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Measures of intelligence were collected in 209 twin pairs at 5, 7, 10, and 12 years of age, as part
of a longitudinal project on intelligence, brain function, and behavioral problems. Intelligence
was measured at 5, 7, and 10 years of age with the RAKIT, a well-known Dutch intelligence test,
consisting of 6 subscales. At 12 years of age, the complete WISC-R was administered (12 sub-
scales). Both intelligence tests resulted in a measure of full-scale 1Q (FSIQ). Participation rate is
around 93% at age 12. Correlation coefficients over time are high: (r{5-69; r(5—-10)= .65;
r(5-12) = .64; r(7-10)= .72; r(7-12)= .69 and r(10-12) .78). Genetic analyses show sig-
nificant heritabilities at all ages, with the expected increase of genetic influences and decrease of
shared environmental influences over the years. Genetic influences seem to be the main driving
force behind continuity in general cognitive ability, represented by a common factor influencing
FSIQ at all ages. Shared environmental influences are responsible for stability as well as change
in the development of cognitive abilities, represented by a common factor influencing FSIQ at
all ages and age-specific influences, respectively.
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only. Change in cognitive development may be due to The CAP is a longitudinal “full” adoption study
these age specific factors. Finally, there can be a sim-of behavioral development. The study started in 1975
plex-like continuity in genetic and environmental effects and included adopted children and their adoptive and
(Eaveset al., 1986; Boomsma and Molenaar, 1987). In biological parents. Children in the sample were tested
this simplex-like continuity, there are effects specific to yearly on age-appropriate cognitive measures. Until
each age and there are “carry-over effects” or transmis-now, longitudinal results from 1 to 16 years of age have
sion effects from one age to the subsequent age (Fig. 1)been published for the CAP. The CAP original sample
In other words, earlier influences may be transmitted consisted of 245 adoptive families and 245 nonadop-
from one occasion to the next and new influences (in- tive control families. In 1999, the CAP sample con-
novations) may come into play at each occasion. Datasisted of 129 adopted individuals tested at 16 years of
that are collected from the same subjects repeatedly inage and their adoptive and biological parents. The non-
time often display this simplex structure for the observed adoptive (control) sample included 125 sets of parents
correlations among the measures at different time points.and nonadoptive children (Alarcdt al., 1999).
Specifically, it is observed that correlations are highest The LTS was initiated in 1957 by Falkner. In the
among adjoining occasions and that they decrease sysLTS, twins were tested every 3 months in the first year
tematically as the distance between time points increase®f life. Testing continued at 6-months intervals during
(Guttman, 1954). second and third year of life, and annually through age
Notable longitudinal studies on cognition are the 9, with follow-up visits at age 15 and adulthood. In
Colorado Adoption Project (CAP) (e.g., Plomin and 1983, the sample of the LTS consisted of 494 pairs of
DeFries, 1985) and the Louisville Twin Study (LTS) twins active in the longitudinal study, ranging in age
(e.g., Wilson, 1983). These studies are more or lessfrom 3 months to 15 years. Recruitment has been an
comparable to the current study, in which intelligence ongoing process, with 25-35 pairs added each year
is assessed longitudinally in twins from age 5 to age since 1963. However, like in every longitudinal design,
12. We will introduce the CAP and LTS and also men- the study suffers from dropouts over the years.
tion other studies, which offer an insight in the genetic Sophistication in developmental behavior genet-
and environmental patterns that account for variance inics involves the formulation of models that attempt to
cognitive development (for reviews, see also Thomp- describe the etiology of genetic and environmental in-
son, 1993; Patrick, 2000). fluences on variation in cognitive development. Phillips
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Fig. 1. Simplex model examining developmental pattern of genetic, shared environmental and unique environmental influenégé)en 1Q.
are the innovation parametef&s(t) are the transmission parameters. U are time-specific influences of unique environment.
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and Fulker (1989) developed a model, based on a quasieffects account both for stability and change in cogni-
simplex model presented earlier by Eageal.(1986), tive performance. This is implied by the simplex-like
in which it was possible to distinguish between the structure with time-specific innovation effects. Shared
three possible longitudinal mechanisms (time-specific, environmental effects appear to account for stability in
common factor, simplex). This model was applied to a intellectual performance, indicated by the single com-
large data set combined from several major projectsmon factor structure, without age-specific effects. Con-
(Cardonet al.,1992). The CAP data at ages 1, 2, 3, 4, sistent across studies, the unique environment is best
and 7 were combined with data from twins at ages 1, modeled as exerting time-specific influences only. This
2, and 3 from the MacArthur Longitudinal Twin Study structure implies that the unique environment is im-
(MLTS) (Plominet al.,1990) and the Twin Infant Pro-  portant in explaining variance in cognitive performance
ject (TIP) (DiLallaet al., 1990; Bensonet al., 1993). at each age, but not in explaining stability of cognitive
The best model for genetic influences on IQ was a sim- performance across ages.
plex model, with time-specific innovations included. In the present longitudinal study, structural mod-
That is, genetic variation initially shown at age 1 is ex- eling techniques were used to examine the influences
pressed through at least age 7 with new genetic varia-of genetic and environmental factors on development of
tion, independent of the initial genetic influence, at ages full-scale I1Q (FSIQ), using data of 209 Dutch twin pairs
2, 3, and 7, but not at age 4. For shared environmenttested at 5, 7, 10, and 12 years of age. In addition to
the best-fitting model showed only a single common estimating the importance of heritability and environ-
factor influence on 1Q, with equal factor loadings at mental influences, the focus was on the developmental
each age. This longitudinal outcome suggests thatpattern of cognition. A genetic simplex model and a
shared environmental effects contribute to continuity common factor model were used to study continuity and
only. In complete contrast is the picture that emerged changes of genetic and environmental influences over
for unique environment. For unique environment, the time. Based on previous results of longitudinal studies
influences were specific to each time-point, which on the development of cognitive functioning, a simplex
implied that change in cognition is, at least partly, ac- structure for genetic influences was expected. Further,
counted for by these influences. it was assumed that shared environmental factors show
In a subsequent publication involving CAP, TIP, continuing effects over the years and unique environ-
and MLTS subjects, including subjects from the CAP mental influences are age specific only.
sample at age 9, very similar results were found (Fulker
et al., 1993a). This time, a Cholesky decomposition
was used. A common genetic factor present at year IMETHODS
continued to account for observed variance in IQ, but
with diminishing impact with increasing age. Evidence
for genetic change at two important developmental This study is part of an ongoing, longitudinal study
transitions was found. The first was transition from in- of the development of intelligence and problem behav-
fancy to early childhood (ages 2 and 3). The secondior. The study started in 1992 with recruitment of 209
was the transition from early to middle childhood (age twin pairs from the Netherlands Twin Register (NTR;
7). Fulkeret al. (1993a) speculated that the new ge- Boomsma, Orlebeke, & Van Baal, 1992). The initial
netic influence at age 7 might be in response to thesample of 209 twin pairs was selected on the basis of
‘novel environmental challenge’ of schooling. No new age and zygosity of the twins, and their city of resi-
genetic effect was apparent at age 9. Further, there waslence. Mean age at the first measurement occasion was
one continuous source of shared environmental influ- 5.3 years (80% ranging from 5 years and 1 month to
ence across all ages. Application of the quasi-simplex5 years and 6 months). At the second measurement oc-
model to the same data yielded identical results (Chernycasion, mean age was 6.8 years (80% ranging from
and Cardon, 1994). Finally, the only longitudinal 6 years and 6 months to 7 years and 1 month). Mean
model-fitting results based on the LTS data showed age at the third measurement occasion was 10 years
that a simplex model gave a better fit compared to a(80% ranging from 9 years and 11 months to 10 years
common factor model for genetic effects from ages 1 and 1 month). Mean age at the fourth measurement oc-
to 9 years (Humpreys and Davey, 1988). casion was 12 years and several days (80% ranging from
To summarize, the general picture that emerges11 years and 11 months to 12 years and 1 month). Zy-
from these studies with young children is that genetic gosity of the same-sex twins was established by either

Participants



240 Bartels, Rietveld, Van Baal, and Boomsma

blood group polymorphisms (137 pairs) or DNA analy- At age 5, 7, and 10, the children were tested with
ses (24 pairs) and, in a few pairs, by physical resem-the Revised Amsterdamse Kinder Intelligentie Test
blance assessed by the test administrator (9 pairs). TheréRAKIT) (Bleichrodt et al., 1984). Six subtests, with
were 47 monozygotic female (MZF), 37 dizygotic fe- age-appropriate items, were employed to assess cogni-
male (DZF), 42 monozygotic male (MZM), 44 dizygotic tive functioning. Raw subtest total scores are corrected
male (DZM), and 39 dizygotic pairs of opposite sex for age and transformed into standardized scores with a
(DOS). The intelligence test was administered to all mean of 15 and a standard deviation of 5. The total 1Q
209 twin pairs at age 5. At the second measurement ocscore is based on the combination of these transformed
casion (age 7), 192 pairs of the original sample providedsubtests with a mean of 100 and standard deviation of
complete data on all subtests. The number of partici- 15. The standardization is based on a population sample
pating twin pairs increased to 197 when the children of Dutch 6- to 11-year-old children. No difference is
were tested around their 10th birthday. At the fourth made for boys and girls. For further details on this well-
measurement occasion (age 12), 192 twin pairs partic-known Dutch intelligence test see Rietvetdl.(2000).
ipated. A small group of four families refused consis- At age 12, the twins conducted the complete version of
tently to participate after the first measurement occa- the WISC-R, Dutch version (Van Haasetnal., 1986).
sion. Five families dropped out at ages 10 and 12. TheThe WISC-R consists of 12 subtests, 6 mainly verbal
remaining nonparticipants refused participation at one and 6 mainly nonverbal. The subtest scores are stan-
measurement occasion. At ages 5 and 12, one incomdardized, based on results of same-aged children in the
plete twin pair can be found in the data because of dif- Netherlands. No differences are made for boys and girls.
ficulties during testing (age 5) and refusal to participate Addition of the twelve standardized subtest scores results
(age 12). Because of serious loss of hearing, one twinin FSIQ. The concurrent validity of the RAKIT and the
pair was assigned missing value at all four ages for WISC-R is .86 (Pijlet al.,1984).

FSIQ. This left a sample of 176 twin pairs with com-

plete data at all four ages. No significant difference in Statistical Analyses

initial FSIQ (at age 5) has been found for twins who
dropped out on one or more of the following occasions
(Fs, 415 = 2.25,P = .082). Details on the demographic
characteristics of the sample and information on parental
occupation can be found in Rietvedtial. (2000).

Descriptive statistics for FSIQ were calculated
using SPSS/windows 10. Twin correlations with their
95% confidence intervals at each age have been calcu-
lated. These correlations are informative on the im-
portance of genes and environment in explaining ob-
served variance at each age. To assess stability of
Procedure and Intelligence Tests intelligence, phenotypic cross correlations over time
were calculated. MZ and DZ cross correlations over
time have been calculated to get a first impression of
the genetic and environmental contributions to the
covariance over time.

At ages 5 and 7 years, the twins participated in a
study on the development of cognitive abilities and
brain activity (Boomsma and Van Baal, 1998). At both
measurement occasions, the twin and their family vis-
ited the laboratory at the university. While one of the
twins participated in the electrophysiological experi-
ment, the co-twin participated in an intelligence test. Univariate model fitting procedures were used to
At ages 10 and 12 years, a different procedure was fol-estimate genetic and environmental influences at each
lowed. The twins and their parents could choose age separately and to investigate the presence of sex-
whether they preferred to come to the university or differences and influences of sex-specific genes in these
whether they preferred to be visited at home to partic- data. Genetic model fitting of twin data allows for sep-
ipate in the intelligence test. The majority of the fam- aration of the observed phenotypic variance into its ge-
ilies (around 70% at both ages) preferred testing atnetic and environmental components. Additive genetic
home. No significant difference in FSIQ was observed variance (A), is the variance that results from the ad-
between children tested at home or at the university.ditive effects of alleles at each contributing genetic
The intelligence test was assessed by an experiencetbcus. Shared environmental variance (C) is the vari-
test administrator. At ages 5, 7, and 10, the test tookance that results from environmental events common
approximately 1 hour to complete, and at age 12 theto both members of a twin pair. Unique environmental
test took 1 and/2 hours to complete. All children variance (E) is the variance that results from environ-
received a present afterwards. mental effects that are not shared by members of a twin

Genetic Modeling
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pair. Estimates of the unique environmental effects alsowere decomposed into additive genetic (A), shared en-
include measurement error. To account for this sourcevironmental (C), and unique environmental (E) parts.
of variance, E is always specified in the model. First, to get an initial insight in the variance and covari-
The different degree of genetic relatedness betweenance structure a Cholesky decomposition model was ap-
monozygotic (MZ) and dizygotic (DZ) twin pairs was plied to the data. Next, to investigate the stability and
used to estimate the contribution of these factors to thechange in FSIQ a genetic simplex model was applied to
phenotypic variation in cognitive abilities. Similarities the data. For each source of variance (A, C, and E) a sim-
for MZ twins are assumed to be due to additive genetic plex structure was specified. A simplex model is a first-
influences plus environmental influences that are sharedorder autoregressive process. In the simplex model, co-
by both members of a twin pair. Experiences that makevariances among the four ages of measurement are
MZ twins different from one another are unique envi- specified by genetic and environmental factors specific
ronmental influences. Because DZ twins share 50% ofto each age and by ‘carry-over effects’ or transmission
their genetic material on average, like other siblings, of these factors to subsequent ages. The model specifies
genetic factors contribute only half to their resemblance. the variance unique to each measurement occasion by an
As for MZ twins the shared environment contributes innovation term that comes into play at each time point.
fully. Model fitting to twin data is based on the com- The variance is a product of the age-specific effects and
parison of the variance-covariance matrices in MZ and age-to-age transmission effect (see appendix 1 and
DZ twins. Exploiting the known difference in genetic Fig. 1). Finally, it was investigated whether a common
contribution to intrapair resemblance of MZ and DZ factor, possibly with age-dependent factor loadings and
twin pairs and the influences of additive genetic, shared age-specific influences, could replace the simplex struc-
environmental and unique environmental factors are es-ture for genetic and shared environmental influences.
timated using the computer program Mx. To make optimal use of all available data, analy-
Differences between boys and girls can occur in ses were performed on the raw data. Submodels were
two ways. First, a difference in the magnitude of addi- compared by hierarchig® tests. They? statistic is com-
tive genetic, shared environmental and unique envi- puted by subtracting 2LL for the full model from that
ronmental influences can exist, represented in a distinctfor a reduced modelyf = 2 (LL; — LLo)). A good
pattern of twin correlations for boys and girls. Second, model is indicated by a low nonsignificaxt test sta-
heterogeneity, an expression of different genes in boystistic (P > .05). Apart from thex? test statistic,
and girls, can occur. This heterogeneity would be rep- Akaike’s Information Criterion (AIC= x? — 2 X de-
resented by a lower twin correlation in dizygotic twins grees of freedom) was computed. The lower the AIC,
of opposite sex in comparison to dizygotic same sex the better is the fit of the model to the observed data.
twins. Differences in magnitude of additive genetic, Reductions of the model were based on the ex-
shared environmental and unique environmental influ- pectations raised by previous studies. In detail, a sim-
ences is tested by the change in fit after constrainingplex structure for genetic influences, a common factor
the parameter estimates equal for boys and girls. Testfor shared environmental influences and time-specific
ing for heterogeneity is accomplished by testing the ge-structure for unique environmental influences is ex-
netic correlations between two members of a dizygotic pected. Estimates of genetic, shared environmental, and
twin of opposite sex. Normally the genetic correlation unique environmental influences on the age-specific
of DZ twins is fixed at .5. Heterogeneity would result variance and between age covariance of general cog-
in a genetic correlation of less than .5. nitive abilities are reported based on the Cholesky de-
Multivariate genetic model fitting techniques were composition model, the full simplex model, and the best
used to obtain insight in the developmental pattern of fitting reduced model.
cognitive functioning and to obtain estimates of the ge-
netic and environmental influences on cognitive devel- RESULTS
opment. Parameters were estimated by maximum likeli-
hood, using the computer program Mx (Neateal., Descriptive statistics for FSIQ at 5, 7, 10, and
1999). Rather than decomposing the variance of a mea-12 years of age showed that the variables were approx-
surement into genetic and environmental sources of vari-imately normal distributed (Table I). Table 1l shows the
ance, multivariate genetic analysis decomposes the varitwin correlations for the five zygosity groups calculated
ance of each measurement occasion and the covarianceseparately for each age. MZ correlations are higher than
between the measurement occasions into genetic and erbZ correlations, suggesting genetic influences at each
vironmental sources. The total variances and covariancesage. The low DOS correlation at age 12 suggests sex
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Table I. Descriptive Statistics for Full-Scale IQ at Different Ages

Skewness Kurtosis
N2 Mean age Min Max Mean Std S.E. S.E.
FSIQ5 415 5.3 64 142 102.75 13.18 —.059 .120 .209 .239
FSIQ7 382 6.8 62 145 102.90 14.67 -.127 125 .023 .249
FSIQ10 392 10.0 63 145 106.96 15.54 —.066 123 —.166 .246
FSIQ12 381 12.0 61 138 100.03 13.18 —-.039 125 177 .249

2 Number of children in the study.

differences and univariate model fitting procedures were mainly due to genetic factors. Further, when the corre-
used to explore this possibility. Estimates for genetic lations of the adjoining age-intervals are compared (ages
and shared environmental influences based on the5-7; ages 7-10; ages 10-12), the increased difference
univariate model-fitting procedure are presented in between MZ and DZ correlations suggests an increase in
Table Ill. These results are consistent with previous the genetic contribution to stability with increasing age.
results (Boomsma and Van Baal, 1998; Bouchard and Analyses were continued with the application of
McGue, 1981) showing increase of genetic influences the different models to the longitudinal data. Model-
and diminishing effects of shared environment over the fitting procedures yielded the results presented in
years. Shared environmental influences are insignificant Table V. The genetic simplex model without restrictions
at ages 10 and 12. Univariate model fitting showed no (model 2) was taken as a reference for evaluating
presence of sex differences at the four ages separatelghanges irx? and associated degrees of freedom of more
and no presence of sex-specific genes at age 12. parsimonious models. First, reduction of the model was
To get a first impression of the developmental pat- based on the expectation of age-specific unique envi-
tern of cognitive abilities, phenotypic cross correlations ronmental factors only (model 3). No significant change
over time were calculated (Table 1V). All correlations in x? arose. Second, model reduction was based on the
are rather large, which indicates a strong degree of staexpectation of a common factor for shared environ-
bility of intellectual performance. This structure may best mental influences (model 4). Because the order of model
be described by a common factor mechanism. Cross corteduction may influence the fit of the model, a model
relations over time for monozygotic (MZ) and dizygotic with a common factor for genetic influences and a sim-
(DZ) twins were calculated separately to explore the ge-plex structure for shared environmental influences was
netic and environmental influences on the observed sta-fitted to the data as well (model 5). No clear distinction
bility. As can be seen in Table IV, the MZ cross corre- could be made between models 4 and 5, both being more
lations over time (above the diagonal) are higher than theparsimonious than model 3 but not significantly differ-
DZ cross correlations over time (below the diagonal), ent. A model with a common factor for both genetic and
suggesting that stability in intelligence over time is shared environmental influences, allowing for time-spe-

Table Il. Twin Correlations with 95% Confidence Intervals

Age MZF DZF MZM DZM DOS
5 .78 (.64-.87) .73 (.53-.85) 77 (.62-.87) 53 (.29-.72) 64 (.41-.79)
46° 37 42 43 39
7 77 (.61-.87) 50 (.20-.70) 56 (.29-.74) 41 (.13-.63) 56 (.30-.74)
41 34 37 a1 38
10 .87 (.78-.92) 45 (.16-.67) .73 (.54-.85) 53 (.28-.72) 50 (.21-.70)
43 37 38 a1 37
12 .86 (.76-.92) .67 (.46-.82) .84 (.71-.91) 57 (.32-.75) .35 (.03-.60)
43 37 36 39 35

aMZF = monozygotic female; DZE dizygotic female; MZM= monozygotic male; DZM-= dizyotic males;
DOS = dizygotic opposite sex.
®Number of complete twin pairs.
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Table Ill. Univariate Model-Fitting Results for the Four Ages
Model —2LL df Ax? Adf p A C E
5 ACE + sD? 3178.20 408
ACE 3180.40 411 2.20 3 .53 .26 (.03-.52) .50 (.26-.68) .24 (.18-.33)
AE 3193.71 412 13.31 1 .00
CE 3185.25 412 4.85 1 .03
7 ACE + SD? 3051.33 375
ACE 3054.37 378 3.04 3 .39 .39 (.07-.72) .30 (.00-.55) .31 (.23-.44)
AE 3058.12 379 3.75 1 .05 .70 (.60-.78) — .30 (.22-.40)
CE 3059.83 379 5.46 1 .02
10 ACE + SD? 3135.48 385
ACE 3140.87 388 5.39 3 .15 .54 (.28-.83) .25 (.00-.48) .21 (.15-.29)
AE 3143.62 389 2.75 1 .10 .80 (.72-.85) — .20 (.15-.28)
CE 3156.99 389 16.12 1 .00
12 ACE+ rQpee” +SD? 2903.40 373
ACE+ SD? 2903.71 374 31 1 .58
ACE 2908.72 377 5.01 3 17 .64 (.40-.88) .21 (.00-.43) .15 (.11-22)
AE 2910.81 378 2.09 1 .15 .85 (.79-89) — .15 (.11-.21)
CE 2936.28 378 27.56 1 .00

@Model with sex differences for parameter estimates.
P95% confidence intervals.
¢Model with sex-specific genes.

cific influences as well, did not gave a significant worse Estimates of the path coefficients for the best fit-
fit (model 6). Further, it was tested whether dropping ting model (model 7) are presented in Fig. 2. The per-
the age-specific influences, either genetic or shared en-centage of age-specific variance explained by genetic,
vironmental, altered thg? significantly (model 7 and  shared environmental and unique environmental fac-
model 8). Based on the differenceyfand the lower  tors based on the Cholesky decomposition (model 1),
AIC, model 7 was preferred above model 8. The geneticthe full simplex model (model 2), and the best fitting
(co)variance is modeled as a common factor without model (model 7) are presented in Table VI. Table VII
specifics, whereas the shared environmental (co)vari-contains the percentages of between-age covariances
ance is modeled as a common factor with specifics. explained by genetic, shared environmental, and unique
These results suggest that stability in cognitive perfor- environmental factors based on the Cholesky decom-
mance is mainly due to genetic factors. Finally, a model position, the full simplex model, and the best fitting
with a common factor, without time-specific influences model. Indicated by the observed MZ and DZ cross cor-
for both genetic and shared environmental influencesrelations, genes become more important in explaining
showed a significant increase A (model 9). stability in cognitive performance with increasing age.

Table IV. Phenotypic Cross Correlations for FSIQ, Calculated for the Complete Dataset and
MZ (Above Diagonal) and DZ (Below Diagonal) Cross Correlations over Time for FSIQ

Total sample 5 7 10 12
5 1.00 .65 (.59-.70) .65 (.59-.70) .64 (.57-.69)
7 1.00 72 (.67-.77) .69 (.63—.74)
10 1.00 .78 (.74-.82)
12 1.00
DzZ/MZ 5b 7b 10b 12b
5a — .66 (.54-.75) .67 (.56-.76) .68 (.57-.77)
7a .42 (.30-.54) — .71 (.60-.79) .68 (.57-.77)
10a 42 (.30-.54) .39 (.26-.52) — .79 (.70-.85)

12a 42 (.29-.54) 42 (.29-.54) 45 (.32-.57) —
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Table V. Model Fitting Results for FSIQ
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. Cholesky
: Cholesky
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: Full simplex structure
: Common factor+ specifics
. Time-specific factors onfy

: Common factor+ specifics
. Full simplex structure
. Time-specific factors onfy

Common factor+ specifics

: Common factor+ specifics
. Time-specific factors onty

: Common factor
: Common factort+ specifics
. Time-specific factors onfy

Common factor+ specifics

: Common factor
. Time-specific factors onfy

. Common factor
: Common factor
. Time-specific factors onfy

11527.470

11510.105

11517.278

11513.722

11517.303

11513.743

11513.743

11521.677

11545.797

1520

1508

1512

1511

1511

1510

1514

1514

1518

5.681

3.617

7.198

3.638

7.934

32.05

.22

.31

.07

.16

1.00

.09

.00

—2.319

—2.383

1.198

—.362

—8.000

—.066

16.050

aThese time-specific factors are equal at all ages.

b These time-specific factors are estimated separately at every age.

As opposed to this outcome, the shared environmentting the multivariate models to these data are somewhat
accounts for a decreasing portion of the covariance be-different from what univariate analyses at each age sep-
tween age intervals, whereas the unique environmentarately might yield. These differences arise because the
explains, in general, around one quarter of the total multivariate models take into account the cross-sibling
variance at each age (Table VI). The unique environ- cross-time covariance structure, which can affect the
ment contributes only minimally to the observed co- within-time parameter estimates. In addition, multi-
variance between ages (Table VII). It should be noted variate model-fitting increases the power to detect
that the genetic, shared environmental and unique enshared environmental influences as a source of famil-
vironmental variance components estimated from fit- ial aggregation.
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Fig. 2. Model 7; common factor for A, common factor with time-specific influences for C and time-specific influences for E.

DISCUSSION were studied in a longitudinal sample of Dutch twins
at 5, 7, 10, and 12 years of age. It can be concluded

The influences of genes and environment on cog- that the development of general cognitive abilities is a
nitive development and on its developmental structure continuous process. Continuity is represented by a com-

Table VI. Percentage of Variance Explained by A, C, and E, Based on a Cholesky Decomposition, a Simplex Model,
and the Best Fitting Model, with 95% Confidence Intervals

Model 1 Variance A Cholesky C Cholesky E Cholesky
5 .30 (.15-.54) .46 (.24-.62) .24 (.18-30)
7 42 (.21-.67) .28 (.05-.49) .30 (.22-.39)
10 .61 (.36-.82) .19 (.00-.43) .20 (.15-.27)
12 .62 (.39-.86) .23 (.00-.45) .15 ((11-.21)
Model 2 Variance A simplex C simplex E simplex
5 .38 (.22-.60) .39 (.18-.56) .23 (.18-.30)
7 .38 (.20-.63) .32 (.09-.50) .30 (.23-.39)
10 .72 (.33-.83) .08 (.00-.46) .20 (.15-.27)
12 .62 (.37-.85) .23 (.01-.46) .15 ((11-.21)
Model 7 Variance A common factor C total Common Specific E time specific
5 .26 (.14-.46) .51 (.31-.65) A7 .04 .23 (.18-.29)
7 47 (.29-.62) .26 (.11-.45) 17 .09 .27 (.21-.35)
10 .69 (.49-.82) .12 (.00-.33) .10 .02 .19 (.14-.25)

12 64 (.45-.77) .21 (.09-.40) A1 10 15 (.11-.20)
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Table VII. Percentage of Covariance Explained by A, C, and E, Based on a Cholesky, Model,
a Simplex Model, and a Restircited Model, with their 95% Confidence Intervals

Model 1 Covariance A Cholesky C Cholesky E Cholesky
5-7 .55 (.32-.87) .40 (.10-.63) 0.5 (.00-.12)
5-10 .66 (.40-.99) .34 (.01-.58) .00 (.00-.07)
5-12 .66 (.42-.98) .34 (.02-.58) .00 (.00-.04)
7-10 .71 (.43-.93) .21 (.00-.48) .08 (.02—-.15)
7-12 .73 (.46-.98) .24 (.01-.50) .03 (.00-.10)
10-12 .78 (.51-.99) .20 (.00-.45) .02 (.00-.08)
Model 2 Covariance A simplex C simplex E simplex
5-7 .59 (.33-.95) .38 (.04-.63) .03 (.00-.10)
5-10 .82 (.55-.99) .17 (.00-.45) .01 (.00-.04)
5-12 .76 (.48-.99) .24 (.01-.52) .00 (.00-.02)
7-10 .73 (.46-.97) .20 (.00-.46) .07 (.01-.15)
7-12 .69 (.42-.98) .29 (.01-.56) .02 (.00-.07)
10-12 .84 (.55-.99) .13 (.00-.42) .03 (.00-.08)
Model 7 Covariance A common factor C common factor E time spécific
5-7 .56 (.35-.83) .44 (.17-65) —
5-10 .66 (.42-.95) .34 (.05-.58) —
5-12 .64 (.41-.92) .36 (.08-.59) —
7-10 .81 (.55-.98) .19 (.02-.45) —
7-12 .80 (.54-.98) .20 (02-.46) —
10-12 .86 (.63-.99) .14 (.01-.37) —

2 E is represented in time-specific influences only.

mon factor, with age-specific factor loadings, for both parable studies like the combined study of CAP, MLTS,
genetic and shared environmental influences. Changeand TIP (Cardoret al., 1992; Fulkerget al., 1993). Re-
in development, represented by age-specific factors, aresults provided by these studies show a simplex pattern
presented in the shared environmental structure and, asor genetic influences with genetic innovation at 2, 3,
expected, in the unique environmental structure. Fur-and 7 years of age, with the suggestion that genetic in-
ther, decomposition of the between-age covariances innovation at age 7 may be due to “the novel environ-
additive genetic, shared environmental, and unique en-mental challenge of schooling”. In our study, no indi-
vironmental influences showed that the continuity in cog- cation for genetic innovation is obtained. Comparison of
nitive abilities is mainly due to additive genetic factors. the different longitudinal studies is limited due to dis-
In this study, increasing additive genetic influences tinct ages of testing. In our study, no information is avail-
and decreasing influences of shared environmentalable for cognitive development prior to age 5 and the
factors are found in both age-specific variances andresults, mainly presented by the CAP studies, provide
between-age covariances. The increase of genetic ino information on the development of general cognitive
fluences on cognitive functioning throughout develop- ability between ages 9 and 16. Another difficulty in lon-
ment is already well established in U.S. samples andgitudinal studies in general and in comparing different
is now also found in a sample of Dutch twins. In the longitudinal studies on cognitive development in partic-
common factor pattern for genetic influences (model 7; ular is the measurement of cognitive performance. There
see Fig. 2), increasing influences of heritability are rep- are no cognitive assessments that are common to all ages,
resented by increasing factor loadings from age 5 to 10.so different age-appropriate instruments must be used.
Further, in the common factor pattern for shared envi- One of the difficulties with this is that no distinction can
ronmental influences, decreasing influences are repre-be made between true changes in development and
sented by decreasing factor loadings from age 5 to 10changes related to different measurement instruments.
and decreasing age-specific influences from age 5 to 10 A major advantage of our longitudinal study is that the
The developmental pattern for genetic influences same intelligence test (RAKIT), with age-specific items,
found in this study is partly different from previous, com- is used at the first three measurement occasions. Further,
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the intelligence test used at the fourth measurementrespect to developmental aspects of the data, the unique
occasion (WISC-R) shows a high concurrent validity environment acts in a well-established manner. The en-
with the RAKIT (.86 for FSIQ) (Pijet al., 1984). vironment that is uniquely experienced by an individ-
More striking is the finding for shared environ- ual contributes to change rather than stability in cog-
mental influences. Previous studies suggested a com-itive performance.
mon factor for shared environmental influences. Our The above mentioned findings are in line with those
study indicates that, besides a continuing influence of obtained by multivariate analyses of the RAKIT sub-
shared environmental factors, age-specific influencestests collected at the twin’s ages 5, 7, an 10 (Rietveld
are present. These age-specific effects were significantet al., submitted). Subtest performance, either verbal or
but the proportion of variance explained is much nonverbal, displays stability mainly due to genetic ef-
smaller compared to the proportion explained by the fects and to a lesser extent to shared environmental
shared environmental factor common to all ages. This effects. The unique environment is important at each
common factor could be accounted for by SES and age but plays no role of significance when one attempts
parental education, because these environmental asto explain stability in subtest performance.
pects are not sensitive to large changes over atime span  For future purposes of disentangling genetic and
of 7 years. Aspects outside the family environment, environmental influences on cognitive development, it
such as friends or being a member of a sportsclub,might be important to collect more information on pos-
might also cause similarities between two children of sible shared or unique environmental influences, be-
a twin pair during childhood. For the age-specific cause previous studies on the development of cognition
shared environmental influences one may consider themainly focus on heritability estimates. The nature of the
school environment. Information on same or different influences of shared and unique environment is under-
teacher for both children of a large sample of 12-year- exposed and only modestly discussed in behavior ge-
old twin pairs N = 1,164) indicates that in 63% of the netic literature. Ideally, one should measure a range of
cases both children of a twin pair are taught by the samepotential environmental influences to be able to gain
teacher, whereas 37% go to separate classes. This ratimore insight into the exact nature of these influences.
makes teacher or classroom environment a shared en-  Besides the above mentioned use of different age-
vironmental influence for the majority of the children. appropriate tests, longitudinal studies in general are
In the Dutch school system, children move to a differ- subjected to other unavoidable difficulties. A major dif-
ent teacher each school year; this results in a lack officulty in longitudinal studies is the participation rate.
continuity in this particular aspect of shared environ- By studying the same subjects over the years, dropout
ment. So, these shared but age-specific experiencess inevitable. In our study the dropout rate is low. Over
within the classroom may be represented by the age-90% of the initial sample continued to participate at the
specific factors as specified significant in the best fit- fourth measurement occasion, and the reasons for leav-
ting model. In addition to SES and aspects of school, ing the study were found unrelated to the initial mea-
the direct neighborhood experienced during childhood surement of the twins’ FSIQ. Complete intelligence
may contain shared environmental influences. Nearly data at all ages are available for 84% of the sample.
half of the initial sample (47%) changed residency after Our ongoing longitudinal study has the potential
the twins were born. The majority of those families who to overcome some of the mentioned shortcomings of
moved once during the twins’ lifetime did so before the the unknown influence of the use of different intelli-
twins’ fifth birthday. If this particular source of shared gence tests. To clarify the influences on the change of
environmental variance has an impact on the develop-FSIQ test between ages 10 and 12, a sample of younger
ment of cognition, it may be considered a continuous siblings of the twins will be tested by making use of
source of influence. That is, the impact of change of both tests. A continuity of the study has just begun to
residency remains detected years after the actual changsee whether hormonal influences, induced by puberty,
took place. Further, the model fitting results imply that change the developmental pattern of general and spe-
this hypothetical influence of the shared environment cific cognitive abilities between ages 12 and 14.
diminishes with increasing age. This is what one In summary, the results of our study did not fully
expects when a change of domicile has taken placereach our prior expectations based on previous studies.
early in a child’s life. The unique environment was In our study, genetic influences are the main driving
found to explain a substantial portion of the variance force behind continuity in general cognitive ability. The
at each age (best model, range from 15%-27%). Withshared environment contributes to continuity and to a
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