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Abstract
Relational complexity (RC) is a metric reflecting capacity limitation in relational processing.

It plays a crucial role in higher cognitive processes and is an endophenotype for several dis-

orders. However, the genetic underpinnings of complex relational processing have not

been investigated. Using the classical twin model, we estimated the heritability of RC and

genetic overlap with intelligence (IQ), reasoning, and working memory in a twin and sibling

sample aged 15-29 years (N = 787). Further, in an exploratory search for genetic loci con-

tributing to RC, we examined associated genetic markers and genes in our Discovery sam-

ple and selected loci for replication in four independent samples (ALSPAC, LBC1936, NTR,

NCNG), followed by meta-analysis (N>6500) at the single marker level. Twin modelling

showed RC is highly heritable (67%), has considerable genetic overlap with IQ (59%), and
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is a major component of genetic covariation between reasoning and working memory

(72%). At the molecular level, we found preliminary support for four single-marker loci (one

in the gene DGKB), and at a gene-based level for the NPS gene, having influence on cogni-

tion. These results indicate that genetic sources influencing relational processing are a key

component of the genetic architecture of broader cognitive abilities. Further, they suggest a

genetic cascade, whereby genetic factors influencing capacity limitation in relational pro-

cessing have a flow-on effect to more complex cognitive traits, including reasoning and

working memory, and ultimately, IQ.

Introduction
Relational processing is defined as the ability to mentally link variables relevant for goal-direct-
ed behaviour, and is thought to underlie a diverse range of higher-order cognitive abilities in-
cluding reasoning, categorisation, planning, quantification, and language [1–12]. One
characteristic of relational processing is that it is effortful. It imposes a load on limited cognitive
resources and this load increases with the complexity of the relations. Relational complexity
(RC) theory [13] quantifies complexity in terms of the RC metric. This metric is domain-gener-
al, underlying tasks as divergent as sentence comprehension (understanding multiple “who did
what” relations (Fig 1)) and transitive inference (whereby A>C can be inferred from the two
relations, A>B and B>C)[14]. The capacity to process complex relational information in order
to solve a problem increases from childhood through to young adulthood (most 2 year-olds
can process relations between two entities/variables, which increases to three entities/variables
for the majority of 5 year-olds, while the relational processing limit for young adults corre-
sponds to four entities related in a single decision [14–16]). This limit on relational processing
represents the number of unique entities, or conceptual chunks of information, that can be pro-
cessed in parallel to arrive at a solution and is proposed to underlie capacity limitations in rea-
soning (as has been shown for the knight-knave task of suppositional reasoning [16, 17]).
Further, it is comparable to the working memory capacity limit of four elements [18]. Indeed,
capacity limits in both reasoning and working memory might be based on the limited ability to
process complex relational information, which could account for the link found between these
traits [19].

Another characteristic of relational processing is its apparent sensitivity to brain abnormali-
ties associated with psychiatric and neurological disorders. Relational processing engages the
prefrontal cortex [20, 21], a brain region involved in the integration of information processing
that occurs in other specialised brain systems, and that shows a linear pattern of development
such that magnitude of activation during tests of executive function increases from childhood
through to young adulthood [22–25]. Limits in the ability to process complex relations have re-
cently been associated with increased regional activity within, and functional interactions be-
tween, the fronto-parietal and cingulo-opercular control networks, with connectivity between
prefrontal regions directly associated with limits in relational processing [12]. Dysfunction of
the prefrontal cortex is a central feature of many psychiatric disorders (including schizophre-
nia, bipolar disorder, attention deficit hyperactivity disorder, and posttraumatic stress disorder
[26]) and neurological conditions such as Alzheimer’s disease [27]. Consequently, relational
processing ability has been used to characterise executive impairment in Alzheimer’s disease
patients [27], and similarly, following stroke [4]. Impaired relational processing is found in
schizophrenia [28–30] and patients show altered prefrontal activity during relational

Cognitive Complexity

PLOS ONE | DOI:10.1371/journal.pone.0123886 April 10, 2015 2 / 19

Bioinformatics Genomics Proteomics Program,
389891, to NGM); Replication Samples (i) the
Scottish LBC1936 (IJD SEH GD JMS); Age UK,
www.ageuk.org.uk/, (TheDisconnectedMind project) -
supported phenotype collection; Biotechnology and
Biological Sciences Research Council, www.bbsrc.
com/, (BB/F019394/1) - funded genotyping; work was
undertaken by The University of Edinburgh Centre for
Cognitive Ageing and Cognitive Epidemiology, part of
the cross council Lifelong Health and Wellbeing
Initiative (MR/K026992/1); Medical Research Council,
www.mrc.ac.uk/, (ii) the Dutch NTR Sample (DIB
HEHP EAE GED SF): European Research Council,
erc.europa.eu/, (ERC 230374); The Netherlands
Organization for Scientific Research, www.nwo.nl/;
Neuroscience Campus Amsterdam, www.
neurosciencecampus-amsterdam.nl/; and genotyping
support from Rutgers University Cell and DNA
Repository, www.rucdr.org/, (NIMH U24 MH068457-
06); Avera Institute, www.avera.org/; National
Institutes of Health, www.nih.gov/, (NIH R01
HD042157-01A1, MH081802, Grand Opportunity
grants 1RC2 MH089951 and 1RC2 MH089995),
Genetic Association Information Network of the
Foundation for the National Institutes of Health, (iii)
the Norwegian NCNG Sample (SLH AC TE VMS IR
AJL): Bergen Research Foundation, www.bfstiftelse.
no/; University of Bergen, www.uib.no/; Research
Council of Norway, www.forskningsradet.no/,
(including FUGE grant numbers 151904 and 183327,
Psykisk Helse grant number 175345, RCN grants
154313/V50 to IR and 177458/V50 to TE), Helse
Sørøst RHF, www.helse-sorost.no/om-oss/, (2012086
to TE); Helse Vest RHF, www.helse-vest.no/,
(911397, 911687 to AJL); and Dr Einar Martens Fund,
(iv) the English ALSPAC Sample (contributed data
only, analysed by NKH): The UK Medical Research
Council, www.mrc.ac.uk/; Wellcome Trust, www.
wellcome.ac.uk/, (092731); and the University of
Bristol, www.bris.ac.uk/. The funders had no role in
study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.



Cognitive Complexity

PLOS ONE | DOI:10.1371/journal.pone.0123886 April 10, 2015 3 / 19



processing when compared to controls [31]. This close relationship between cognitive function
and psychiatric illness has previously been exploited in the search for genes influencing psychi-
atric disorders and to gain further insights into the genetic architecture contributing to these
disorders [32–34].

Thus, relational processing is identified as a core cognitive trait supporting complex cogni-
tive abilities in healthy individuals [1], and further, is shown to be sensitive to psychiatric and
neurological disorder [4, 27, 28]. However, the genetic basis of individual differences in the
ability to process relations of varying complexity has not, to our knowledge, previously been
examined. Here, using twin and genome-wide analytic approaches, we explore the genetic un-
derpinnings of complex relational processing. Using classical twin modelling and data from a
sample of healthy adolescents and young adults (the Discovery sample), we estimated how
much of the variance in relational processing was due to genetic factors (i.e. heritability). Based
on evidence pointing to the critical role of relational processing in higher cognitive processes
[1], we hypothesised that genetic factors influencing relational processing would also be a
strong component of general cognitive function, and further, based on the conjecture that ca-
pacity limitations in relational processing may reflect a common mechanism restricting both
reasoning and working memory [19], that they would account for much of the association
found between these two traits. These hypotheses were supported in twin modelling. In explor-
atory genome-wide analyses of molecular data we then searched for genetic variants (single nu-
cleotide polymorphisms (SNPs)) associated with relational processing. Using a cross-trait
consistency approach to reduce noise, we selected a subset of SNPs, which along with our top-
ranked SNPs and genes, were assessed for replication in four independent samples. No associa-
tion results survived correction for multiple testing. However, suggestive results were found for
a number of plausible loci.

Materials and Methods

Participants
Discovery sample participants were primarily adolescent twins and their singleton siblings
from the Cognition Study (N>2700)—a component of the Brisbane Adolescent Twin Study
[35]. Sample numbers differed for the twin modelling and genome-wide analyses. Twin model-
ling was performed on 787 individuals (mean age 17.0±2.2SD years, range 15.9–29.6) for
whom measures of relational processing, reasoning, working memory, and IQ were available.
These included 138 MZ and 187 DZ twin pairs, 12 triplet trios (one trio included an MZ pair),
and 101 single twins or singleton siblings. 752 individuals had data for all four traits. Samples
for the genome-wide analyses were restricted by available genotyping (Illumina Human
610-Quad SNP chip [36]), with 497 genotyped individuals (243 families) having relational pro-
cessing, 481 (234 families) having reasoning, and 483 (234 families) having working memory
measures. However, a larger genotyped sample of 1999 individuals (mean age 16.6±1.5 years)
from 894 families had measures of IQ. Written, informed consent was obtained from all partic-
ipants, including a parent or guardian for those aged less than 18 years. The study was ap-
proved by the Human Research Ethics Committee at the QIMR Berghofer Medical Research
Institute.

Fig 1. Relational Complexity Tasks. Each task contained items at two or three levels of complexity. The Sentence Comprehension task (A) required
processing of noun-verb relations in order to answer a probe question, while the N-term task (B) is an extended version of a transitive inference task,
requiring ordering of letters from greatest to smallest based on information given in premises. In the Latin Square task (C) symbols can appear only once in
every row or column and participants must solve for a specified cell (marked?). Tasks are described in detail in S1 Text.

doi:10.1371/journal.pone.0123886.g001
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Measures
We used three tasks (Fig 1, S1 Text) across linguistic (Sentence Comprehension) and non-lin-
guistic domains (Latin Square, N-term (a transitive inference task)) to assess relational process-
ing [14, 37, 38]. For each task we assessed participants’ accuracy in processing relations, where
successive trials, or blocks of trials within each task, increased in complexity. Using principal
component analysis (PCA), we derived a relational complexity (RC) component, which ac-
counted for 63.9% of the variance in the three tasks. Test-retest reliability of RC, assessed in a
sub-sample of 20 twin pairs, showed high reliability (0.78; individual tasks ranged 0.44–0.78;
Table 1). Full-scale IQ was assessed with the Multidimensional Aptitude Battery (MAB [39]).
Reasoning and working memory principal components were each derived from two subtests
from the MAB [39] and/or Wechsler Adult Intelligence Scale – Third Edition (WAIS-III [40])
(Table 1). RC was independent of each of the other derived component scores. However, the
MAB subtest Arithmetic contributed to both IQ and Reasoning. Details of zygosity determina-
tion and genotyping can be found in S1 Table.

Twin Modelling – Discovery Sample
Classical twin models were employed to estimate heritability and to explore genetic covariation
(i) among the three relational processing tasks, (ii) between RC and IQ, and (iii) to assess the
degree to which sources influencing RC also contribute to the covariation between reasoning
and working memory. This method does not use the genotype data, but rather, utilizes the ge-
netic relationship between twins. Monozygotic (MZ) twins share 100% of their genetic materi-
al, while dizygotic (DZ) twins and non-twin siblings share on average 50% of their genetic
material.

Twin modeling was performed at univariate and multivariate levels using the structural
equation software package Mx [41]. Variance due to individual differences was decomposed
into additive genetic (A), common environmental (C), and unshared environmental (E)
sources, and multivariate models provided variance/covariance matrices from which genetic
and environmental correlations were calculated. We assessed the fit of a series of models, in-
cluding independent and common pathway models and/or Cholesky decomposition [41] to
determine which pattern of covariation best fitted the data.

Prior to modeling, the relational processing measures were transformed (log or square root,
S1 Table (distributions for the RC component are also shown in S1 Table)) and all measures
were standardized (z-scores,M = 0±1). We found no consistent birth-order, zygosity, or age ef-
fects. Males had slightly, but significantly, higher IQ and reasoning scores than females, so sex
was included as a covariate. No sex effects were found for the relational processing measures or
working memory (S2 Table).

Genome-wide Analyses
Discovery Sample. Exploratory genome-wide association (GWA) and gene-based tests

were conducted to identify loci influencing RC. To reduce noise, we compared these results to
those for reasoning, working memory, and IQ—traits shown in the twin modeling to have a
substantial genetic overlap with relational processing and as relational processing is theorized
to play a crucial role in each [1, 19]. Only associations found to be consistent across traits, in
addition to top hits, were taken forward for replication.

Individual SNPs were tested for association with the family-based SCORE test implemented
in the software programMerlin [42]. Merlin accounts for the relatedness of individuals, includ-
ing MZ twins. Sex, age, and population stratification effects (i.e., the first 3 multi-dimensional
scaling scores for each individual from a stratification analysis) were included as covariates. Of
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the top 50 SNPs associated with RC (where SNPs were in high linkage disequilibrium (�0.5,
identified using SNAP [43]), only one was retained), those with p-values less than 0.05 for all
three additional traits were chosen for replication. As our IQ sample was four times that for re-
lational processing, we repeated this process with the top 50 IQ SNPs (i.e., selecting if p<0.05

Table 1. Trait Demographics, Test-Retest Reliability, Phenotypic/GeneticCorrelations, and Twin Correlations (shown with 95% Confidence
Intervals).

Sentence
Comprehension

N-term Latin
Square

Relational Complexity
(RC)a

Reasoninga Working
Memorya

IQa

Trait Demographics

N (individuals) 786 785 786 784 755 758 779b

Mean±SD 17.1±3.3 11.6±4 2.4±0.4 0±1 0±1 0±1 111.2±12.3

Range 6–22 0–16 0.5–3.0 -4.0 to 1.6 -3.1 to 2.7 -2.5 to 2.8 79–147

Test-Retest rc 0.74 (0.56–0.84) 0.68 (0.47–
0.79)

0.44 (0.13–
0.64)

0.78 (0.61–0.86) - 0.73 (0.58,
0.83)

0.86 (0.81–
0.91)

Phenotypic/Genetic rd

Sentence
Comp

1 0.85
(0.67,0.96)

0.57 (0.28,
0.81)

0.90 (0.81, 0.96) 0.76 (0.55,
1.00)

0.71 (0.52,
0.98)

0.70 (0.56,
0.92)

N-term 0.56 (0.51–0.61) 1 0.91 (0.70,
1.00)

0.99 (0.94, 1.00) 0.83 (0.56,
1.00)

0.45 (0.14,
0.75)

0.74 (0.55,
0.94)

Latin Square 0.40 (0.34–0.46) 0.47 (0.41–
0.52)

1 0.87 (0.74, 0.96) 0.75 (0.49,
0.95)

0.21 (0.00,
0.53)

0.60 (0.40,
0.81)

RC 0.83 (0.80–0.85) 0.82 (0.80–
0.84)

0.75 (0.72–
0.78)

1 0.84 (0.66,
1.00)

0.52 (0.29,
0.79)

0.75 (0.62,
0.92)

Reasoning 0.49 (0.43–0.55) 0.51 (0.46–
0.57)

0.46 (0.40–
0.52)

0.61 (0.56–0.66) 1 0.70 (0.45, 0.90 0.86 (0.77,
0.99)

Working
Memory

0.49 (0.43–0.55) 0.37 (0.30–
0.44)

0.27 (0.20–
0.34)

0.48 (0.41–0.53) 0.52 (0.46–
0.57)

1 0.56 (0.39,
0.79)

IQ 0.56 (0.51–0.61) 0.56 (0.50–
0.60)

0.47 (0.41–
0.52)

0.65 (0.61–0.69) 0.75 (0.71–
0.78)

0.49 (0.43–
0.55)

1

Twin re

MZ Pairs 0.54 (0.42, 0.64) 0.48 (0.34,
0.58)

0.45 (0.31,
0.56)

0.67 (0.58, 0.74) 0.62 (0.52,
0.70)

0.63 (0.53,
0.71)

0.83 (0.81,
0.85)

DZ Pairs 0.30 (0.19, 0.40) 0.32 (0.20,
0.41)

0.20 (0.08,
0.30)

0.37 (0.27, 0.46) 0.39 (0.28,
0.48)

0.38 (0.26,
0.47)

0.42 (0.37,
0.47)

aRC was derived from principal components analysis (PCA) of the Sentence Comprehension, N-term, and Latin Square tasks and accounted for 63.9% of

variance. Reasoning, accounting for 70.2% of the variance in PCA, was derived from the Matrix Reasoning and Arithmetic subtests from the WAIS-III [40]

and MAB [39] respectively (note that Arithmetic is contributing to both IQ and Reasoning). Working Memory, accounting for 79.1% variance in PCA, was

derived from Digit Span Backwards and Letter Number Sequencing (WAIS-III [40]). IQ was derived from scaled scores from three verbal (Information,

Arithmetic, Vocabulary) and two performance subtests (Spatial, Object Assembly) from the MAB [39].
b For genome-wide association, a larger sample (1999) was used.
c Based on 20 pairs retested for RC and Working Memory (mean interval = 3.3±1.6 months) and an independent set of 50 pairs retested for IQ (mean

interval = 3.4±1.0 months) [85]. Test-retest for Reasoning could not be computed due to non-overlap of retest samples for the contributing variables. Note

that reliability for Latin Square increased to 0.60 if three individuals showing substantial improvement were dropped.
d Genetic correlations were derived from Cholesky decomposition that allowed for additive genetic, common environmental, and unique environmental

influences.
e MZ = monozygotic, DZ = dizygotic. Note that twins were paired with a non-twin sibling where possible to create additional pseudo-DZ pairs. For all

variables, correlations between same-sex co-twins could be collapsed over sex for MZ and DZ pairs (i.e. MZ male and female pairs, DZ male and female

pairs, Δχ21 ranged 0.0–2.5) indicating that the magnitude of genetic and environmental influences did not differ significantly between males and females.

Further, indicating that sources of influence do not differ significantly between males and females, the opposite-sex correlations could be set equal to the

same-sex DZ correlations for all variables (Δχ21 ranged 0.6–3.3), with the exception of IQ (Δχ21 = 4.2). This suggests that for IQ there may not be

complete overlap in genetic sources of influence for males and females.

doi:10.1371/journal.pone.0123886.t001
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for RC, reasoning, and working memory). From these 100 SNPs, 10 showed consistency across
trait, and including the top hit for IQ (included due to larger sample), a total of 11 SNPs were
selected for replication. The software ANNOVAR [44] was used to identify those SNPs in or
near genes (build version: hg18).

In addition, to determine if any genes had an excess of SNPs with small p-values, the GWA
results were examined in gene-based analyses performed using VEGAS [45], a versatile gene-
based association test that is suitable for family-based GWA. It assigns SNPs to autosomal
genes, with gene boundaries of ±50kb, and takes into account gene length and linkage disequi-
librium. The best performing genes for RC and IQ were selected for replication. GWA and
gene-based significance levels, after adjusting for multiple testing and two correlated traits,
were 3.1x10-8 and 1.7x10-6 respectively (S1 Table).

Replication and Meta-Analysis. Using four independent samples previously described—
Avon Longitudinal Study of Parents and Children (ALSPAC [46], N = 4078), Lothian Birth Co-
hort 1936 (LBC1936 [47, 48], N = 1005), Netherlands Twin Registry (NTR [49, 50], N = 920),
and Norwegian Cognitive NeuroGenetics (NCNG [51], N = 670)—we attempted to replicate as-
sociations for the 11 SNPs and two genes. While none of the independent groups had measures
specifically designed to quantify complex relational processing, all had measures of reasoning,
working memory, and/or IQ (to which relational processing is proposed to contribute [1]) that
could be used as proxies. A full description of these data and cohort-specific association and
gene-based analyses is given in S3 Table.

We extracted summary statistics for the 11 markers for reasoning, working memory, and IQ
(available for four, two, and three replication samples respectively), which together with the
Discovery sample, were meta-analysed in METAL [52] using p-values across studies and with
sample size and direction of effect taken into account. As the meta p-value significance may be
slightly inflated with related individuals we used family number for sample size for the Austra-
lian (Discovery) and Dutch samples.

Results

Twin Modelling – Discovery Sample
Mean performance, reliability, and correlations (phenotypic (rp), genetic (rg), and twin) are
shown in Table 1. Performance was moderately correlated between the three relational com-
plexity tasks (rp = 0.40–0.56, rg = 0.57–0.91) and with IQ (rp = 0.47–0.56, rg = 0.60–0.74), with
genetic correlations being stronger than phenotypic. Similarly, RC was strongly correlated with
IQ (0.65 (rg = 0.75)), as well as reasoning (0.61 (rg = 0.84)), and working memory (0.48 (rg =
0.52)).

Univariate model-fitting showed that common environmental influences could be dropped
without loss of fit for all traits (S4 Table). However, it should be noted that if there are small
but true common environmental influences, these may bias heritability estimates upwards.
Heritability (i.e. h2) estimates for the individual relational complexity tasks were in the moder-
ate range (41–57%, Fig 2, see also S2 Text and S5 Table). RC was slightly more heritable (67%),
and of similar magnitude to the reasoning and working memory factors (both 64%), though
less heritable than IQ (85%, Fig 3). Heritability of a latent relational processing factor, derived
from common pathway modelling of the individual relational processing tasks, was higher
(86%, Fig 2) as measurement error and environmental influences specific to each task were par-
tialled out. The latent relational processing factor accounted for 33–62% of variation in the in-
dividual relational processing tasks, and shows that a common genetic source is a strong
influence on performance in all tasks.
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Consistent with our hypotheses, RC was a strong component of IQ (Fig 3, S2 Text) with
genes accounting for most (91%) of the association (i.e. rp = 0.65). Even so, RC was not totally
subsumed within IQ with 40% of its genetic variance being specific (S1 Fig). The genetic source
influencing RC (i.e. A1) also accounted for 69% of genetic variation in reasoning and 39% of
genetic variation in working memory. Importantly, factors influencing RC accounted for 67%
of the total covariation (72% of genetic covariation) between reasoning and working memory.
Independent of RC, IQ accounted for an additional 12% of the total covariation (10% of genetic
covariation), while processes independent of both RC and IQ accounted for the remaining
21%. Taking into account the genetic overlap between RC and IQ, RC accounted for 8% of the
genetic covariation independently of IQ (S2 Fig shows examples of alternative variable order).

Fig 2. Strongly Genetic Latent Factor Influences Individual Relational Complexity Tasks. In this common pathway model [41], the latent factor is
influenced by additive genetic (A) and non-shared environmental (E) sources. Remaining variance was accounted for by genetic and environmental
influences specific to each task (As and Es). Dashed lines indicate non-significant pathways. Heritability (h2) is indicated for each task. For greater detail see
S2 Text and for multivariate model-fitting see S5 Table.

doi:10.1371/journal.pone.0123886.g002
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GWA Analyses
Discovery Sample. No associations for either RC or IQ reached genome-wide significance

(i.e., 3.1x10-8; for quantile-quantile plots see S3 Fig). For RC, the strongest association was with
rs4390263, p = 1.4x10-6. This SNP was also suggestive (p<0.05) for the related traits of reason-
ing, working memory, and IQ. In addition, a further five of the top 50 RC SNPs were suggestive
across all three additional cognitive traits (S6 Table). For IQ, the strongest association was with
rs1242923 (p = 5.0x10-6). In addition, four of the top 50 IQ SNPs were suggestive for RC, rea-
soning, and working memory (S7 Table). These 11 SNPs, shown in Table 2, were taken forward
for replication. Minor allele frequencies for all samples are shown in S8 Table.

Replication and Meta-analysis. Of 109 association tests (11 SNPs for 10 related traits
across 4 independent groups (excluding rs10209999 for the NTR cohort), 11 were nominally
associated (p<0.05, S9–S10 Tables). This exceeds that expected by chance (0.05�109 = 5.5).
However, direction of results was not always consistent across groups. Meta-analysis of IQ re-
sults from 4 groups (N = 7083) revealed three independent nominally associated SNPs

Fig 3. Genetic Sources Influencing Relational Complexity (RC) Underpin Intelligence and Covariation Between Reasoning andWorking Memory.
In this Cholesky decomposition [41], additive genetic factors are designated A1-A4, and non-shared environmental factors E1-E4 (dashed lines indicate non-
significant pathways). Heritability (h2) is shown for each trait. Parameter estimates are standardised such that when squared they indicate the percentage of
variance accounted for (shown with 95% confidence intervals). Variable order was chosen to examine (i) the contribution of sources influencing RC (i.e. A1,
E1) to the covariation between reasoning and working memory, and (ii) if sources influencing IQ added to this covariation independently of RC. For greater
detail see S2 Text and S1 Fig (focussing on covariation between RC and IQ) and S2 (showing alternative variable orders for the quadrivariate Cholesky).
Note that unless there are qualitative sex differences, the order of traits in a Cholesky decomposition does not change measure of fit (or conclusion).

doi:10.1371/journal.pone.0123886.g003
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(intergenic SNPs rs2964546, rs4482248, and a SNP in the gene DGKB, rs7801010 (Table 2)).
Nominal associations were also found for working memory (3 groups, N = 1825) at two loci
(rs4390263 (NPS) and rs4482248 (intergenic)).

Gene-based Tests
Discovery Sample. No genes reached the significance threshold (1.7x10-6). The top ranked

gene for RC was NPS (p = 1.5x10-5), consistent with the top GWAS SNP (rs4390263). The
top ranked gene for IQ was FAM105A, p = 3.2x10-5. These 2 genes were taken forward for
replication.

Table 2. Association for SNPs Carried Forward to Replication: Discovery/Replication Samples andMeta-Analyses.

Australian
Discovery

English ALSPAC Scottish LBC1936 Dutch NTR Norwegian
NCNG

Meta-Analyses

SNP Gene, Location Effect
(SE)

P value Effect
(SE)

P
value

Effect
(SE)

P value Effect
(SE)

P
value

Effect
(SE)

P
value

Z-
score

P value

1. Relational Complexity (RC) or Reasoningb:

rs10209999 Intergenic,
2:138312920

-0.30
(0.08)

1.4x10-4 -0.01
(0.03)

0.584 -0.01
(0.03)

0.884 - - -0.52
(0.26)

0.045 -1.943 0.052

rs2442756 VPS13B, 8:99816910 0.28
(0.07)

1.5x10-4 0.02
(0.02)

0.354 0.01
(0.03)

0.861 -0.08
(0.05)

0.162 -0.55
(0.23)

0.020 0.472 0.637

rs11195283 RBM20,
10:110721690

-0.28
(0.07)

1.4x10-4 0.00
(0.02)

0.888 -0.01
(0.03)

0.806 0.08
(0.05)

0.144 0.40
(0.24)

0.096 -0.071 0.943

rs4390263c near
NPS,10:127556291

-0.35
(0.07)

1.4x10-6 0.00
(0.02)

0.877 0.08
(0.03)

9.5x10-3 0.04
(0.05)

0.400 0.39
(0.22)

0.081 0.991 0.322

rs12882037 near ESRRB,
14:75350842

-0.36
(0.09)

3.7x10-5 0.02
(0.03)

0.491 -0.01
(0.03)

0.780 0.10
(0.07)

0.150 -0.30
(0.24)

0.225 -0.419 0.676

rs3827183 DOPEY2, 21:36289107 -0.41
(0.11)

1.2x10-4 -0.02
(0.03)

0.630 0.01
(0.03)

0.750 -0.09
(0.08)

0.252 0.55
(0.36)

0.128 -0.812 0.417

2. IQ or Equivalentc:

rs2964546 Intergenic,
5:115407800

0.15
(0.04)

6.7x10-5 0.04
(0.02)

0.139 -0.03
(0.03)

0.402 - - 0.62
(0.64)

0.346 2.613 9.0x10-3

rs7801010 DGKB, 7:14275141 0.16
(0.08)

4.5x10-5 0.00
(0.03)

0.941 0.06
(0.03)

0.060 - - -0.12
(0.64)

0.851 2.135 0.033

rs12419146 PRR5L, 11:36331921 0.37
(0.09)

3.0x10-5 0.00
(0.06)

0.993 0.07
(0.03)

0.041 - - 1.03
(1.74)

0.554 1.900 0.057

rs1242923 ABHD4, 14:22605603 -0.17
(0.04)

4.8x10-6 -0.02
(0.02)

0.489 -0.01
(0.03)

0.766 - - 1.15
(0.59)

0.051 -1.739 0.082

rs4482248d Intergenic,
15:96755114

-0.18
(0.04)

1.7x10-5 -0.06
(0.03)

0.021 0.01
(0.03)

0.776 - - 0.05
(0.07)

0.943 -3.264 1.1x10-3

NOTE: P values <0.10 are shown in bold, while those <0.05 are also underlined. Results are reported for the minor allele and are standardised for all

cohorts excepting NCNG. Minor allele frequencies are reported in S8 Table. In the Discovery sample gene-based test for RC: NPS was the top ranked

gene (p = 1.5x10-5), while VPS1

3B and DOPEY2 were nominally associated (p = 0.02, 0.04 respectively). In the gene-based test for IQ: DGKB and ABHD4 were nominally associated

(p = 0.03, 8.1x10-4 respectively). RBM20 and PRR5L were not VEGAS-listed genes.
aSample sizes: Australian Discovery (1. N = 497 (243 families); 2. N = 1999 (894 families), English ALSPAC (N = 4078 unrelated), Scottish LBC1936

(N = 1001 unrelated), Dutch NTR (N = 920 (340 families)), Norwegian NCNG (N = 670 unrelated).
bThis set of SNPs are from the top 50 RC SNPs. Results for all replication SNPs are shown in supplementary S9–S10 Tables. Measures examined in

meta-analysis: Discovery – RC; ALSPAC/LBC1936/NCNG – Matrix Reasoning; NTR—Raven’s Progressive Matrices.
cThis set of SNPs are from the top 50 IQ SNPs. Results for all replication SNPs are shown in supplementary S9–S10 Tables. Measures examined in

meta-analysis: Discovery—IQ from the Multidimensional Aptitude Battery (5 subtests), ALSPAC and NCNG – IQ from the WASI (2 subtests—includes

Matrix Reasoning), LBC1936—Moray House.
dFurther support for this SNP was found in meta-analysis for Working Memory (rs4390263, p = 0.023; rs4482248, p = 0.026; N = 1825; Discovery – PCA-

derived Working Memory; LBC1936 – Letter Number Sequence; NCNG – Digit Symbol).

doi:10.1371/journal.pone.0123886.t002
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Replication. Tests for NPS resulted in suggestive p-values (ranging 0.007 to 0.06) for rea-
soning in three of the four replication cohorts (Table 3). The only exception was the NTR co-
hort, for which SNP overlap was small (86% of NTR SNPs for NPS and FAM105A were
specific to that cohort). For FAM105A, no consistent support was found (Table 3).

Post Hoc Links to Cognition and Related Traits
Of the 11 SNPs selected for replication, eight were located in a gene (rs7801010 (DGKB),
rs2442756 (VPS13B), rs11195283 (RBM20), rs12419146 (PRR5L), rs1242923 (ABHD4), and
rs2837183 (DOPEY2), or near a gene (rs4390263 (3.62kb downstream of NPS); rs12882037
(20.5kb upstream of ESRRB)). As outlined in S11 Table, seven of these genes have, to varying
degrees, plausible links to cognition (i.e. DGKB, NPS, VPS13B, RBM20, ABHD4, ESRRB, and
DOPEY2), with some active in systems implicated in schizophrenia pathology (NPS, DGKB,
ABHD4, ESRRB).

None of the 11 SNPs have been identified in previous GWAmeta-analyses of (i) adult cog-
nition (N = 3,511 [53, 54]), (ii) childhood cognition (N = 12,441 [55]), or (iii) educational at-
tainment (N = 126,559 [56]), although suggestive evidence in Norwegian and British samples
indicates that the gene DGKBmay influence fluid intelligence (p = 0.04 and 0.001 respectively
[54]). For sample overlap with these studies, see S12 Table.

Discussion
This is the first study to examine the extent of genetic influence on the ability to process com-
plex relational information. Relational processing is known to impose processing loads that in-
crease with the complexity of relational information [14, 15, 57]. Furthermore, individual

Table 3. Discovery and Replication Gene-based Test Results:NPS and FAM105A.

P values x Cognitive Trait

Relational Complexity IQ Reasoning Working Memory

NPS (10q26.2)

Australian Discovery 1.5x10-5 0.183 0.053 0.076

English ALSPAC - 0.239 2.1x10-2 -

Scottish LBC1936 - 0.111 7.4x10-3 0.343

Dutch NTRa - - 0.582 -

Norwegian NCNG - 0.258 0.063 -

FAM105A (5p15.2)

Australian Discovery 0.162 2.8x10-5 0.122 0.847

English ALSPAC - 0.775 0.292 -

Scottish LBC1936 - 0.652 0.185 0.899

Dutch NTRa - - 0.722 -

Norwegian NCNG - 0.063 0.139 -

NOTE: P values <0.10 are shown in bold, while those <0.05 are also underlined. Sources for IQ, reasoning, and working memory varied between cohorts

(IQ: Discovery—verbal and performance subtests (5) from the Multidimensional Aptitude Battery (MAB), ALSPAC and NCNG – subtests (2) from the

WASI (includes Matrix Reasoning), LBC1936—Moray House; Reasoning: Discovery – PCA-derived reasoning (Matrix Reasoning, Arithmetic (MAB

subtest)), ALSPAC/LBC1936/NCNG—Matrix Reasoning, NTR—Raven’s Progressive Matrices; Working Memory: Discovery – PCA-derived working

memory (Digit Span Backwards, Letter Number Sequencing), LBC1936—Letter Number Sequencing.)
aDue to differences in genotyping platform Illumina for Discovery, NCNG, LBC1936, ALSPAC; Affymetrix for NTR) SNP overlap

for NPS and FAM102A SNPs between NTR and the other cohorts was low (86% of NTR SNPs were specific to that cohort).

doi:10.1371/journal.pone.0123886.t003
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differences in this ability have been demonstrated [15, 57]. Here, the role of processing com-
plex relations (i.e. RC) is explored as a core component of cognitive function, as a foundation
for both reasoning and working memory [1, 19], and as a potentially important endophenotype
for psychiatric and neurological disorders [27, 28, 30]. First we show that RC is strongly herita-
ble (i.e., genetic sources account for 67% of individual variability). This heritability estimate is
similar to that found here for reasoning and working memory domains (Fig 3) and in other
studies for higher-order cognitive functions [58]. Consistent with prior work [1, 19, 57], RC ac-
counted for a substantial amount of the variance in IQ and the majority of covariation between
reasoning and working memory. Here we show that these relationships are driven almost en-
tirely by overlapping genetic influences. Further, in exploratory analyses, we searched for com-
mon genetic variants that influence RC, with meta-analyses providing suggestive support for
four loci.

Our analyses show RC is characterised by substantial individual variation that can be reli-
ably measured. Genetic and environmental influences were independent of sex and a strong ge-
netic source influenced variation in our adolescent and young adult sample. Typically, the
heritability of cognitive abilities increases steeply throughout childhood and adolescence to
young adulthood, with common (shared) environmental influences becoming less important
over the lifespan [59–61]. Heritability then remains relatively stable through middle and old
age [62, 63], although decreases in later life have sometimes been indicated [64, 65] and trajec-
tories can also be measure dependent, with for example, heritability of memory performance
reported to increase in old age [64, 66]. Further, it has been shown that there is substantial
overlap between genetic sources influencing cognitive ability in childhood and old age [67].

The heritability of RC in our adolescent and young adult sample was maximised through
computation of a principal component from tests spanning linguistic and non-linguistic do-
mains. An important characteristic of the RC metric is that it defines cognitive complexity in a
way that is applicable to different content domains [14]. In this, RC somewhat reflects the ex-
traction of IQ from multiple verbal and performance abilities. To some extent, the higher heri-
tability in a principal component score may reflect the reduction of random noise, as
measurement error inflates environmental influence and thereby reduces heritability. Similarly,
we found that heritability is further increased when a latent relational processing factor is de-
rived from common pathway modelling of individual relational processing tasks (86% vs.
67%), as uncorrelated measurement error, plus genetic and environmental influences specific
to each task, are partialled out of the latent factor. While our results suggest that our core ability
to process complex relations is very strongly influenced by our genetic make-up, this does not
preclude the importance of environmental effects, which can influence heritability when (a)
our response to the environment is partly dependent upon our genotype (gene-environment
interaction), or (b) our genetically influenced preferences lead us to seek out particular envi-
ronments (gene-environment correlation) [68]. Further, no significant common environmental
factor was identified, but it is possible that in larger samples the larger statistical power would
allow detection of such influences. We note however, that evidence of shared environmental in-
fluences in adults is very limited for measures of cognition. Heritability scores derived from
DNA using Genome-wide Complex Trait Analysis (GCTA[69]) show that common genetic
variants account for approximately two-thirds of twin study heritability estimates for cognitive
abilities, and set a lower bound for such estimates [70].

Previously, we have theorized that relational processing is the foundation of higher cognitive
processes [1]. Here we show that genetic sources influencing variability in RC also account for
over half of the individual variation in general cognitive ability and for most (91%) of the asso-
ciation between these measures (rp = 0.65). However, the genetic source influencing RC is not
subsumed in that influencing IQ. While there is substantial genetic overlap, a genetic factor
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independent of IQ accounts for approximately 27% of individual variation in relational pro-
cessing ability. In contrast, the influence of unique environmental sources is almost entirely
specific to each measure.

We have further proposed that the similarity in capacity limitations found for reasoning
(i.e. 4 interrelated variables [16]) and working memory (~4 chunks [18]) might be based on the
limited ability to form and retain relationships between elements—in other words, a capacity
limitation in relational processing [19]. Here we explored the covariation between reasoning
and working memory in terms of genetic and environmental sources and the contribution of
sources that also influence RC. Reasoning and working memory were moderately correlated
(0.52), with genetic sources accounting for the majority (89%) of the covariation (Fig 3). This
genetic component of the covariation was substantially influenced (72%) by sources also influ-
encing RC. It also largely reflects that component of general cognitive ability that covaries with
relational processing, with RC influencing only 8% of the covariation between reasoning and
working memory independently of IQ (and IQ influencing 12% of the covariation indepen-
dently of RC). This finding is consistent with the perspective that genes influencing variation
in the ability to process complex relations thereby also contribute to variability in both reason-
ing and working memory.

In the present study, while we had substantial power to detect sources of genetic and envi-
ronmental variance in relational processing using the classical twin design [71], we lacked
power for genome-wide association (GWA) due to the complex architecture of traits such as
cognition, where many variants of small effect are involved [72]. Thus, our GWA analyses of
this novel phenotype are exploratory and our p-values are modest. To reduce noise, we used a
cross-trait consistency approach and selected eleven SNPs and two genes for replication. This
included a total of nine genes (with additional SNPs in intergenic regions), of which most were
plausible as candidates for involvement in cognition (S11 Table). Heterogeneity among the
cognitive tests across the five cohorts (Australian Discovery, English ALSPAC, Scottish
LBC1936, Dutch NTR, and Norwegian NCNG) was unavoidable. Further, our meta-analysis p-
values did not survive correction for multiple testing and should be considered preliminary.
However, in support of the findings, there is converging evidence that the genes they lie in or
near could plausibly influence cognitive processes. From our GWAmeta-analyses, variants in
or near the genes DGKB and NPS, as well as two intergenic variants (rs4482248 and
rs2964546) were implicated. DGKB is a kinase involved in signalling and phospholipid synthe-
sis, which seems to be preponderant in the brain. In humans, DGKB has been associated with
stimulating the secretion of insulin [73], a hormone found to have potent effects in the brain,
with insulin dysfunction underlying several risk factors implicated in cognitive decline [74].
Recent replicated gene-based association results suggest DGKBmay influence fluid intelligence
[54], while rat studies show DGKB involvement in hippocampal development, with flow-on ef-
fects in memory maze tasks [75, 76]. The hippocampus is most commonly known for its in-
volvement in memory processes [77], but it is also involved in relational processing [78].
Similarly, the intergenic SNP rs4482248 may also influence relational processing via the hippo-
campus, as this SNP has been nominally associated with hippocampal volume in a GWAmeta-
analysis by the ENIGMA Consortium (N = 21,151) [79]. In addition, both our GWA
(rs4390263) and gene-based tests suggest an association between the NPS gene and processes
related to relational processing. Relational processing is known to be impaired in schizophrenia
patients [80, 81] and NPS has been implicated in susceptibility for this disorder [82], including
a large GWAmeta-analysis by the Psychiatric Genomics Consortium (N = 51,695) [83] show-
ing that the minor allele of rs4390263 has a small protective effect. In addition, NPS receptors
are reported to modulate verbal memory in schizophrenia patients [82] and central NPS ad-
ministration has been shown to dose-dependently enhance memory retention in mice [84].
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Taken together, these converging lines of evidence are intriguing, but the associations with re-
lational processing reported here should be interpreted cautiously and need replication.

Conclusions
We find relational processing to be reliable and heritable, and consistent with RC theory [1,
19], capacity limitations for processing complex relations appear to make a substantial contri-
bution to general cognitive ability and to underlie much of the covariation found between rea-
soning and working memory. Importantly, overlapping genetic sources drive these
associations, and as such, genetic factors related to relational processing are identified as an im-
portant component of the genetic architecture underlying intelligence. Further, the results are
consistent with a genetic cascade effect whereby genetic factors influencing core cognitive traits
have flow-on effects to more complex cognitive behaviours. Potentially, genetic sources influ-
encing structural and functional aspects of the prefrontal cortex, a brain region associated with
relational processing [12, 20, 21], may be an earlier step in this genetic cascade. Future studies
can assess these relationships by including brain imaging measures of prefrontal cortex struc-
ture and function in multivariate models similar to those found in the current study and in
models examining direction of causation.

Supporting Information
S1 Fig. Bivariate Cholesky Decomposition: RC, IQ.
(PDF)

S2 Fig. Quadrivariate Cholesky Decomposition: Alternative Variable Orders.
(PDF)

S3 Fig. Quantile-Quantile Plots.
(PDF)

S1 Table. Methods: Discovery Sample Genotyping and Preliminary Analyses.
(PDF)

S2 Table. Results for Assumption Testing and Sex and Age Effects.
(PDF)

S3 Table. Sample and Analyses Details for the Replication Cohorts.
(PDF)

S4 Table. Univariate Cholesky Decomposition of Genetic and Environmental Variance: All
Traits.
(PDF)

S5 Table. Multivariate Model-Fitting for Latin Square, N-term, and Sentence Tasks.
(PDF)

S6 Table. Top 50 Genome-Wide Association Single Nucleotide Polymorphisms (SNPs) for
the RC Factor.
(PDF)

S7 Table. Top 50 Genome-Wide Association Single Nucleotide Polymorphisms (SNPs) for
IQ.
(PDF)

Cognitive Complexity

PLOS ONE | DOI:10.1371/journal.pone.0123886 April 10, 2015 14 / 19



S8 Table. Minor Allele Frequencies.
(PDF)

S9 Table. Association Results for all Samples (6 Loci Selected from RC Factor Genome-
Wide Association).
(PDF)

S10 Table. Association Results for all Samples (6 Loci Selected from IQ Genome-Wide As-
sociation).
(PDF)

S11 Table. Gene Function.
(PDF)

S12 Table. Sample Overlap.
(PDF)

S1 Text. Relational Complexity Task Descriptions.
(PDF)

S2 Text. Structural Equation Modelling.
(PDF)

Acknowledgments
We thank the Brisbane twins and siblings for their participation; Marlene Grace and Ann
Eldridge for sample collection; Kerrie McAloney for study co-ordination; Harry Beeby, Daniel
Park, and David Smyth for IT support, Anjali Henders and the Molecular Genetics Laboratory
for DNA sample preparation, and Scott Gordon for genotyping QC. Further, we acknowledge
and thank the cohort participants and team members contributing to the LBC1935, NTR, and
NCNG studies, and ALSPAC for providing access to data for the purpose of replication (this
publication is the work of the authors). ALSPAC acknowledge and are extremely grateful to all
the families who took part in their study, the midwives for their help in recruiting them, and
the whole ALSPAC team, which includes interviewers, computer and laboratory technicians,
clerical workers, research scientists, volunteers, managers, receptionists and nurses.

Author Contributions
Conceived and designed the experiments: NKHMJW GSH. Analyzed the data: NKH SEH SF
AC BZ. Contributed reagents/materials/analysis tools: GSH GA DHKS GD JP SEM EAE GED
VMS AJL IR GWM TE HEHP JMS NGM SLH DIB IJD MJW. Wrote the paper: NKHMJW.
Provided detailed manuscript feedback: GSH GA DHKS NGM BZ JP SEM SLH AC IJD SEH
GD DIB SF VMS TE.

References
1. Halford GS, WilsonWH, Phillips S. Relational knowledge: the foundation of higher cognition. Trends

Cogn Sci. 2010; 14(11):497–505. doi: 10.1016/j.tics.2010.08.005 PMID: 20884275

2. Andrews G. Belief-based and analytic processing in transitive inference depends on premise integra-
tion difficulty. Mem Cognit. 2010; 38(7):928–40. doi: 10.3758/MC.38.7.928 PMID: 20921105

3. Andrews G, Mihelic M. Belief-based and analytic processing in transitive inference: Further evidence
for the importance of premise integration. Journal of Cognitive Psychology. 2014; 26:588–96.

4. Andrews G, Halford GS, Shum D, Maujean A, Chappell M, Birney D. Relational processing following
stroke. Brain Cogn. 2013; 81(1):44–51. doi: 10.1016/j.bandc.2012.09.003 PMID: 23174427

Cognitive Complexity

PLOS ONE | DOI:10.1371/journal.pone.0123886 April 10, 2015 15 / 19



5. Bunch KM, Andrews G. Development of relational processing in hot and cool tasks. Dev Neuropsychol.
2012; 37(2):134–52. doi: 10.1080/87565641.2011.632457 PMID: 22339227

6. Bunch KM, Andrews G, Halford GS. Complexity effects on the Children's Gambling Task. Cognitive De-
velopment. 2007; 22:376–83.

7. Halford GS, Andrews G, WilsonWH. Relational processing in reasoning: The role of working memory.
In: Feeney A, Thompson VA, editors. Reasoning as Memory. Hove, East Essex: Psychology Press; in
press.

8. Halford GS, WilsonWH, Andrews G, Phillips S. Categorizing Cognition: Toward Conceptual Coher-
ence in the Foundations of Psychology. Cambridge, MA: MIT Press; in press.

9. Halford GS, Andrews G. Reasoning and problem solving. Handbook of Child Psychology. 2. 6th ed:
JohnWiley and Sons; 2006.

10. Halford GS, Andrews G. The development of deductive reasoning: How important is complexity? Think-
ing and Reasoning. 2004; 10:123–45.

11. Zielinski TA, Goodwin GP, Halford GS. Complexity of categorical syllogisms: An integration of two met-
rics. European Journal of Cognitive Psychology. 2010; 22:391–421.

12. Cocchi L, Halford GS, Zalesky A, Harding IH, RammBJ, Cutmore T, et al. Complexity in Relational Pro-
cessing Predicts Changes in Functional Brain Network Dynamics. Cereb Cortex. 2014; 24(9):2283–96.
doi: 10.1093/cercor/bht075 PMID: 23563963

13. Halford GS, WilsonWH, Phillips S. Processing capacity defined by relational complexity: implications
for comparative, developmental, and cognitive psychology. Behav Brain Sci. 1998; 21(6):803–31; dis-
cussion 31–64. PMID: 10191879

14. Andrews G, Birney D, Halford GS. Relational processing and working memory capacity in comprehen-
sion of relative clause sentences. Mem Cognit. 2006; 34(6):1325–40. PMID: 17225512

15. Birney DP, Halford GS, Andrews G. Measuring the influence of complexity on relational reasoning. Ed-
ucational and Psychological Measurement. 2006; 66(1):146–71.

16. Halford GS, Baker R, McCredden JE, Bain JD. Howmany variables can humans process? Psychol
Sci. 2005; 16(1):70–6. PMID: 15660854

17. Birney DP, Halford GS. Cognitive complexity of suppositional reasoning: An application of the relational
complexity metric to the knight-knave task. Thinking and Reasoning. 2002; 8(2):109–34.

18. Cowan N. The magical number 4 in short-term memory: a reconsideration of mental storage capacity.
Behav Brain Sci. 2001; 24(1):87–114; discussion -85. PMID: 11515286

19. Halford GS, Cowan N, Andrews G. Separating cognitive capacity from knowledge: a new hypothesis.
Trends Cogn Sci. 2007; 11(6):236–42. PMID: 17475538

20. Christoff K, Prabhakaran V, Dorfman J, Zhao Z, Kroger JK, Holyoak KJ, et al. Rostrolateral prefrontal
cortex involvement in relational integration during reasoning. Neuroimage. 2001; 14(5):1136–49.
PMID: 11697945

21. Krawczyk DC, Michelle McClelland M, Donovan CM. A hierarchy for relational reasoning in the prefron-
tal cortex. Cortex. 2011; 47(5):588–97. doi: 10.1016/j.cortex.2010.04.008 PMID: 20537619

22. Casey BJ, Jones RM. Neurobiology of the adolescent brain and behavior: implications for substance
use disorders. J Am Acad Child Adolesc Psychiatry. 2010; 49(12):1189–201; quiz 285. doi: 10.1016/j.
jaac.2010.08.017 PMID: 21093769

23. Dumontheil I, Burgess PW, Blakemore SJ. Development of rostral prefrontal cortex and cognitive and
behavioural disorders. Dev Med Child Neurol. 2008; 50(3):168–81. doi: 10.1111/j.1469-8749.2008.
02026.x PMID: 18190537

24. Fuster JM. Frontal lobe and cognitive development. J Neurocytol. 2002; 31(3–5):373–85. PMID:
14501212

25. Yurgelun-Todd D. Emotional and cognitive changes during adolescence. Curr Opin Neurobiol. 2007;
17(2):251–7. PMID: 17383865

26. Gamo NJ, Arnsten AF. Molecular modulation of prefrontal cortex: rational development of treatments
for psychiatric disorders. Behav Neurosci. 2011; 125(3):282–96. doi: 10.1037/a0023165 PMID:
21480691

27. Waltz JA, Knowlton BJ, Holyoak KJ, Boone KB, Back-Madruga C, McPherson S, et al. Relational inte-
gration and executive function in Alzheimer's disease. Neuropsychology. 2004; 18(2):296–305. PMID:
15099152

28. Armstrong K, Kose S, Williams L, Woolard A, Heckers S. Impaired associative inference in patients
with schizophrenia. Schizophr Bull. 2012; 38(3):622–9. doi: 10.1093/schbul/sbq145 PMID: 21134974

Cognitive Complexity

PLOS ONE | DOI:10.1371/journal.pone.0123886 April 10, 2015 16 / 19



29. Coleman MJ, Titone D, Krastoshevsky O, Krause V, Huang Z, Mendell NR, et al. Reinforcement ambi-
guity and novelty do not account for transitive inference deficits in schizophrenia. Schizophr Bull. 2010;
36(6):1187–200. doi: 10.1093/schbul/sbp039 PMID: 19460878

30. Ragland JD, Ranganath C, Barch DM, Gold JM, Haley B, MacDonald AW 3rd, et al. Relational and
Item-Specific Encoding (RISE): task development and psychometric characteristics. Schizophr Bull.
2012; 38(1):114–24. doi: 10.1093/schbul/sbr146 PMID: 22124089

31. Koike S, Takizawa R, Nishimura Y, Kinou M, Kawasaki S, Kasai K. Reduced but broader prefrontal ac-
tivity in patients with schizophrenia during n-back working memory tasks: a multi-channel near-infrared
spectroscopy study. J Psychiatr Res. 2013; 47(9):1240–6. doi: 10.1016/j.jpsychires.2013.05.009
PMID: 23743135

32. Ersland KM, Christoforou A, Stansberg C, Espeseth T, Mattheisen M, Mattingsdal M, et al. Gene-based
analysis of regionally enriched cortical genes in GWAS data sets of cognitive traits and psychiatric dis-
orders. PLoS ONE. 2012; 7(2):e31687. doi: 10.1371/journal.pone.0031687 PMID: 22384057

33. Chubb JE, Bradshaw NJ, Soares DC, Porteous DJ, Millar JK. The DISC locus in psychiatric illness. Mol
Psychiatry. 2008; 13(1):36–64. PMID: 17912248

34. Esslinger C, Walter H, Kirsch P, Erk S, Schnell K, Arnold C, et al. Neural mechanisms of a genome-
wide supported psychosis variant. Science. 2009; 324(5927):605. doi: 10.1126/science.1167768
PMID: 19407193

35. Wright MJ, Martin NG. The Brisbane Adolescent Twin Study: outline of study methods and research
projects. Australian Journal of Psychology. 2004; 56(2):65–78.

36. Medland SE, Nyholt DR, Painter JN, McEvoy BP, McRae AF, Zhu G, et al. Common variants in the tri-
chohyalin gene are associated with straight hair in Europeans. Am J HumGenet. 2009; 85:750–5. doi:
10.1016/j.ajhg.2009.10.009 PMID: 19896111

37. Birney DP, Bowman DB, Beckmann J, Seah Y. Assessment of processing capacity: Latin-square task
performance in a population of managers. European Journal of Psychological Assessment. 2012;
28:216–26.

38. Birney DP, Halford GS. Cognitive complexity of suppositional reasoning: An application of the relational
complexity metric to the knight-knave task. Thinking and Reasoning. 2002; 8:109–34.

39. Jackson DN. Multidimensional Aptitude Battery II. Port Huron: Sigma Assessment Systems; 1998.

40. Wechsler D. Wechsler adult intelligence scale. San Antonio, TX: The Psychological Corporation;
1997.

41. Neale MC, Cardon LR. Methodology for genetic studies of twins and families. Dordrecht: Kluwer Aca-
demic Publishers; 1992.

42. ChenWM, Abecasis GR. Family-based association tests for genomewide association scans. Am J
HumGenet. 2007; 81(5):913–26. PMID: 17924335

43. Johnson AD, Handsaker RE, Pulit S, Nizzari MM, O'Donnell CJ, de Bakker PIW. SNAP: A web-based
tool for identification and annotation of proxy SNPs using HapMap. Bioinformatics. 2008; 24(24):2938–
9. doi: 10.1093/bioinformatics/btn564 PMID: 18974171

44. Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic variants from high-through-
put sequencing data. Nucleic Acids Research. 2010; 38(16):e164. doi: 10.1093/nar/gkq603 PMID:
20601685

45. Liu JZ, McRae AF, Nyholt DR, Medland SE, Wray NR, Brown KM, et al. A versatile gene-based test for
genome-wide association studies. Am J HumGenet. 2010; 87(1):139–45. doi: 10.1016/j.ajhg.2010.06.
009 PMID: 20598278

46. Boyd A, Golding J, Macleod J, Lawlor DA, Fraser A, Henderson J, et al. Cohort Profile: the 'children of
the 90s'—the index offspring of the Avon Longitudinal Study of Parents and Children. International jour-
nal of epidemiology. 2013; 42(1):111–27. doi: 10.1093/ije/dys064 PMID: 22507743

47. Deary IJ, Gow AJ, Pattie A, Starr JM. Cohort profile: the lothian birth cohorts of 1921 and 1936. Interna-
tional journal of epidemiology. 2012; 41(6):1576–84. doi: 10.1093/ije/dyr197 PMID: 22253310

48. Deary IJ, Gow AJ, Taylor MD, Corley J, Brett C, Wilson V, et al. The Lothian Birth Cohort 1936: a study
to examine influences on cognitive ageing from age 11 to age 70 and beyond. BMCGeriatr. 2007; 7:28.
PMID: 18053258

49. Bartels M, van Beijsterveldt CE, Derks EM, Stroet TM, Polderman TJ, Hudziak JJ, et al. Young Nether-
lands Twin Register (Y-NTR): a longitudinal multiple informant study of problem behavior. Twin re-
search and human genetics: the official journal of the International Society for Twin Studies. 2007; 10
(1):3–11.

50. Boomsma DI, de Geus EJ, Vink JM, Stubbe JH, Distel MA, Hottenga JJ, et al. Netherlands Twin Regis-
ter: from twins to twin families. Twin research and human genetics: the official journal of the Internation-
al Society for Twin Studies. 2006; 9(6):849–57.

Cognitive Complexity

PLOS ONE | DOI:10.1371/journal.pone.0123886 April 10, 2015 17 / 19



51. Espeseth T, Christoforou A, Lundervold AJ, Steen VM, Le Hellard S, Reinvang I. Imaging and Cognitive
Genetics: The Norwegian Cognitive NeuroGenetics Sample. Twin Res HumGenet. 2012; 15(3):442–
52. doi: 10.1017/thg.2012.8 PMID: 22856377

52. Willer CJ, Li Y, Abecasis GR. METAL: fast and efficient meta-analysis of genomewide association
scans. Bioinformatics. 2010; 26(17):2190–1. doi: 10.1093/bioinformatics/btq340 PMID: 20616382

53. Davies G, Tenesa A, Payton A, Yang J, Harris SE, Liewald D, et al. Genome-wide association studies
establish that human intelligence is highly heritable and polygenic. Mol Psychiatry. 2011; 16(10):996–
1005. doi: 10.1038/mp.2011.85 PMID: 21826061

54. Christoforou A, Espeseth T, Davies G, Fernandes CPD, Giddaluru S, Mattheisen M, et al. GWAS-
based pathway analysis differentiates between fluid and crystallized intelligence. Genes, brain, and be-
havior. 2015:doi: doi: 10.1111/gbb.12152

55. Benyamin B, Pourcain B, Davis OS, Davies G, Hansell NK, Brion MJ, et al. Childhood intelligence is
heritable, highly polygenic and associated with FNBP1L. Mol Psychiatry. 2013; 19(2):253–8. doi: 10.
1038/mp.2012.184 PMID: 23358156

56. Rietveld CA, Medland SE, Derringer J, Yang J, Esko T, Martin NW, et al. GWAS of 126,559 individuals
identifies genetic variants associated with educational attainment. Science. 2013; 340(6139):1467–71.
doi: 10.1126/science.1235488 PMID: 23722424

57. Andrews G, Halford GS. A cognitive complexity metric applied to cognitive development. Cogn Psy-
chol. 2002; 45(2):153–219. PMID: 12528901

58. Goldberg Hermo X, Lemos Giraldez S, Fananas Saura L. A systematic review of the complex organiza-
tion of human cognitive domains and their heritability. Psicothema. 2014; 26(1):1–9. doi: 10.7334/
psicothema2012.210 PMID: 24444722

59. Bergen SE, Gardner CO, Kendler KS. Age-related changes in heritability of behavioral phenotypes
over adolescence and young adulthood: a meta-analysis. Twin research and human genetics: the offi-
cial journal of the International Society for Twin Studies. 2007; 10(3):423–33.

60. Haworth CM, Wright MJ, Luciano M, Martin NG, de Geus EJ, van Beijsterveldt CE, et al. The heritability
of general cognitive ability increases linearly from childhood to young adulthood. Mol Psychiatry. 2010;
15(11):1112–20. doi: 10.1038/mp.2009.55 PMID: 19488046

61. Tucker-Drob EM, Briley DA, Harden KP. Genetic and environmental influences on cognition across de-
velopment and context. Current Directions in Psychological Science. 2013; 22(5):349–55. PMID:
24799770

62. McGue M, Christensen K. Growing old but not growing apart: twin similarity in the latter half of the life-
span. Behav Genet. 2013; 43(1):1–12. doi: 10.1007/s10519-012-9559-5 PMID: 22927095

63. McClearn GE, Johansson B, Berg S, Pedersen NL, Ahern F, Petrill SA, et al. Substantial genetic influ-
ence on cognitive abilities in twins 80 or more years old. Science. 1997; 276:1560–3. PMID: 9171059

64. Finkel D, Pedersen NL, Plomin R, McClearn GE. Longitudinal and cross-sectional twin data on cogni-
tive abilities in adulthood: the Swedish Adoption/Twin Study of Aging. Dev Psychol. 1998; 34(6):1400–
13. PMID: 9823519

65. Reynolds CA, Finkel D, McArdle JJ, Gatz M, Berg S, Pedersen NL. Quantitative genetic analysis of la-
tent growth curve models of cognitive abilities in adulthood. Dev Psychol. 2005; 41(1):3–16. PMID:
15656733

66. McArdle JJ, Plassman BL. A biometric latent curve analysis of memory decline in older men of the
NAS-NRC twin registry. Behav Genet. 2009; 39(5):472–95. doi: 10.1007/s10519-009-9272-1 PMID:
19404731

67. Deary IJ, Yang J, Davies G, Harris SE, Tenesa A, Liewald D, et al. Genetic contributions to stability and
change in intelligence from childhood to old age. Nature. 2012; 482(7384):212–5. doi: 10.1038/
nature10781 PMID: 22258510

68. Tucker-Drob EM, Briley DA. Continuity of Genetic and Environmental Influences on Cognition Across
the Life Span: A Meta-Analysis of Longitudinal Twin and Adoption Studies. Psychol Bull. 2014; 140
(4):949–79. doi: 10.1037/a0035893 PMID: 24611582

69. Yang J, Lee SH, Goddard ME, Visscher PM. GCTA: a tool for genome-wide complex trait analysis. Am
J HumGenet. 2011; 88(1):76–82. doi: 10.1016/j.ajhg.2010.11.011 PMID: 21167468

70. Plomin R, Haworth CM, Meaburn EL, Price TS, Wellcome Trust Case Control C, Davis OS. Common
DNAmarkers can account for more than half of the genetic influence on cognitive abilities. Psychol Sci.
2013; 24(4):562–8. doi: 10.1177/0956797612457952 PMID: 23501967

71. Posthuma D, Boomsma DI. A note on the statistical power in extended twin designs. Behav Genet.
2000; 30(2):147–58. PMID: 10979605

72. Le Hellard S, Steen VM. Genetic architecture of cognitive traits. Scand J Psychol. 2014; 55(3):255–62.
doi: 10.1111/sjop.12112 PMID: 24605886

Cognitive Complexity

PLOS ONE | DOI:10.1371/journal.pone.0123886 April 10, 2015 18 / 19



73. Ingelsson E, Langenberg C, Hivert MF, Prokopenko I, Lyssenko V, Dupuis J, et al. Detailed physiologic
characterization reveals diverse mechanisms for novel genetic Loci regulating glucose and insulin me-
tabolism in humans. Diabetes. 2010; 59(5):1266–75. doi: 10.2337/db09-1568 PMID: 20185807

74. Cholerton B, Baker LD, Craft S. Insulin, cognition, and dementia. Eur J Pharmacol. 2013; 719(1–
3):170–9. doi: 10.1016/j.ejphar.2013.10.007 PMID: 24262864

75. Hozumi Y, Watanabe M, Otani K, Goto K. Diacylglycerol kinase beta promotes dendritic outgrowth and
spine maturation in developing hippocampal neurons. BMC Neurosci. 2009; 10:99. doi: 10.1186/1471-
2202-10-99 PMID: 19691842

76. Shirai Y, Kouzuki T, Kakefuda K, Moriguchi S, Oyagi A, Horie K, et al. Essential role of neuron-enriched
diacylglycerol kinase (DGK), DGKbeta in neurite spine formation, contributing to cognitive function.
PLoS ONE. 2010; 5(7):e11602. doi: 10.1371/journal.pone.0011602 PMID: 20657643

77. Kitamura T, Inokuchi K. Role of adult neurogenesis in hippocampal-cortical memory consolidation. Mol
Brain. 2014; 7:13. doi: 10.1186/1756-6606-7-13 PMID: 24552281

78. Astur RS, Constable RT. Hippocampal dampening during a relational memory task. Behav Neurosci.
2004; 118(4):667–75. PMID: 15301594

79. Stein JL, Medland SE, Vasquez AA, Hibar DP, Senstad RE, Winkler AM, et al. Identification of common
variants associated with human hippocampal and intracranial volumes. Nat Genet. 2012; 44(5):552–
61. doi: 10.1038/ng.2250 PMID: 22504417

80. Paz-Alonso PM, Ghetti S, Ramsay I, Solomon M, Yoon J, Carter CS, et al. Semantic processes leading
to true and false memory formation in schizophrenia. Schizophr Res. 2013; 147(2–3):320–5. doi: 10.
1016/j.schres.2013.04.037 PMID: 23732015

81. Ranganath C, Minzenberg MJ, Ragland JD. The cognitive neuroscience of memory function and dys-
function in schizophrenia. Biol Psychiatry. 2008; 64(1):18–25. doi: 10.1016/j.biopsych.2008.04.011
PMID: 18495087

82. Lennertz L, Quednow BB, Schuhmacher A, Petrovsky N, Frommann I, Schulze-Rauschenbach S, et al.
The functional coding variant Asn107Ile of the neuropeptide S receptor gene (NPSR1) is associated
with schizophrenia and modulates verbal memory and the acoustic startle response. Int J Neuropsy-
chopharmacol. 2012; 15(9):1205–15. doi: 10.1017/S1461145711001623 PMID: 22078257

83. The_Schizophrenia_Psychiatric_Genome-Wide_Association_Study_(GWAS)_Consortium. Genome-
wide association study identifies five new schizophrenia loci. Nat Genet. 2011; 43(10):969–76. doi: 10.
1038/ng.940 PMID: 21926974

84. Okamura N, Garau C, Duangdao DM, Clark SD, Jungling K, Pape HC, et al. Neuropeptide S enhances
memory during the consolidation phase and interacts with noradrenergic systems in the brain. Neurop-
sychopharmacology. 2011; 36(4):744–52. doi: 10.1038/npp.2010.207 PMID: 21150909

85. Luciano M, Wright M, Smith GA, Geffen GM, Geffen LB, Martin NG. Genetic covariance among mea-
sures of information processing speed, working memory, and IQ. Behav Genet. 2001; 31(6):581–92.
PMID: 11838535

Cognitive Complexity

PLOS ONE | DOI:10.1371/journal.pone.0123886 April 10, 2015 19 / 19


