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Abstract Research on the genetic influences on different

abstract reasoning skills (fluid intelligence) and their

interrelation (especially in childhood/adolescence) has

been sparse. A novel cognitive test battery, the Verbal and

Spatial Reasoning test for Children (VESPARCH 1), con-

sisting of four matched (in terms of test-procedure and

design) subtests assessing verbal [analogical (VA) and

categorical (VC)] and spatial [analogical (SA) and cate-

gorical (SC)] reasoning, was administered to a population

based sample of 12-year old twins (169 pairs). Multivariate

analysis was conducted to explore the genetic relationship

between the four cognitive sub-domains. Heritabilities

were 0.62 (VA), 0.49 (VC), 0.52 (SA), and 0.20 (SC).

Genetic influences were due to one common factor with no

specific genetic influences. This shared genetic factor also

explained almost the entire covariance between the

domains, as environmental variance was largely specific to

each subtest. The finding of no genetic influences specific

to each subtest may be due to the uniquely matched design

of the VESPARCH 1, reducing confoundment of different

test modalities used in conventional tests. For future

research or when interpreting previous studies, our findings

highlight the importance of taking such potential artefacts

(i.e. different test modalities for different sub-domains)

into account when exploring the relationship between

cognitive sub-domains.
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Introduction

Over the last century empirical research on intelligence has

largely focused on the identification of one underlying

second-order general factor on which all the performance

tests of mental abilities load, a factor for general cognitive

intelligence, often referred to as g (Posthuma et al. 2009;

Spearman 1904). Although Horn and Cattell (1966) already

suggested an independent fluid cognitive construct a few

decades ago, the idea received attention again lately (Blair

2006). Fluid cognitive functions are cognitive processes,

not necessarily associated with any specific domain,

involving the effortful or active maintenance of informa-

tion (verbal or visual-spatial) in working memory for

purposes of executing goal-directed behaviour and plan-

ning (Kane and Engle 2002). Here we are specifically

interested in abstract reasoning skills (part of fluid intelli-

gence) in adolescents, tapping different cognitive domains

such as spatial, verbal, categorical, and analogical reason-

ing. Abstract reasoning is an important component of

higher order cognitive development in children (Richland

et al. 2006). Analogical reasoning (a relational reasoning

process involving the mapping of similarities between
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concepts that are otherwise dissimilar) and categorical

reasoning (the ability to process and recognise categorical

relationships between words or objects) have been shown

to be closely related (Blair 2006; Green et al. 2006a;

Richland and Morrison 2010). Both entail relational

knowledge and, especially analogy requires the mainte-

nance, inhibition and manipulation of mental (verbal or

spatial) representations and their relationships. However,

analogical reasoning involves the mapping of higher-order

commonalties (e.g. cause-effect relationships) between

concepts, rather than simple recognition of common attri-

butes or simpler relations between two items required for

categorical reasoning (i.e. both yellow, or both fruit;

Goswami 1989). Despite there being a wealth of studies on

different aspects of intelligence and their interrelation

(Posthuma et al. 2001; Rijsdijk et al. 2002), there is very

little research that has focussed on abstract reasoning

skills. In particular the underlying mechanism of differ-

ent abstract reasoning skills and their interrelation are not

yet well understood (Green et al. 2006a; Richland et al.

2006).

Although numerous twin studies have explored the

heritability of g across the life-span, reporting increasing

heritability throughout life-time with 30 % in early child-

hood to up to 91 % in late adulthood (e.g. Haworth et al.

2010; Hoekstra et al. 2009; Posthuma et al. 2009; Spinath

et al. 2003; van Leeuwen et al. 2009; van Soelen et al.

2011), only a few studies have explored the genetic rela-

tionship between verbal and spatial abilities in children and

adolescents (Alarcon et al. 1999; Casto et al. 1995; Petrill

1997; van Leeuwen et al. 2009), and none have specifically

investigated reasoning skills. In addition, the vast majority

of studies have used a composite measure or summed

scores of several different subtests (i.e. verbal and spatial

tests) often tapping slightly different capacities, making the

tested abilities rather broad. The difference in format and

content between traditional cognitive tests tapping different

cognitive domains, e.g. spatial and verbal ability, can have

confounding effects. For example, stimuli in the perfor-

mance subtests of the Wechsler Intelligence Scale for

Children (WISC; Wechsler 1992) are presented visually,

require manual responses, and are often timed, as opposed

to the stimuli of the verbal subtests which are aurally

presented and require verbal responses (written or spoken).

The same is true for the Wechsler Adult Intelligence Scale

(WAIS; Wechsler 1955). This makes it difficult, if not

impossible, to differentiate true performance levels on a

specific ability from the artefacts of different presentation

and response modalities.

Here we employed a novel computerized test of rea-

soning ability, the first version of the Verbal and Spatial

Reasoning Test for Children (VESPARCH 1; Mellanby

and Langdon 2010) that allows for direct comparison in

the verbal and spatial domains. Within each domain both

analogical and categorical reasoning are assessed, with a

total of four subtests. The VESPARCH 1, which has been

adapted from the Verbal and Spatial Reasoning Test for

adults (VESPAR; Langdon and Warrington 1995), was

designed to (1) reduce the confounding effects of differ-

ences in format and content between traditional tests by

using parallel forms of tests, (2) to minimize the effect of

limited reading skills or vocabulary caused by educational

deprivation on the verbal reasoning test, (3) to identify

children underachieving in school relative to their

potential by comparing their fluid reasoning test scores to

their school attainment, and finally, (4) to identify chil-

dren with high potential in one or both of the verbal and

spatial test domains to potentially adapt their teaching

accordingly.

Using the VESPARCH 1, our aim was to estimate for

the first time the genetic and environmental influences on

reasoning ability in early adolescence, and to disentangle

the genetic and environmental covariance between the four

subtests. There is continuing debate as to whether specific

cognitive processes are related or distinct from one another,

with a molar system representing a general process, func-

tioning across a wide variety of cognitive tasks, while a

modular system is based on numerous distinct cognitive

processing units responsible for the different cognitive

tasks (independent and specific; Alarcon et al. 1999; Petrill

1997). Modularity is supported by studies showing that

damage to particular brain areas affects some cognitive

domains but not others, while studies showing that short-

comings in a specific cognitive domain result in low per-

formance on several different cognitive tasks, favouring the

molarity hypothesis. Further, we explored the extent of

genetic and environmental covariation on categorical and

analogical reasoning. It has been suggested that the same

underlying brain network is involved in both categorical

and analogical reasoning tasks, with additional activation

in analogical reasoning (Green et al. 2006b), and this has

been supported by functional magnetic resonance imaging

studies, revealing additional activation in the frontopolar

cortex in analogical reasoning (Bunge et al. 2005; Green

et al. 2006b, 2010).

In the current study we use a population sample of

12-year old twins that are taking part in the Brisbane

Adolescent Longitudinal Twin Studies (Wright and Martin

2004). Utilizing the VESPARCH 1, which allows for

matched testing procedures of verbal, spatial, analogical,

and categorical reasoning, we examined the heritability of

reasoning ability in early adolescence, and the extent to

which different reasoning skills are influenced by the same

set of genes and environmental factors.
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Methods

Participants

The sample consisted of 338 monozygotic (MZ) and

dizygotic (DZ) twin individuals, all 12-years of age. This

included 169 twin pairs (28 MZ female, 29 MZ male, 46

DZ female, 28 DZ male, and 38 DZ opposite-sex twin

pairs). The twins were recruited from schools in south-east

Queensland and are participants in the Brisbane Longitu-

dinal Twin Studies (BLTS; Wright and Martin 2004).

Zygosity status was based on self-report of the twins’

parent(s) or guardian as well as the judgment of the

Research Nurse. As part of future work zygosity will be

confirmed by zygosity typing using DNA, but from pre-

vious experience we expect an error rate of less than 1 %

(Kasriel and Eaves 1976). Written informed consent was

obtained from all participants and a parent or guardian. The

study was approved by Queensland Institute of Medical

Research Human Research Ethics Committee.

Measures

VESPARCH 1 (Mellanby and Langdon 2010). The VES-

PARCH 1 is a computerised test of verbal and spatial

reasoning skills, consisting of four subtests (verbal

category, VC; verbal analogy, VA; spatial category, SC;

spatial analogy, SA) with 25 test-items each. Each of the

subtests is preceded by five practice items that the partic-

ipant has to complete before starting the assessment to

make sure the participant correctly understood the test

procedure. The VESPARCH 1 has been designed for

9–13-year olds and aims to minimize the influences of

school attainment or social background on the test scores.

The four subtests and their instructions are presented on the

computer screen as well as aurally through headphones

(instructions as well as the verbal subtests) to reduce the

reliance on reading skills. Each test-item of the verbal and

spatial categorical reasoning subtests consists of four words

(verbal subtest) or abstract geometrical shapes (spatial

subtest) and require identifying the item which does not

belong to the other three items. The verbal and spatial

analogical reasoning subtests, involving recognition of

relationships between things, consist of a pair of somehow

related (e.g. cause-effect, part-whole, etc.) words (verbal

subtest) or geometrical shapes (spatial subtests) followed

by a single item and four alternative items, of which one

can be paired with the single item. Example items for each

of the four subtests are shown in Fig. 1. In each of the

subtests the participant is required to choose one of four

response options by pointing and clicking the mouse. There

is no time constraint to the test and this allows the

Veerbbal annaloggy (VVA)) VVeerbbal caateegooryy (VVCC)

Fig. 1 Example items for each

of the four subtests of the

VESPARCH 1
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participant to spend as much time as needed on each item,

minimising stress, attention demand and memory load

(Edwards et al. 2011; Langdon and Warrington 2000).

Each of the test-items requires a response before pro-

ceeding to the next test-item. The vocabulary of the verbal

subtests is based on words frequently appearing in litera-

ture for 9-year olds (younger than the children the test is

aimed for) to reduce the impact of aphasia, and the spatial

subtests are based on simple, clear and distinct shapes to

minimize the demand on perceptual and spatial abilities.

The internal consistency of the VESPARCH has been

tested in more than 2,000 children revealing a Cronbach’s

alpha of 0.7 and a 1-year test–retest correlation of 0.6

(Edwards et al. 2011; Mellanby and Langdon 2010). For

further details on the VESPAR and VESPARCH 1 refer

to Langdon and Warrington (2000) and Mellanby and

Langdon (2010). The final test score on each of the four

subtests was derived by adding up the items answered cor-

rectly (i.e. a maximum score of 25 per subtest). In the present

sample, the internal consistency of the whole test (Cron-

bach’s alpha 0.86) as well as the spatial and verbal analogy

subtests was relatively high (0.74 and 0.76), while the two

category subtests were somewhat lower at 0.53 (Table 1).

When combining always two of the subtests to a summary

Verbal (e.g. verbal analogical and verbal categorical rea-

soning), Spatial, Category, or Analogy measure the internal

consistency was 0.79, 0.77, 0.64, and 0.84, respectively.

Statistical analysis

For genetic modelling based on the classical twin design,

the trait of interest is assumed to be continuous and normal

distributed, receiving contributions from independent nor-

mally distributed genetic and environmental influences.

Genetic influences (A) reflect the additive effects of alleles

at multiple genes. Environmental effects can be partitioned

into shared/common influences (C) such as their home,

their parents, and their social environment (influences

which contribute to twin similarity) and non-shared influ-

ences (E) is the variance in a trait caused by influences that

make the twins different (i.e. unique experiences) as well

as variance due to measurement error. Using structural

equation modelling, we can determine the relative contri-

bution of genetic (A) and environmental (C and E) influ-

ences on the variance of and the covariance between traits.

This can be done for variance in a single trait as well as for

the covariance between multiple traits and is possible as A,

C, and E influences predict different patterns of MZ and

DZ twin correlations. The most important assumptions of

the classical twin design are that (i) the only difference

between MZ and DZ twins is that MZ twins share all their

segregating genes, while DZ twins on average only share

half their genes and that (ii) the trait relevant environ-

mental influences are similar for MZ and DZ twin pairs

(Neale and Cardon 1992).

Table 1 Means (standard deviations), phenotypic correlations and twin correlations for each zygosity and each of the four variables

Means (SD), Cronbach’s alpha, and phenotypic correlations

VA SA VC SC

Sex (N)

Females (186) 18.92 (3.62) 17.94 (3.25) 15.71 (2.92) 16.57 (2.83)

Males (152) 18.56 (3.78) 17.48 (4.21) 15.51 (3.09) 16.04 (2.84)

Cronbach’s alpha 0.76 0.74 0.53 0.53

SA 0.58 (0.50; 0.65)

VC 0.58 (0.50; 0.65) 0.50 (0.42; 0.59)

SC 0.45 (0.36; 0.54) 0.49 (0.40; 0.57) 0.32 (0.22; 0.42)

Zygosity (Npairs) Twin correlations (95 % confidence intervals)

MZ (57) 0.77 (0.64; 0.86) 0.64 (0.45; 0.78) 0.59 (0.39; 0.74) 0.23 (-0.2; 0.46)

DZ (112) 0.50 (0.35; 0.63) 0.34 (0.17; 0.50) 0.11 (-0.07; 0.29) 0.30 (0.12; 0.46)

MZF (28) 0.71 (0.48; 0.85) 0.50 (0.17; 0.74) 0.64 (0.36; 0.81) 0.36 (0.00; 0.64)

MZM (29) 0.82 (0.65; 0.91) 0.73 (0.51; 0.86) 0.55 (0.25; 0.76) 0.14 (-0.22; 0.47)

DZF (46) 0.58 (0.35; 0.74) 0.24 (-0.05; 0.49) 0.31 (0.02; 0.54) 0.22 (-0.07; 0.48)

DZM (28) 0.13 (-0.24; 0.47) 0.34 (-0.02; 0.63) 0.00 (-0.52; 0.17) 0.27 (-0.10; 0.58)

DZOS (38) 0.58 (0.33; 0.75) 0.48 (0.19; 0.69) 0.19 (-0.12; 0.48) 0.37 (0.06; 0.61)

MZ monozygotic, DZ dizygotic, SA spatial analogy, SC spatial category, VA verbal analogy, VC verbal category
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The twin data were analyzed using maximum-likelihood

(ML) modelling employing Mx, a statistical package for

the analysis of family data (Neale and Cardon 1992; Neale

et al. 2006). Initially, a saturated model was fitted esti-

mating all parameters and then progressively more

restricted models are compared to the preceding model. In

ML procedures, specific hypotheses regarding the signifi-

cance of those parameters can be tested statistically by

comparing changes in the goodness-of-fit (D -2LL) of

various models to the observed data (distributed as v2)

against the change in degrees of freedom (Ddf). If the

change in v2 (Dv2) is not significant, generally, the more

parsimonious model is regarded the one of choice.

Prior to genetic modelling each of the four variables was

tested for equality of means (within twin pairs and across

zygosity groups; MZ/DZ), variance and covariance, as well

as for equality of correlations of the twin groups. Pre-

liminary testing revealed no significant differences in these

estimates. Five individuals scored more than three standard

deviations below the mean (two on the SA and three on the

SC test) and were therefore winsorized to 3 standard devi-

ations. There were no within-twin pair outliers (i.e. twins

being extremely discordant). We also tested for effects of

age (in months, as all twins were 12-years old) and sex, as

well as the number of months of schooling on the means.

All three covariates showed no significant effect.

A Cholesky-decomposition was fitted exploring the

genetic relationship between the four subtests of the

VESPARCH 1, with the measures included in the follow-

ing order: VA, SA, VC, and SC. After estimating the rel-

ative magnitude of all parameters, we compared the fit of

sub-models and other models (a one-factor independent

pathway model) to determine the most parsimonious model

explaining the relationship between the four cognitive tests

and to test the significance of specific parameters.

Results

Table 1 shows the mean scores (ranging between 15.5 and

18.9 out of 25), standard deviations and the phenotypic as

well as the different MZ and DZ twin correlations for each

of the four subtests. Only 6 of the twins (individuals)

scored the maximum score (25) on one of the analogy tests,

with none of the twins reaching the maximum score on

either of the categorical sub-tests. As mentioned above,

there were no significant covariate effects (age, sex, and

months of schooling) on the means. The phenotypic cor-

relations between the four subtests were moderate, ranging

between 0.32 and 0.58. The correlation between the two

category subtests (VC and SC) was 0.32 and significantly

lower than the 0.58 correlation between the analogical

subtests (VA and SA), and was also lower than the 0.58

correlation between the verbal subtests (VC and SC).

Genetic modelling

The twin correlations (Table 1) for SA, VC and VA were

much higher (though not significantly for SA) for MZ than

for DZ twins, indicating genetic influences on those vari-

ables, while the MZ and DZ twin correlations for SC were

similar with very wide confidence intervals. There was no

significant difference in twin correlations between the

sexes in the five zygosity groups (i.e. between MZ females

versus males and between three DZ groups) indicating no

significant differences in the genetic architecture of

abstract reasoning skills between males and females in the

present sample. However, the confidence intervals were

very wide indicating low power to detect such potential

sex-differences.

An ACE Cholesky decomposition was fitted first given

that three (VA, SA, SC) out of the four variables showed

some indication of C-influences with the DZ correlations

being more than half the MZ correlation. The significance

of all C- and A-influences was tested by fitting an AE and a

CE model, respectively. Subsequently, a full ACE inde-

pendent pathway model with one common genetic path as

well as a further reduced independent pathway model

(without all non-significant paths) were fitted to the data

and compared to the fit of the Cholesky decomposition

(ACE). Table 2 shows the model fitting results for the

different models. The reduced independent pathway model

Table 2 Model fitting results for the four variables with the best fitting model in bold

Multivariate model fitting results AIC -2LL df D -2LL Ddf p Value

Cholesky decomposition—ACE model 3879.85 6501.85 1311

Cholesky decomposition—AE model 3867.00 6509.00 1321 7.15 10 0.71

Cholesky decomposition—CE model 3888.20 6522.20 1321 20.35 10 0.03

Independent pathway model—1 common genetic factor (ACE) 3875.94 6501.94 1313 0.09 2 0.96

Reduced independent pathway model—drop all non-sign. paths 3854.09 6514.09 1330 12.15 17 0.79

Model fit (-2LL) of the independent and common pathway model was compared to the Cholesky (ACE model) decomposition
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was very similar to the full Cholesky decomposition

(shown in Appendix) and showed the most parsimonious fit

and, therefore, will be presented and discussed here.

The full reduced independent pathway model is shown

in Fig. 2. The heritability estimates were 0.62, 0.52, 0.49,

and 0.20 for VA, SA, VC, and SC, respectively. A common

genetic factor (A) influencing all four reasoning tests could

explain all the covariation between VA, SA, and VC. None

of the four reasoning tests showed significant specific

genetic influences, indicating that all genetic influences on

the variation in the tests was due to genes shared with the

other variables. Part of the covariation between SC and the

two analogical subtests was explained by environmental

influences shared between SC with VA and VC, respec-

tively; although, each of these only explained 5 % of the

total variance in SC, respectively. In contrast to the non-

significant specific genetic factors, the specific non-shared

environmental influences (E) were significant and rela-

tively large for each of the four reasoning tests explaining

between 23 % (VA) and 71 % (SC) of the total variance.

Table 3 shows the genetic correlations, which were very

high, ranging between 0.90 (between SC and VA) and 1.00

between the two spatial subtests. Finally, as indicated by

the twin correlations, VA was the only variable with a

significant common-environmental (C) influence, explain-

ing 14 % of the total variance.

In addition, Table 4 shows the heritability estimates for

the sum scores for each of the variables (i.e. the two verbal,

the spatial, the analogical, and the categorical subtests

added up). The estimates indicate a much higher herita-

bility for the verbal sum-score (75 %), although not sig-

nificantly different, compared to the spatial one (24 %),

while the heritability estimates for the analogy and cate-

gory sum-scores were very similar.

Fig. 2 The reduced

independent pathway model

with all non-significant

pathways dropped. All estimates

are standardized so that when all

pathway estimates leading to

one variable are squared they

will add up to one

Table 3 Genetic correlations between the four subtests

VA SA VC

SA 0.93

VC 0.97 0.99

SC 0.90 1.00 0.98

Table 4 Additive genetic (A), shared (C) and non-shared (E) environmental influences on the four summary measures (i.e. always combining

two of the subtests) as well as the Grand Total

Heritabilities of summary measures (CIs)

Sum analogy Sum category Sum spatial Sum verbal Sum total

A 0.49 (0.20; 0.81) 0.56 (0.11; 0.68) 0.24 (0.00; 0.64) 0.75 (0.44; 0.86) 0.59 (0.27; 0.83)

C 0.29 (0.00; 0.53) 0.00 (0.00; 0.34) 0.30 (0.00; 0.56) 0.05 (0.00; 0.33) 0.17 (0.00; 0.44)

E 0.22 (0.15; 0.33) 0.44 (0.32; 0.62) 0.47 (0.33; 0.64) 0.20 (0.14; 0.30) 0.24 (0.16, 0.35)
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Discussion

Here we explored the sources of variance in two verbal and

two spatial (analogical and categorical) reasoning tests as

assessed by the VESPARCH 1 in young adolescents

(12-year old Australian twins). The VESPARCH 1 is a

newly developed cognitive test matched in format and

content (presentation and response modes) across verbal

and spatial (analogical and categorical) reasoning tasks,

enabling a direct comparison between those cognitive

domains and the subtests. We also aimed to investigate

sources of covariation between verbal and spatial reasoning

in an effort to contribute to the discussion with respect to

modularity versus molarity in cognitive abilities.

On average the twins scored slightly higher on all four

subtests compared to a study by Edwards et al. (2011),

exploring performance on the two VESPARCH 1 analogy

subtests in children (hearing and hard-of-hearing) who

were 8 years old. However, given that the present sample

was somewhat older (12 years old) a slightly higher score

was expected. The four subtests correlated relatively well,

with the two categorical measures (VC and SC) correlating

least at 0.32 and the two analogical (VA and SA) and

verbal (VA and VC) measures correlating the most at 0.58.

Interestingly, the lowest and the highest correlations were

significantly different, which may be an artefact due to the

low scale reliability indicated by the Cronbach’s alpha of

0.53 of the two category subtests, i.e. VC and SC corre-

lating the least.

Multivariate genetic (ACE) modelling revealed mod-

erate heritabilities for the four cognitive measures: 62 %

(VA), 52 % (SA), 49 % (VC), and 20 % (SC). The con-

fidence intervals of the pathways indicate that the heri-

tability estimate for SC was significantly lower than the

estimates for the other sub-tests. As no study to date has

used the VESPARCH 1 or a similar test to explore the

genetic architecture of verbal, spatial, analogical and

categorical reasoning, we have to compare our findings to

studies exploring similar concepts utilizing different tests.

The heritability estimates of the four VESPARCH 1

subtests are in line with past studies on the heritability of

general cognitive ability reporting an increase throughout

life, with estimates of about 30 % in early childhood and

up to 91 % in late adulthood (Haworth et al. 2010;

Hoekstra et al. 2009; Posthuma et al. 2009; van Leeuwen

et al. 2009; van Soelen et al. 2011). Our findings are also

in line with other studies specifically exploring the heri-

tability of verbal and spatial abilities in late childhood and

early adolescence, even though the tests used [mainly

utilizing verbal IQ and performance IQ measures of the

WISC (Wechsler 1992)], and the reported estimates vary

widely, ranging between 26 % and 82 % (Alarcon et al.

1998; Casto et al. 1995; Hoekstra et al. 2007, 2009; van

Soelen et al. 2011). Note that performance IQ is based on

some, but not only, subtests requiring spatial orientation

and reasoning. Finally, although there is no consistent

difference in heritability between verbal compared to

spatial ability in the child literature, adult studies do

report a higher heritability for verbal ability compared to

other specific cognitive abilities (Posthuma et al. 2001,

2003; Rijsdijk et al. 2002), which also is in line with our

findings of a trend for higher heritability estimates for the

two verbal subtests—62 % for analogy and 49 % for

category—and the verbal sum-score (75 %) as compared

to the equivalent spatial subtests—52 % for the analogy

and 20 % for the category—and the spatial sum-score

(24 %). However, no study to date has explored the dif-

ference in heritability between analogical and categorical

reasoning.

The reduced independent pathway model, showed that

one common genetic factor explained the entire covariation

between three of the four traits (VA, SA, and VC), while

some common non-shared environmental influences (i.e.

correlated measurement error) explained minor additional

covariance (5 % each) between SC and VC and SC and

VA, respectively. This suggests that the environmental

influences are largely specific with shared genetic influ-

ences explaining the vast majority, if not all, of the

covariation between the four reasoning tests. The multi-

variate model, as well as the very high genetic correlations

(ranging between 0.90 and 1.00), strongly indicates that

although each of the four subtests tap different cognitive

domains, they are all influenced by the same set of genes,

indicating that within-individual differences in perfor-

mance on those tests would be due to specific environ-

mental influences. This is a very interesting finding which

only is possible due to the four sub-tests of the VES-

PARCH 1 being matched for format, content and response.

However, within individual differences might also be due

to gene-environment interactions and correlations which

we did not explore.

Based on the modularity hypothesis we would have

expected to find two largely genetically independent fac-

tors influencing the verbal and spatial tests. However, we

find substantial genetic overlap between the different

measures of those two domains suggesting molarity rather

than modularity, i.e. one shared set of genes explains the

variance in performance on different but matched tests

tapping different cognitive domains. This is in line with a

number of studies exploring genetic and environmental

influences on the relationship between verbal and spatial

abilities (Alarcon et al. 1999; Casto et al. 1995; Petrill
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1997; van Leeuwen et al. 2009) which revealed large

genetic overlap between the specific cognitive abilities

suggesting one underlying common genetic factor. How-

ever, unlike those past studies (Alarcon et al. 1999; Casto

et al. 1995; Petrill 1997; van Leeuwen et al. 2009), the

present study does not reveal any genetic influence specific

to either the verbal or spatial domain. This finding may be

explained by the matched test settings of the VESPARCH

1 subtests, i.e. the unique genetic factors in the other

studies could potentially be artefacts of different presen-

tation and response modalities of the different subtests used

in the WISC.

The finding of shared genetic influences on the ana-

logical and categorical reasoning tests partly supports the

findings by Green et al. (2006a) suggesting that both

reasoning tests require similar skills (i.e. relational

knowledge and categorisation) activating the same

underlying brain networks. However, it also has been

reported that there is additional activation in the fronto-

polar cortex in the analogical reasoning task (Bunge et al.

2005; Green et al. 2006b, 2010). In line with this theory,

we would have expected significant specific genetic

influences on the two analogical reasoning tasks in

addition to the genetic overlap between the categorical

and analogical subtests. As indicated by the generally

large confidence intervals, a lack of power could be an

explanation for the non-significant specific influences on

the analogical reasoning.

Finally, previous studies also have reported a significant

C-effect on the variation in cognitive ability (for a review

see Deary et al. 2006) which decreases with increasing age.

For example, Haworth et al. (2010) showed in a longitu-

dinal study of 11,000 twin pairs (9, 12, and 17 years) of

four subsamples that, while heritability of general cognitive

ability increased (41 %, 55 %, and 66 %, respectively), C

influences were decreasing from 33 % at 9 years of age to

18 % at 12 years and remained at this level to 17 years.

This is in line with our findings of a significant C-effect

(14 %) on VA. Also, comparison of the MZ versus DZ

correlations in our sample shows some effects of C in SA

and SC in addition to VA, as the DZ correlations (0.34 and

0.30 for SA and SC, respectively) were higher than half the

MZ correlations for these two variables. However, as

indicated by the wide confidence intervals of the twin

correlations, the samples size (N = 169 twin pairs) pro-

vided insufficient power to detect such modest effects.

A limitation of the present study was the relatively small

sample size, reflected in the wide confidence intervals for

the twin correlations and the variance component esti-

mates. However, we included a sample as large as possible

using all available data from the VESPARCH 1. In the

future we will have the opportunity to attain follow-up data

in the same twins at age 16, which will enable us to

investigate genetic and environmental influences in a lon-

gitudinal study design. Also, even though Mellanby and

Langdon (2010) reported a relatively high internal consis-

tency for the subscales of the VESPARCH 1, the present

data showed a relatively high Cronbach’s alpha (0.74 and

0.76) for the two analogy subtests, while the two category

subtests were somewhat lower (0.53). A low Cronbach’s

alpha indicates a high measurement error which would be

reflected in inflated E-estimates. Finally, we did not

explore gene-environment interactions and correlations and

therefore cannot rule out those effects influencing some of

our findings.

In summary, heritability estimates for the four abstract

reasoning skills were low to moderate ranging between

20 % (SC) and 62 % (VA), with some additional shared-

environmental (C) influences on VA. The present study

demonstrates that variance in and covariance between

performance on four abstract reasoning tests tapping dif-

ferent cognitive domains (i.e. spatial, verbal, categorical

and analogical reasoning) are influenced by the same

shared set of genes. This finding is strongly in favour of the

molarity hypothesis stipulating that different cognitive

abilities are driven by the same genetic influences. Unlike

past studies, our findings showed no indication of addi-

tional genetic influences specific to each of the four rea-

soning measures. This may be because of the uniquely

matched design of the VESPARCH 1, which controls for

potential confounders of different presentation and test

modality found in the majority of other cognitive tests, and

emphasizes the importance of taking such potential arte-

facts into account.
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