexic" and "dysphasic." There was no nor- 
mal control group. He found decreases in temporal 
and parietal theta power during listening, reading, and 
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drawing compared to resting (linked ears). Lubar and 
Deering (1981) studied a mixed group of 34 learning 
disabled children at rest and during reading and other 
tasks with bipolar leads F7-T5 and F8-T6. No statistical 
evaluation of group or task differences is reported, but 
it appears that in general the LD children showed less 
alpha and more delta and theta than the normals. For 
the normals theta and low beta increased in reading. 

A recent very sophisticated series of studies by 
Pfurtscheller and colleagues have examined the time- 
course of changes in alpha power and distribution (125 
msec intervals) during silent reading of single words 
(Pfurtscheller and Klimesch 1989). Unfortunately this 
work so far has been limited to adults, normal readers, 
single concrete nouns, and the alpha band, but their 
approach could be extended to address the findings we 
have reported here. 

In summary, we have studied a very pure sample of 
dyslexic and normal readers, under passive conditions 
and in a wide range of active cognitive tasks. It was not 
until we examined the LEG while the children were 
actually reading that we found large, replicable differ- 
ences between the dyslexics and normal readers. In 
spite of the task specificity of these findings, we cannot 
yet say that these effects are related to the neurological 
deficits underlying the dyslexia; it is possible that they 
represent only compensatory or secondary cognitive 
consequences of the underlying deficit. In addition to 
the group differences, we found unexpected task dif- 
ferences in spectral power between oral and silent 
reading, speaking and listening, which were unrelated 
to group. These results suggest that theta and low beta 
activities in the temporal lobe are related to high level 
language processes. Further studies are needed to clar- 
ify the functional significance of this activity and the 
physiological mechanisms generating it. 
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