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Abstract

Adolescence is characterized by a relative immaturity of the prefrontal cortex and associated
cognitive control functions, which is hypothesized to be a major contributing factor to high risk
behaviors. However, little is known about the role of genetic and environmental factors in frontal
brain development during adolescence. Here we examined heritability of performance on the
Wisconsin Card Sorting Test (WCST), an established neuropsychological measure of prefrontally-
mediated executive functioning, in a longitudinal sample of adolescent twins (n=747) tested at ages
12 and 14. WSCT performance significantimproved with age as indicated by a decrease in the number
of perseverative errors (P<.001), which was paralleled by an increase in heritability in females (19%
at age 12 and 49% at age 14) and shared environmental influences in males (non-significant at age
12 and 34% at age 14). The results suggest increasing influence of familial factors on frontal executive
functioning during adolescence, as well as gender differences in the relative role of genetic and
environmental factors.

Introduction

Adaptive self-regulation of goal-directed behavior requires flexible adjustment of action
strategy in accordance with changing environmental demands. This process involves utilization
of feedback information about action outcome, shifting cognitive set, and updating action plan.
The ability for cognitive set shifting is measured by Wisconsin Card Sorting Test (WCST), an
established experimental measure of executive functioning [14]. In this test, participants must
derive a correct card sorting rule based on a trial-by-trial feedback (correct versus wrong).
Since the sorting rule changes without warning, the participant has to modify learned response
strategy using the feedback information provided. A key (inverse) indicator of cognitive
flexibility is the number of “perseverative errors” that occur when the participant persists in
using the old sorting strategy despite the negative feedback.

There is considerable evidence that WCST performance critically depends on the functioning
of the dorsolateral prefrontal cortex (DLPFC). Early studies have shown that WCST
performance is impaired by damage to the DLPFC both in humans and monkeys [24].
Subsequent studies using functional neuroimaging [5,26] and transcranial magnetic
stimulation [18] have corroborated the critical role of DLPFC activity in WCST performance.
It is important to note, however, that other prefrontal areas such as posterior ventrolateral
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prefrontal cortex, anterior cingulate, as well as basal ganglia appear to also be involved during
different stages of task performance [19,23,25,36].

The WCST has been extensively used as a marker of deficits in executive cognition in
schizophrenia and other neuropsychiatric disorders. Many studies have shown WCST
performance deficits in schizophrenics [31] and in their healthy first degree relatives [40],
although other studies failed to show such familial association [37]. Impaired WCST
performance has also been reported in drug abusers [21,33] and individuals with ADHD [6].
Studies of small groups of twins discordant for schizophrenia suggest possible involvement of
both genetic and environmental factors in abnormal WCST performance [32]. Evidence for
familial association of WCST measures with psychiatric disorders, although mixed, suggests
that abnormal WCST performance can potentially serve as an indicator of genetic liability.

More recently, WCST has been considered as an intermediate phenotype (endophenotype) for
genetic studies of psychiatric disorders such as schizophrenia [17] and ADHD [6,13]. This
approach has been implemented in a recent large-scale family study of ADHD and a linkage
of WCST performance to a region on chromosome 22 has been reported [12]. Other studies
reported associations of WCST performance with candidate genes, most notably the catechol-
o-methyltransferase (COMT) gene, although the evidence remains mixed [2,3].

One of the necessary attributes of an endophenotype is significant heritability, however, as of
now evidence for heritability of WCST performance is very limited and mixed. Two earlier
studies were based on very small samples and did not find evidence for genetic influences [8,
30]. A study by our group based on larger sample of young adult female twins has found
moderate heritability of WCST performance [1]. However, two subsequent studies involving
middle-age male twins[20] and a sample of male and female twins aged 18 to 83 years [38]
did not find evidence for genetic influences. Thus, it remains unclear whether the WCST can
serve as indicator of genetically transmitted individual characteristics of executive functioning.
Furthermore, the above studies estimated heritability in adult samples, and little is known about
the role of genetic factors in WCST performance in adolescence. The prefrontal cortex
undergoes substantial development during the adolescent period, and its relative immaturity
has been implicated in greater propensity of adolescents to engage in high-risk behaviors such
as substance use and abuse [9,35]. Therefore, for a better understanding of the etiology of such
behaviors during adolescence it is important to know whether individual differences in
prefrontally mediated executive functions are influenced by genetic factors.

The purpose of the present study was to examine developmental changes, long-term stability,
and heritability of WCST performance in early adolescence.

Materials and Methods

Sample

Subjects were 747 adolescent twins (age at first assessment: M=12.52 years, S.D.=0.20; 47.8%
females) including 166 MZ and 201 DZ pairs. Participants were recruited from the general
population through a twin registry and represented three consecutive birth-year cohorts. The
subjects were retested as they reached age 14 (n=482 available at the time of the analysis).
Subjects with a history of serious head trauma or health conditions precluding the laboratory
visit or performance of experimental tasks (e.g. severe visual impairment or mental retardation)
were excluded. The study was approved by the human studies committee of the Washington
University School of Medicine. A written informed assent was obtained from all participants,
and a written informed consent was obtained from their parents. Zygosity was determined
independently using a standard interview administered to twins' parents, research assistants'
ratings of the twins' physical similarity, and a set of 7 DNA markers genotyped in 86% of the
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participants. The reliability of zygosity diagnosis by questionnaire has been demonstrated in
previous studies [16].

The WCST was administered using a computer-administered version of the test (WCST
Research Edition, Version 3, Psychological Assessment Resources, Inc.) in accordance with
a standardized WCST administration procedure [14], a detailed description of which can be
found in our previous publication [1]. The number of perseverative errors, an inverse indicator
of the ability to shift strategy based on feedback information, was used as the most
representative WCST measure. Response scores were log-transformed to reduce skewness of
the distribution, however, summary statistics are reported for raw scores.

Statistical analysis

Results

The relative contribution of genetic and environmental factors to the total phenotypic variance
of WCST performance was estimated by fitting linear structural equation models to twin data
[28,34] using the Mx program [27]. These models assume that phenotypic variance arises from
the following factors: additive genetic influences (A), environmental influences shared by
family members (C), and individually unique (unshared) environmental influences (E). We did
not perform a separate analysis of non-additive genetic influences due to limited power.

Since our sample included both male and female twins and preliminary analyses showed
differences between male and female twin correlations, we explored potential sex differences
in genetic and environmental effects by fitting “sex-limitation” models [29]. The sex-limitation
model allows the magnitude of genetic and environmental effects to vary independently in
males and females and includes sex-specific genetic influences accounting for the possibility
that the set of genes which influences a trait in males is not identical to that which influences
a trait in females. Both kinds of sex differences in genetic effects can be tested by fitting sub-
models of the general sex-limitation model [29]. The goodness of model fit was indicated by
a-2LL (log likelihood). Different submodels were tested by dropping individual paths from
the full model and comparing the goodness of fit of the restricted submodel with the goodness
of fit of the more general model using a 2 test of -2LL difference. Heritability was estimated
as the percentage of the total variance of the trait attributed to genetic factors; in addition, 95%
confidence intervals of the estimates were computed. A detailed description of the model fitting
approach and assessment of heritability can be found elsewhere [7,28,34].

WCST performance showed significant improvement with age as indicated by the decrease in
the number of perseverative errors from age 12 to age 14 (M+SD = 12.7+£9.5 and 8.246.1,
respectively, paired t-test: t=10.5, df=480, p<0.001). There was a modest but significant
correlation between WCST performance at ages 12 and 14 (r=0.37, p<0.001). There were no
significant gender differences at either age. However, a significant effect of ethnicity was
observed, with European Americans showing smaller number of perseverative errors compared
with ethnic minorities, mainly represented by African-Americans (F(1,745)=55.5, p<0.001 and
F(1,480)=42.0, p<0.001 at ages 12 and 14, respectively). Because ethnicity can potentially
confound intrapair twin correlations, data were adjusted for ethnicity by computing
standardized scores separately within ethnic groups. Preliminary analyses showed that different
WCST measures are highly correlated (r=0.6-0.9), therefore analyses were focused on the
number of perseverative errors (an inverse indicator of set shifting ability) as the most
representative measure of WCST performance.
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Intrapair twin correlations for WCST performance are shown in Table 1. Overall, the pattern
of correlations suggests few familial (genetic or shared environmental) influences at age 12
and significant familial influences at age 14, as well as sex differences in the magnitude of
genetic and environmental effects. Model fitting and comparison across nested submodels
showed that all genetic influences in males could be dropped without a significant decrease of
the goodness of fit.

Shared environmental influences in females at both ages and in males at age 12 could be also
dropped. Next, we could drop genetic influences in females specific to age 14, however,
dropping the remaining female genetic paths led to a significant deterioration of fit (Ax?=19.44,
df=2, p<0.001). Likewise, dropping shared environmental influences in males at age 14 led to
significant deterioration of model fit (Ax2=12.55, df=1, p<0.001). Thus, the final and most
parsimonious model (Fig. 1) included shared environmental influences in males at age 14 only
and genetic influences in females that affected WCST performance at both ages, with no
additional age-specific influences at age 14. Parameter estimates for this model (Table 1)
indicate significant heritability in females at both ages (with increasing heritability from age
12 to age 14) and lack of heritability in males at either age.

Discussion

This study provides the first assessment of heritability of WCST performance in adolescence
and thus extends our previous study performed in young adult population [1]. The present
results indicate significant familial influences on the core construct of “executive functioning”
measured by WCST, namely cognitive shifting, or the ability to switch to a new response
strategy by utilizing performance feedback information (indexed inversely by the number of
perseverative errors). However, the relative role of genetic and shared environmental factors
differs as a function of sex and age. In females, the number of perseverative errors shows
significant heritability that tends to increase with age (from 19% at age 12 to 49% at age 14).
Importantly, the results of model fitting suggest continuity of genetic influences over the
studied period of development, i.e. that same genes influence performance at both ages. In
males, no evidence for heritability was found at either age, however, there was a modest but
significant influence of common familial environment.

The observed pattern of sex- and age-related differences in the magnitude of genetic influences
may be related to sex differences in the rate of brain maturation. Morphometric imaging studies
indicate that brain volumes in the frontal lobe peak two years earlier in females [22], and
functional imaging studies suggest more mature pattern of frontal activation in females [10].
If genetic factors that influence WCST performance become expressed at a certain stage of
prefrontal cortical development, then these genetic influences can be expected to become
penetrant earlier in females than in males. It is thus possible that boys lag behind girls with
respect to age-related increases in heritability of executive function. This hypothesis is
consistent with the evidence for substantial age-related increases in heritability of other
cognitive and behavioral phenotypes [4,11] and brain white matter volume [39], as well as
evidence for sex differences in age-related increase in heritability: in a study of antisocial
behavior females showed higher heritability in childhood, but heritability in both sexes
increased over adolescence and the gap was closed by young adulthood [15]. Data from older
adolescents and young adults are needed to test whether heritability of WCST performance
follows a similar pattern.

The complex determination of WCST scores, in particular, dependence of heritability estimates
on age and gender may also account for the discrepancies between different studies. The present
study replicates our previous finding of modest heritability of WCST performance in females
[1] and extends it to the adolescent population. However, two other studies that were
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sufficiently large to estimate heritability did not find evidence of significant influences. The
study by Kremen et al. [20] was based on a male-only sample with a mean age of 48 years
drawn from the Vietnam Era Twin Registry. Most WCST measures in that study showed
modest but significant MZ and DZ twin correlations (ranging fron .17 to .36), but the lack of
differences in the magnitude of MZ and DZ correlations suggested the absence of genetic
influences. However, this pattern of correlations suggests a significant contribution of shared
environmental influences (not estimated in the paper), which is highly consistent with our
present finding of modest but significant shared environmental influences on WCST
performance in males. The second study [38] tested twins of both sexes in a wide age range
from 18 to 83 years and did not find evidence for heritability. However, because gender-specific
twin correlations were not reported and male and female data were collapsed in the analysis,
it is difficult to speculate whether gender differences in the pattern of twin resemblance could
contribute to the negative result. A very broad age range could be another important factor,
especially given that WCST performance shows non-linear (inverted U-shaped) changes over
the lifespan [14]. Finally, another study [6] has reported significant sibling correlations for
WCST, suggesting a modest familial influence.

Taken together, previous studies and the present findings suggest that the role of genetic and
environmental factors in WCST performance is highly dependent on age and gender
composition of the sample. If any, genetic influences are relatively modest, accounting for less
than half of the total variance. The degree of heritability may be limited by test-retest stability
of WCST performance. In the present study, the long-term stability was modest (r=.32 in males
and r=.43 in females), however, it should be kept in mind that the age period studied here is
characterized by substantial developmental changes in the brain, particularly its frontal lobes,
and the test-retest correlation obtained in our study is likely to be the lower-bound estimate of
test-retest reliability.

Relatively modest heritability of WCST performance and its dependence on age and sex
diminishes potential utility of WCST as endophenotype for psychiatric disorders. Nevertheless,
further investigation of developmental dynamics of genetic and environmental influences on
WCST across the lifespan can help to identify which periods of brain maturation and aging are
characterized by the largest genetic influences on executive function, and whether these periods
differ between the sexes. This information, combined with developmental data on clinical
variables such as onset of disease and individual symptoms can contribute to a better
understanding of possible pathways by which genetic factors contribute to disease risk across
the lifespan.

Some limitations of the present study need to be acknowledged. First, the confidence intervals
of heritability assessments are rather broad, which means that “true” heritability in the general
population may be greater or smaller than point estimates reported here. Second, the age range
was restricted, and, given ongoing brain maturation during adolescence and changes of WCST
heritability with age, the present results cannot be generalized to the whole period of
adolescence; it remains to be seen how the relative role of genetic and environmental factors
in executive functioning will change as the adolescents participating in their study grow older.
Finally, the purpose of the study was to assess heritability in a population-based sample of
subjects who were not selected for any specific condition, except the exclusion criteria
mentioned above. The effect of genetic factors on WCST performance may be different in
families selected for some neurological or psychiatric condition. In such groups, the range of
variability in WCST scores may be increased, which may potentially result in higher or lower
heritability estimates, depending on whether “extreme” scores in such groups are caused by
genetic or environmental factors.
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This study is the first to assess heritability of WCST performance in adolescents. The results
show that the relative role of genetic and environmental factors varies as a function of age and
sex. In females, the number of perseverative errors shows significant heritability that tends to
increase with age and can therefore serve as indicators of genetically transmitted individual
characteristics of executive functioning. In contrast, in males no evidence for heritability of
WCST performance was found, although there was a modest but significant influence of
common familial environment.
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Males

Agel4

Fig. 1.

Path diagram of the sex-limitation model in a depicted for a pair of opposite-sex DZ twins.

Ageil2
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Females

Agel4

Paths retained in the best-fitting model are shown in black, and the paths that could be dropped
without significant deterioration of fit are shown in grey. Rectangulars represent the observed
WCST phenotype (number of persevarative errors) measured at ages 12 and 14; circles
represent the corresponding latent genetic and shared environmental factors (A and C,

respectively). For simplicity, non-shared environmental influences that always contribute to
the variance and therefore cannot be dropped are not shown. Ag stands for female-specific
genetic factors. More details can be found in Neale et al. [29].
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Anokhin et al.

Heritability of WCST performance.

Table 2
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Age/Sex a2 (95% Cl) ¢2 (95% CI) &2 (95% CI)

Agel2: Females .19 (.05-.35) 0 .81 (.65-.95)
Males 0 0 1.0

Ageld: Females .49 (.24-.66) 0 .51 (.34-.76)
Males 0 34(.15-.49) 66 (.51-.85)

a2 is the proportion of total phenotypic variance explained by genetic factors (heritability), c2 and e2 are the proportions of variance shared and non-
shared environmental factors, respectively (95% confidence intervals of the maximum likelihood estimates of the variance components are shown in

brackets)
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