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Are Smarter Brains Running Faster? Heritability of Alpha
Peak Frequency, 1Q, and Their Interrelation

D. Posthumal® M. C. Neale? D. |. Boomsmal and E. J. C. de Geus

It has often been proposed that faster central nervous system (CNS) processing amounts to a
smarter brain. One way to index speed of CNS processing is through the assessment of brain
oscillations via electroencephalogram (EEG) recordings. The dominant frequency (peak fre-
quency) with which neuronal feedback loops in an adult human brain oscillate in a relaxed state
is around 10 cycles/sec, but large individual differences exist in peak frequencies. Earlier stud-
ies have found high peak frequencies to be associated with higher intelligence. In the present
study, data from 271 extended twin families (688 participants) were collected as part of a large,
ongoing project on the genetics of adult brain function and cognition. 1Q was assessed with the
Dutch version of the Wechsler Adult Intelligence Scale (WAIS-1IIR), from which four dimen-
sions were calculated (verbal comprehension, working memory, perceptual organization, and
processing speed). Individual peak frequencies were picked according to the method described
by Klimesch (1999) and averaged 9.9 I%D(1.01). Structural equation modeling indicated that

both peak frequency and the dimensions of IQ were highly heritable (range, 66% to 83%). A
large part of the genetic variance in alpha peak frequency as well as in working memory and
processing speed was due to nonadditive factors. There was no evidence of a genetic correla-
tion between alpha peak frequency and any of the four WAIS dimensions: Smarter brains do not
seem to run faster.

KEY WORDS: Neural speed; intelligence; twin study; electroencephalogram (EEG).

INTRODUCTION chronized synaptic activity of large populations of

The idea that faster central nervous system (CNS) pro-N€urons (Steriadet al.,1990). The dominant frequency
cessing may amount to a smarter brain has been prO(peak frequency) of this rhythmic activity in a relaxed
state in adults is around 10 Hz, but large differences exist

posed in earlier studies (e.g., Vernon, 1987) and has>™“ "~ ! _
recently been supported by studies reporting positive " Individual peak frequencies (Lykken al., 1974; van
Beijsterveldt and Boomsma, 1994; Klimesch, 1999;

relations between inspection time and IQ (Lucianhal., i :
Osakaet al.,1999). Previous studies have attempted to

2001; Posthumat al., 2001). An alternative way to . ; :
index speed of CNS processing is through the assessielate peak frequency to intelligence, arguing that a faster

ment of brain oscillations via electroencephalogram oscillating brain reflects rapid information processing,

(EEG) recordings. Rhythmic activity measured with which in turn is associated with highgrintelligence (e.qg.,
EEG scalp recordings derives from the summed syn- Y°9€l and Broverman, 1964; Anokhin and Vogel, 1996;

Osakaet al., 1999), but this theory has long been de-
- bated (e.g., Ellingson, 1966; Ellingson and Lathrop,
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havioral Genetics, Richmond, VA, USA. increased our understanding of the underlying physio-
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567

0001-8244/01/1100-0567$19.50/0 © 2001 Plenum Publishing Corporation


https://core.ac.uk/display/15457624?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

568 Posthuma, Neale, Boomsma, and de Geus

rhythm, as measured from the scalp, is defined to rangequency then is expected to be associated with high 1Q.
between 8 to 13 Hz, occurs during wakefulness, andOnly very few studies, however, have related alpha peak
can be measured particularly over the occipital cortex. frequency successfully to measures of 1Q. Anokhin and
It appears when the eyes are closed and disappear¥ogel (1996) reported a correlation of 0.35 between
when the eyes are opened (Berger, 1929). Alpha waveslpha peak frequency and verbal abilities, but thus far
have been shown to be generated in thalamocorticalthis result has not been replicated (e.g., Jausovec and
feedback loops of excitatory and inhibitory nerve cells Jausovec, 2000). Also, no large study has provided a her-
(Steriadeet al.,1990; Lopes da Silva, 1991). In the vi- itability estimate for alpha peak frequency (only a few
sual cortex, the alpha rhythm can also be generated bysmall studies have appeared that reported twin correla-
cortico-cortical networks involving layer V pyramidal tions, e.g., Christiaet al., 1996). Although it has been
neurons (Lopes da Silva and Storm van Leeuwen 1977;speculated that the relation between alpha peak fre-
Steriadeet al., 1990). The specific alpha peak fre- quency and IQ is due to a genetic basis (e.g., Vogel,
guency of an individual is determined by the intrinsic 2000), to our knowledge there have been no multivari-
membrane properties of the thalamic neurons project-ate genetic studies reporting on the genetic correlation
ing to the cortex (Steriadet al., 1990). of alpha peak frequency with measures of Q.

Lebedev (1990, 1994) has proposed a functional In the present study, we investigated whether and
role for the human alpha rhythm in stating that “cycli- to what extent individual differences in alpha peak fre-
cal oscillations in an alpha rhythm determine the capac-quency can be attributed to genetic or environmental
ity and speed of working memory. The higher the fre- factors. In addition, the possible association between
guency the greater the capacity and the speed ofalpha peak frequency and each of the four dimensions
memory” (Lebedev, 1994). In addition, Klimesch (1997) of the WAIS-IIIR is decomposed into genetic and en-
has argued that thalamo-cortical feedback loops oscil-vironmental components. An extended twin design (i.e.,
lating within the alpha frequency range allow searching including families consisting of twins and additional
and identification of encoded information. He specu- siblings) is used to maximize statistical power to de-
lated that faster oscillating feedback loops would cor- tect genetic and environmental influences (Posthuma
respond to faster access to encoded information. Theseand Boomsma, 2000).
theories are supported by the results of some recent stud-
ies; Klimesch (1997) found that the alpha peak fre-
guency of good working memory performers lies about METHODS
1 Hz higher than that of poor working memory per-
formers. A study by Lehtovirtat al. (1996), compar-
ing Alzheimer’s patients with controls, found that alpha Subjects were recruited from the Netherlands Twin
peak frequency of Alzheimer’s patients was significantly Registry (Boomsma, 1998) as part of a large ongoing
lower than that of controls. This was explained in terms project on the genetics of cognition and adult brain
of cognitive slowing due to cholinergic deficits charac- function (Posthumat al., 2001; Wrightet al., 2001).
teristic of Alzheimer’s disease. It is also known that Adult twins and their non-twin siblings were asked to
peak frequency tends to decrease with normal agingparticipate in a 4.5-hour testing protocol. In one-half
(Kopruneret al.,1984). In summary, a theoretical neuro- of the protocol, psychometric intelligence, inspection
physiological framework as well as empirical evidence time, and reaction times were assessed; in the other half
support the existence of a link between peak alpha fre-EEG activity was measured. The EEG registration in-
guency and (working) memory processes. Because work-cluded two noncognitive tasks that were analyzed for
ing memory is a central component of intelligence the present paper: 3 min resting EEG with eyes closed
(Daneman and Merikle, 1996; Engi¢ al., 1999; Kyl- (EC) and 3 min resting EEG with eyes open (EO). The
lonen and Christal, 1990; Necka, 1992), it seems rea-order of the two halves of the protocol was randomized
sonable to expect that alpha peak frequency is importantacross family members.
to intelligence. A total of 688 family members from 271 extended

Metaphorically, the peak frequency of thalamo- twin families participated in the study until December
cortical alpha activity can be hypothesized to determine 2000. The complete sample consists of two age cohorts:
the speed of encoding (and accessing) of information justa young adult cohort with a mean age of 26.2 yeas (
like the processor speed of a microprocessor is deter<4.19) and an older adult cohort with a mean age of 50.4
mined by its basic clock cycle. High alpha peak fre- years 8D 7.51). Participating families consisted of one
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to eight siblings (including twins). On average, 2.5 sub- picture completiojy and Processing Speed (PSPD; the
jects per family participated. In the young cohort, 171 number of correct items per 60 seconds of sullig#t
males and 210 females participated, in the older cohortsymbol substitution The validity of these four dimen-
135 and 172, respectively. The young cohort included sions was recently confirmed by a re-analysis of the
54 MZ pairs, 73 DZ pairs, 18 single twins, and 109 ad- WAIS manual data by Deary (2001).
ditional siblings. The older cohort included 48 MZ pairs,
58 DZ pairs, 15 single twins, and 80 additional siblings
(for a detailed description of the sample characteristics
see Posthumat al.,2001). The EEG was recorded with 19 Ag/AgCl electrodes
mounted in an electrocap. Signal registration was con-
ducted using an AD amplifier developed by Twente
Medical Systems (Enschede, The Netherlands). Signals
IQ was measured with the Dutch adaptation of the were continuously represented online on a Nec multi-
WAISII-R (WAIS-III, 1997). Dutch standardization sync 17-in. computer screen using POLY 5.0 software
norms for this version are currently being finalized, so (POLY, 1999) and stored for offline processing. Stan-
it is not yet possible to report standard IQ scores. In-dard 10-20 positions were F7, F3, F1, Fz, F2, F4, F8,
dividual scores for each subtest, except digit-symbol T7, C3, Cz, C4, T8, T7, P3, Pz, P4, T8, O1, and O2
substitution, were calculated by weighting the observed (Jasper, 1958). Software-linked earlobes (Al and A2)
score by the maximum possible score on that subtestserved as a reference. The vertical electrooculogram
times 100 (i.e., percentage correct on each subtest). FO(EOG) was recorded bipolarly between two Ag/AgCl
digit-symbol substitution the number of correct items electrodes placed on the outer right canthus and 1 cm
per 60 sec was calculated. Nine subtests were adminabove the eyebrow of the right eye. The horizontal EOG
istered. Subtesnformation measures general knowl- was recorded bipolarly between two Ag/AgCl electrodes
edge and information gathered from daily life. In sub- affixed 1 cm left from the left eye and 1 cm right from
testsimilarities, the subject is asked to describe in the right eye. An Ag/AgCl electrode placed on the fore-
which aspect two verbally presented concepts are sim-head was used as a ground electrode. Impedances of all
ilar. In subtesvocabulary,the subject is asked to ver- EEG electrodes were kept below 8)Kimpedances of
bally describe the meaning of a specified term. Subtestthe EOG electrodes below 10k The EEG was am-
arithmeticrequires the subject to solve arithmetic ques- plified (0.05-30 Hz), digitized at 250 Hz and stored for
tions within a certain time limit without paper and pen- offline processing. Dynamic regression analysis in the
cil. In subtestetter-number sequencinthe subjectis  frequency domain (Brillinger, 1975) was used to mini-
asked to repeat a random sequence of up to eight nummize eye artifacts, especially rolling of the eyes in the
bers and letters and to put them in numerical andeyes closed (EC) condition. During the EEG measure-
alphabetical order. In subtdsiiock designthe subject ments, the subjects were seated in a comfortable re-
needs to copy within a certain time limit a red and white clining chair in a dimly-lit, sound-attenuated, electri-
pattern using red and white blocks. Subteatrix rea- cally shielded room. A computer screen was placed
soningrequires the subject to decide which of five al- 80 cm in front of them. Subjects were instructed to close
ternatives is most reasonably the missing part from atheir eyes, relax, and minimize movement during the
logical sequence. In subtgstture completionthe sub- 3-min EEG recording of the EC task. During the 3-min
ject needs to state which essential part has been omitrecording of the eyes open (EO) task subjects were
ted from a given picture. Idigit-symbol substitution, instructed to fixate on the dot presented at the center of
the subject needs to replace numbers with specifiedthe computer screen and to avoid blinking.
symbols as quickly and accurately as possible.
According to the WAIS guidelines (1997), the
following four dimensions were calculated: Verbal
Comprehension (VC; the mean percentage correct of
subtestsanformation, similarities,and vocabulary, Alpha peak picking is usually conducted on EEG
Working Memory (WM; the mean percentage correct recording of an EC condition by finding the maximum
of subtestsarithmeticand letter-number sequencihg power within a certain frequency range. It is sometimes
Perceptual Organization (PORG; the mean percentageargued, however, that the “real” alpha peak occurs at
correct of subtestslock design, matrix reasoningnd that frequency which is most depressed by opening of

EEG Administration

Intelligence Testing

Determination of Individual Alpha Peak
Frequency (IAF)
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the eyes (e.g., Klimesch, 1999). In the present paper,The saturated models included a linear regression effect
the latter criterium was used to obtain accurate local- of age within each cohort and a deviation for males
ization of the individual alpha peak frequency. from the females within each cohort. The significance
A power density spectrum was calculated by using of these effects on the means were estimated in the satu-
a Fast Fourier Transform applied to 4-sec epochs ofrated models. In addition, it was tested whether there
the 3-min recordings of each condition. This yielded was evidence for: (1) heterogeneity of variances across
44 epochs (epoch 45 was not used for computationalMZ twin pairs, DZ twin pairs, and siblings, across
reasons) and a 0.25 Hz resolution in the power spectramales and females, and across cohorts; (2) hetero-
Because the occipital-parietal alpha rhythm can best begeneity of correlations across MZM pairs and MZF
detected at occipital leads (depressed by opening of thepairs, and across DZM pairs, DZF pairs, DOS pairs,
eyes; Berger, 1929), O1 and O2 were chosen to calcu-and sib-sib male/female pairings; (3) heterogeneity of
late the power density spectra and the individual alphaDZ correlations and sib-sib correlations; (4) differences
peak frequencies (IAF). In the first 100 subjects, cor- in means between MZ twin pairs, DZ twin pairs, and
relation of alpha peak frequency between O1 and O2siblings; and (5) differences in means between age
was found to be very near to 1, so one of the two cohorts. The resulting most parsimonious saturated
occipital leads (0O2) will be reported on only. model is the model against which the bivariate vari-
The peak frequency in the EC condition was ance decomposition models are tested.
determined as the highest peak in a window of 7 to In the bivariate variance decomposition models, the
14 Hz in the EC power spectrum, irrespective of the observed variance was decomposed in three of four pos-
shape of the spectrum. Visual inspection was conductedsible latent sources of variance: additive genetic (A),
for peak frequencies occurring at the boundaries of theshared environment (C) or non-additive (D), and non-
search window. Final localization of the correct IAF shared environment (E) following Neale and Cardon
was based on an automated comparison between th¢1992). For DZ twin pairs (and sib pairs if the saturated
peak frequency, as determined in the EC condition andmodels indicated no difference in correlation between
the frequency at which alpha power was most depressedZ twin pairs and sib pairs), similarity in shared envi-
by opening of the eyes (i.e., finding the peak frequency ronmental influences was fixed at 100%, similarity of
in the spectrum obtained by subtracting the EO spec-additive genetic influences at 50%, similarity of non-
trum from the EC spectrum). If these two methods of additive genetic influences at 25%, and no similarity in
peak detection yielded an identical peak frequency, thisnonshared environmental influences. For MZ twin pairs,
was taken as the IAF. similarities of additive genetic, nonadditive genetic, and
If the two methods yielded different peak fre- shared environmental influences were fixed at 100% and
guencies (which occurred in 21% of the sample), the no similarity in nonshared environmental influences.
spectra were visually inspected in order to determine
the real alpha peak frequency. For example, in CaSeSZES LTS
where the EC spectra showed two peaks of approxi-
mately the same magnitude, that peak was taken at Of the complete sample of 688 subjects, 27 took the
which alpha depression was highest. IQ test at home and did not participate in the EEG mea-
Spectra with very low power (i.e., below 1.5 surement session. Data from 12 subjects contained too
wV/Hz) and spectra with less than 44 epochs were re-many recording errors to be included in the peak pick-
moved from further analysis. ing procedure. In 18 cases, the IAF could not be picked
due to very low-voltage power spectra. This left 631 sub-
jects with an IAF. The mean IAF of the complete sam-
ple was 9.9 HzD1.01). Subjects with 1Q test data, but
Because the sample consisted of unbalanced pediwithout an IAF, were still included in the analyses.
grees and had some missing data, models were fitted
to the raw data '”Ste?"d of covariance matrlces_. This WaSsaturated Model Fitting Results and Descriptives
accomplished by using the rectangular data file option
in Mx (Neale, 1997). Four bivariate saturated models The saturated model fitting procedures indicated
of IAF with each of the four WAIS dimensions were that for the individual alpha peak frequency and the four
fitted in order to determine the fit of the four more WAIS dimensions: (1) the variances were homogenous
restrictive bivariate variance decomposition models. across sexes and across zygosities; (2) the MZF and

Statistical Analysis
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MZM correlations were homogenous; (3) the DZM, whereas for a male of average age (50.39 years) in the
DZF, and DOS correlations were homogenous; andolder cohort the expected score is 51:8%22.50 —
(4) the DZ correlations and sib pair correlations were 0.28 * 50.39+ 5.92 = 65.70.
homogenous. In addition, no differences in means were The phenotypic correlation between IAF and each
found between MZ twins, DZ twins, and sibs. However, of the four WAIS dimensions is calculated simultane-
the total variances and twin correlations across age co-ously with modeling the effects of age and sex on the
horts were found to be statistically significant. observed scores. The correlations between IAF and
Table | shows the estimates of descriptive statis- each of the four WAIS dimensions were homogeneous
tics in the most parsimonious saturated model, includ- over sex and ranged from0.04 to 0.15. With one ex-
ing significant effects on the means. ception, none of the phenotypic correlations was sta-
Males score higher than females in both age cohortstistically significant. The correlation of 0.15 between
on all four WAIS dimensions except for Processing IAF and Working Memory in the older cohort was sig-
Speed. In contrast, males have a slower IAF, comparedificant at anx of .05 (Ax? = 4.96,Adf = 1,p = .026),
with females, in both the young and the older cohort. but was not significant at the Bonferroni corrected
Please note that for IAF, the grand mean (10.03) repre-of .006, correcting for multiple testing. The correla-
sents the female mean (because no significant effects ofions were not dropped from the variance decomposi-
age cohort and age within cohorts were found); the gen-tion models, however, because a significant genetic cor-
eral mean, including females and males, was 9.9 Hz agelation and a significant environmental correlation
previously stated. acting in opposing ways may result in a phenotypic cor-
All significant regression effects of age within the relation that is not different from zero.
older cohort are negative, indicating that IAF and 1Q The pattern of MZ and DZ correlations as esti-
scores decrease with age. In the young cohort, only themated by maximum likelihood (ML) from the most par-
effect of age on Verbal Comprehension was statisti- simonious saturated model (Table II) suggests mainly
cally significant. The positive sign indicated an in- genetic influences on IAF and the four WAIS dimen-
creasing score with age within the younger cohort. sions. For IAF and Processing Speed in both cohorts,
The scores on the four WAIS dimensions in the Working Memory in the young cohort, and Perceptual
older cohort are lower than the scores in the young co-Organization in the older cohort, the MZ correlation is
hort. From Table | it can be computed, for example, more than twice as high as the DZ correlation, sug-
that for a male of average age (i.e., 26.18 years) in thegesting nonadditive genetic influences. ADE models
young cohort the expected score for Verbal Compre- were fitted for these variables. For all other variables,
hension is 51.39% 0.47 * 26.18+ 3.86 = 67.55, ACE models were fitted.

Table I. Estimates of Descriptive Statistics of Individual Alpha Peak Frequency (IAF) and the Four WAIS Dimensions From the Final
Saturated Model

Effects on the mean

Correlation (IAF-1Q)

Deviation Regression Regression Deviation Deviation of
Young Older Grand of older weight of age weight of age of males in males in
cohort cohort mean cohort in young cohort in older cohort young cohort older cohort
IAF — — 10.03 0 0 0 -0.18 —0.03
VC 0.06 -0.04 51.39 +22.5 +0.47 -0.28 +3.86 +5.92
WM —0.04 0.15* 62.71 0 0 —-0.15 +3.21 +8.56
PSPD 0.02 0.04 44.17 +10.26 0 —0.38 —4.69 0
PORG —0.03 0.08 79.74 +12.07 0 —0.50 +4.03 +3.63

IAF = Individual alpha peak frequency.
VC = Verbal comprehension.

WM = Working memory.

PSPD= Processing speed.

PORG = Perceptual organization.
*Statistically significant at the 0.05 level.
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Table Il. MZ and DZ Correlations as Estimated by Maximum Likelihood From the Saturated Model
in Two Different Age Cohort (see Table | for abbreviations)

N pairs* IAF vC WM PSPD PORG
Young MZ 54 (47) 0.73 0.84 0.70 0.62 0.69
Cohort DZ/sib pairs 283 (253)  0.26 0.46 0.16 0.24 0.34
Older MZ 48 (44) 0.83 0.82 0.67 0.70 0.69
Cohort DZ/sib pairs 242 (192)  0.17 0.45 0.34 0.23 0.25

*Number of pairs for IAF in brackets; sibpairs included all possible sib pairings within a family.
Italic: Variables for which an ADE model instead of an ACE model is fitted.

Variance Decomposition Model Fitting Results could not be dropped from the model without signifi-
and Descriptives cantly worsening the fit. The variance due to nonaddi-
tive genetic influences in Working Memory in the
young cohort was large (71%). Estimates of the genetic
and nonshared environmental variance components of
Processing Speed were homogeneous across cohorts.
Thirty-two percent of the total variance was due to ad-
ditive genetic influences, 34% to nonadditive genetic
influences, and 34% to nonshared environmental in-
model using the likelihood ratig’ test. Results are pre- fluences. Alsp, for Perpeptual Qrgani-zation and Verbal
Comprehension, no difference in variance components

sented in Table Ill. Equality of variances due to A, D, estimates was found between cohorts: 68% and 83%,
C, or E across cohorts was also tested and showed ng

differences in A, D or C, and E estimates for Verbal respectively, was due to additive genetic influences,

0, 0, H i
Comprehension, Processing Speed, and Perceptual Or"Emd 32% and 17%, respectively, to nonshared envi

L ronmental influences.
ganization across cohorts. . .
. L . All common pathways from the bivariate variance
Estimates from the full bivariate variance decom-

- . . . . decomposition models could be dropped, except the
position models are given in Table IV. Estimates in the )
. ) . - common nonshared environmental factor between IAF
most parsimonious variance decomposition models are

. . and Verbal Comprehension in the young cohort and the
given in Table V. .
. . . . . common nonshared environmental factor between IAF
The observed phenotypic variance in IAF is mainly

: . . . : and Working Memory in both cohorts. The corre-
due to genetic variance. The genetic variance is de-

) " . : . sponding nonshared environmental correlation was 0.31
composed into additive genetic variance (39%) and vari- and the correspondina phenotvpic correlation 0.07 for
ance due to nonadditive generic influences (32%) in the P gp yp X

IAF and Verbal Comprehension. For IAF and Working
young cohort. In the older cohort, only a very small part . .
. . X " . . Memory, the nonshared environmental correlation was
of the variance is ascribed to additive genetic variance o ;5 ihe corresponding bhenotvoic correlation was
(<1%) and the main genetic variance is due to nonad- ;' P gp yp

ditive genetic variance (83%). Because models includ- 0.05 in the young cohort and 0.04 in the older cohort.

. - C N : . In conclusion, although a high heritability for IAF
ing nonadditive generic influences but excluding addi- . . .
. . . . . . and all four WAIS dimensions was found, no genetic
tive genetic influences are biologically implausible

(Falconer and Mackay, 1996), the additive variance correlation between IAF and any of the four measures

component is always retained in the model. emerged.
For the WAIS dimensions, except for Working

Memory in the young cohort and Processing Speed in
the both cohorts, a model which included an additive Because it is known that head size and alpha peak
genetic component and a nonshared environmentalfrequency tend to correlate negatively (Nuretzl.,
component best fit the data. For Working Memory in 1978), whereas head size and 1Q correlate positively
the young cohort and Processing Speed in the both co{e.g., Jensen, 1994), we conducielchoctests in SPSS
horts, however, the nonadditive genetic componentto determine whether mediating effects of head size

Bivariate variance decomposition models of IAF
and each of the four WAIS dimensions were fitted in
order to determine the nature of the possible covari-
ance between IAF and 1Q. The statistical significance
of the estimates in the full bivariate variance decom-
position models was established by fitting nested mod-
els and comparing the fit statistic to the preceding

Post-hoc Investigation
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Table IVa. Variance Decomposition Estimates (95% CI) in the Full Bivariate Models

%A %D %C %E

Young IAF 40 (0-74) 31 (1-78) — 28 (18-42)
vC 74 (56-87) — 9 (0-26) 17 (12-23)
WM 11 (0-57) 59 (11-78) — 30 (21-45)
PSPD 33 (2-65) 33 (1-66) — 35 (26-46)
PORG 69 (34-79) — 0 (0-26) 31 (21-46)

Older IAF 1 (0-54) 82 (28-89) — 17 (11-28)
vC 74 (56-87) — 9 (0-26) 17 (12-23)
WM 67 (28-78) — 0 (0-27) 33 (22-51)
PSPD 33 (2-65) 33 (1-66) — 35 (26-46)
PORG 37 (6-76) 32 (0-77) — 31 (20-50)

may have blurred a positive relation between IAF and of the WAIS dimensions was observed after correction
IQ. Head circumference was measured with a measur-for head size, although for the older males the correla-
ing tape. In the complete sample, the correlation be-tions of IAF and verbal comprehension and IAF with
tween IAF and head size wa®.12 = 0.003). This working memory were almost significant (0.17 with
negative correlation was mainly due to a negative cor-p = 0.063 and 0.16 witlp = 0.081, respectively).
relation between IAF and head size in females from the In conclusion, mediating effects of head size did not
young cohort £0.17,p = 0.016). explain the absence of a relation between IAF and 1Q.
The correlations in the complete sample between
head size and each of the four WAIS dimensions were
all significant < 0.001), except for Processing Speed. DISCUSSION
For Perceptual Organization, Verbal Comprehension, The present study, which includes a large repre-
and Working Memory the correlations were 0.15, 0.20, sentative sample of healthy Dutch adults, is the first
and 0.23, respectively. large study to report heritability estimates of alpha peak
When, in the complete sample, the correlation be- frequency. It is also the first study to investigate the
tween IAF and each of the four WAIS dimensions was genetic and/or environmental correlation between alpha
corrected for the effects of head size (in addition for peak frequency and 1Q. No significant correlation be-
correcting for the effects of age), still no correlation tween alpha peak frequency and IQ at either the ge-
between IAF and any of the WAIS-dimensions was netic, environmental, or phenotypic level was found,
found. Also, when the dataset was divided into the four with the exception of a small correlation of peak fre-
groups of young females, young males, older females,quency with Working Memory and Verbal Compre-
and older males, no correlation between IAF and any hension in the older cohort. These correlations were

Table IVb. Estimates (95% CI) of Genetic and Environmental Correlations in the Full Bivariate Models

A correlation with IAF D correlation with 1AF E correlation with 1AF

Young IAF — — —

VC 0.05 (—-1.00-1.00) — 0.30 (0.04-0.51)

WM —1.00 (~1.00-1.00) 0.25{0.95-1.00) 0.18+40.10-0.43)

PSPD —0.98 (~1.00-0.24) 0.8340.28-1.00) 0.0940.16-0.33)

PORG —0.08 (—1.00-1.00) — 0.03€0.21-0.27)
Older IAF — — —

VC 0.05 (~1.00-1.00) — 0.080.20-0.35)

WM 1.00 (0.22-1.00) — 0.12<0.18-0.40)

PSPD 1.00 £0.84-1.00) —0.29 (-1.00-0.61) 0.100.93-0.39)

PORG 1.00 {1.00-1.00) —0.33 (-1.00-1.00) 0.06+0.23-0.35)
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Table V. Estimates (95% CI) in the Most Parsimonious Bivariate Variance Decomposition Models

%A %D %E E correlation with IAF
Young IAF 39 (0-74) 32 (1-80) 29 (18-44) —
VC 83 (78-87) — 17 (12-22) 0.31 (0.04-0.50)
WM 0 (0-53) 71 (16-80) 29 (20-43) 0.17 (0.01-0.33)
PSPD 32 (1-69) 34 (1-72) 34 (26-46) —
PORG 68 (57-76) — 32 (24-43) —
Older IAF 0 (0-62) 83 (28-89) 17 (11-28) —
VC 83 (78-87) — 17 (12-22) —
WM 67 (50-78) — 33 (22-50) 0.17 (0.01-0.33)
PSPD 32 (1-69) 34 (1-72) 34 (26-46) —
PORG 68 (57-76) — 32 (24-43) —

Note: In Tables IVa and IVb, estimates for IAF are taken from the bivariate model IAF with VC, which
was representative of all four bivariate models. This causes slightly different parameter estimates for IAF
in Table IVb compared with Table IVa.

completely mediated by a common nonshared envi- significant correlation of 0.35 between alpha peak and
ronmental factor. Because they did not survive the Bon-verbal abilities, as measured by the Amthauer’s Intel-
ferroni correction for multiple testing, however, these ligence Structure Test and Horn’s Leistungsprifsystem
correlations should be regarded with caution. test, was reported, suggesting that alpha peak frequency
The absence of a genetic correlation between alphamay correlate with very specific mental abilities and
peak frequency and any of the four WAIS dimensions may not be related to general IQ. Klimesch (1997), who
in this study suggests that genetic differences amongrepeatedly linked high alpha peak frequency to good
individuals in the speed with which the thalamo-corti- memory performance, used several tests other than the
cal feedback loops within the brain oscillate do not con- WAIS to tap both working memory and memory: a
tribute to differences among individuals in IQ. This re- Sternberg test, a verbal recognition test, an experi-
sult is at odds with findings in previous studies. Studies mental learning test, and an incidental learning test.
in subjects with mental retardation (see Ellingson, A possible explanation for the absence of a corre-
1966; Vogel and Broverman, 1964 for a review of the lation between alpha peak frequency and scores on the
early studies) or Alzheimer’s disease (Lehtovétal., WAIS-dimensions could be that neural spged se
1996; Klimesch, 1997) most clearly show that when the does not play a prominent role in general 1Q. Rather,
brain is not functioning optimally, both alpha peak and the degree of connectivity between areas or the total
IQ are depressed. In addition, however, a significant gray and white matter (brain volume) may be of greater
link between alpha peak frequency and IQ has beenimportance. In other words, efficient interconnectivity
found in populations with a normal IQ range (e.g., of the brain could result in high processing speed with-
Klimeschet al.,1996; Klimesch, 1999; Koprunet al., out the need of fast oscillating thalamo-cortical feed-
1984; Lebedev, 1994; Osakéaal.,1999; Anokhin and back loops. Studies relating coherence (a measure of
Vogel, 1996). Compared with these previous studies, connectivity of the brain) to IQ have indeed reported a
our study differs mainly in the operationalization of IQ; relation between efficient connectivity and measures of
in the present study, the correlation between alpha peakintelligence (e.g., Jausovec and Jausovec, 2000;
frequency and WAIS dimensions was investigated. Anokhin et al., 1999).

Most previous studies did not use the WAIS to mea- Alpha peak frequency was shown to be highly her-
sure 1Q (e.g., Klimeschkt al., 1996; Klimesch, 1997, itable: In the young adult cohort, 71% of the total vari-
1999; Lehtovirtaet al., 1996; Kdpruneret al., 1984; ance could be ascribed to genetic variance; in the older

Lebedev, 1994; Osalat al.,1999). Anokhin and Vogel  cohort this was 83%. These estimates of heritability are
(1996) did use a measure similar to the WAIS to tap among the largest heritabilities reported for a quantita-
general 1Q, spatial 1Q, and arithmetic abilities and tive trait (Plomin and DeFries, 1990). A large part of the

found no significant correlation with any of these and genetic variance was estimated to be caused by non-
alpha peak frequency. However, in the same study, aadditive genetic variance; 32% in the young cohort and
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83% in the older cohort. Nonadditive genetic variation be obtained by calculating (2 MZ-correlation minus
can be either dominance variation or epistatic variation 4 X DZ-correlation)x 100).
or both. Dominance variation of a trait refers to the vari- Although the magnitude of the nonadditive genetic
ation due to the interaction effect of the two alleles that influences on alpha peak frequency is likely to be over-
define the genotype at a locus. Dominance is distinct estimated, other studies support our results in suggest-
from the interaction that may occur between genotypesing the presence of nonadditive genetic effects in at
at separate loci (i.e., epistasis). However, these sourceteast some loci. Lykkeet al. (1982) reported an MZ
of variance are confounded in the classical twin study correlation of 0.81 and a DZ correlation-60.15. Al-
(i.e., including only MZ twin pairs and DZ twin pairs/sib  though Lykkenet al. (1982) did not test the departure
pairs) as in most non-experimental genetic studies. from the additive model nor estimate the proportion of
A large estimate of nonadditive influences and a nonadditive influences, their results were explained in
near-zero estimate of additive genetic influences wasterms of dominance, epistasis, and gene-environment
found for alpha peak frequency in the older cohort. interactions. Christiart al. (1996) did estimate the in-
However, the confidence intervals around the estimatesfluence of both dominance variance and variance due
of nonadditive genetic variance and additive genetic to epistasis. They found no evidence of additive genetic
variance are very broad and highly overlapping, indi- variance on alpha peak frequency, but the dominance
cating the difficulty in the separate detection of these variance and the epistatic variance were estimated at
two influences. The real additive variation and real 21% and 18%, respectively.
dominance variation could be anywhere between 1% An alternative explanation for MZ correlations to
and 74%, or 1% and 80%, respectively. In the classicbe more than two-fold the DZ correlation is a specific
twin design, estimates of nonadditive genetic influences MZ environment (Wyatt, 1993). Because the twin cor-
and additive genetic influences are highly negatively relations on EEG parameters for MZs reared together
correlated 0.9), resulting in stable broad heritability and MZs reared apart are similar (van Beijsterveldt and
estimates, but large fluctuations in the estimates of Boomsma, 1994), this specific MZ environment can
these two influences (Eaves, 1972). Including subjectsonly reasonably be sought in a more similar prenatal
of many different genetic relationships (e.g., MZ twin environment for MZs compared with DZs. It is known
pairs. DZ twin pairs, half siblings, parent-offspring) that a dysfunctional prenatal environment may result
will increase the reliability to separate additive from in dysfunctional neuropsychological functioning, as
nonadditive genetic influences. measured by EEG (Scher, 1997a, 1997b). When, for
An alternative explanation for the large estimate example, MZs are exposed to a specific prenatal envi-
of nonadditive genetic influences may be that the ob- ronment that causes them to have more similar alpha
served DZ correlation was slightly lower than the true peak frequencies later in life, the MZ correlation will
DZ correlation. This bias may occur when twins are be inflated compared with the DZ correlation and will
sampled from a truncated distribution, which may lead falsely result in an estimation of nonadditive genetic
to a slightly misrepresented sample. Martin and Wil- influences (Christiaret al., 1975). However, such an
son (1982) showed that this selection reduces the cor-effect will also be present in different mean alpha peak
relation between twin pairs and has a proportionally frequencies. In the present study, no mean differences
larger effect on lower correlations as compared to were found between MZs, DZs and sibs. In addition,
higher correlations. This, in turn, may easily result in when MZs are under the influence of an additional
the estimation of huge nonadditive genetic effects andsource of variance (i.e., their specific prenatal envi-
zero additive genetieffects. For example, when the true ronment) the result will be a greater total variance for
MZ correlation is 0.8 and the true DZ correlation is 0.3, MZ twin pairs compared with DZ twin pairs and sibs.
the corresponding true percentages of the total variationAgain, we found no evidence for a difference in vari-
explained by additive and nonadditigenetic inflences ance as a function of zygosity. The nonadditive genetic
are 40% and 40%, respectively. However, if the observedinfluences in alpha peak frequency thus appear to be
correlations are 0.8 for MZs and 0.2 for DZs, the per- genuine nonadditive genetic influences.
centage of observed variation explained by additive ge- While addressing its primary question, this study
neticinfluences is estimated to be zero and the percent-uncovered a number of noteworthy findings on the ge-
age of variation explained by nonadditive influences is netic architecture of the IQ dimensions. As expected,
estimated to be 80% (the percentage of variation ex-differences among individuals in the four WAIS di-
plained by nonadditivgeneticinfluences can quickly  mensions could be attributed to genetic factors and non-
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shared environmental factors, but not to shared envi-offspring show a regression to the population mean; i.e.,
ronmental factors. The absence of shared environmen-the children of parents who are of lower-than-average
tal influences on specific cognitive abilities measures in IQ tend to be of average IQ as well as the children of
adults is consistent with reports from other studies parents of higher-than-average 1Q. If the IQ of children
(Plomin et al., 1994a, 1994b). On average 70% of of blood-related parents tends to be lower than that of
the total interindividual variance was accounted for by children from unrelated parents, then there is evidence
additive genetic factors for Verbal Comprehension in of recessive alleles influencing low 1Q. This is exactly
both cohorts, Perceptual Organization in both cohorts, what was observed in an Israeli study by Bashi (1977);
and Working memory in the older cohort. For Percep- controlling for socioeconomic status, children born to
tual Organization in the older cohort, the full variance biologically related parents were of lower 1Q than chil-
decomposition model estimated a moderate amount ofdren born to unrelated parents. In fact, children born to
nonadditive genetic variance that did not reach signifi- double first cousins showed a larger adverse effect than
cance. However, for Processing Speed in both cohortschildren born to first cousins. Another study by See-
and Working Memory in the young cohort, the non- manova (1971) found that the 1Q of 161 children born
additive genetic variance was significantly different from from incestuous relationships was severely depressed.
zero and explained 34% and 71% of the total variance,In contrast, the 1Q of 95 children born to the same moth-
respectively. ers but from a different relationship was completely nor-

The presence of nonadditive genetic variance in mal. These findings clearly suggest the existence of re-
specific cognitive abilities or IQ in general is not often cessive alleles decreasing 1Q and, more generally, of
explicitly tested for, presumably because only very large nonadditive genetic variation in 1Q.
samples have enough statistical power to detect it (Mar- In conclusion, this study, which included 688
tin et al., 1978). The large amount of variance due to healthy Dutch adult family members, showed that both
nonadditive genetic sources in combination with the use alpha peak frequency and specific cognitive abilities, as
of an extended twin design (Posthuma and Boomsma,measured with the WAIS, were highly heritable. Possi-
2000) gave enough power to detect nonadditive geneticbly as a consequence of the large sample size and the
variance in the present study, although the detection wagpower added by the extended twin design, significant ev-
not very accurate as indexed by the broad confidence inidence was obtained for nonadditive genetic influences
tervals. As discussed earlier, very large sample sizes anan 1Q and on alpha peak frequency. No association be-
information from many different genetic relationships tween alpha peak frequency and WAIS-IQ at either the
between subjects are needed to separate additive genetigenetic, environmental, or phenotypic level was found.
influences from nonadditive genetic influences reliably.
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