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Schizophrenia is characterized by neuropsychological deficits across many cognitive domains.
Cognitive phenotypes with high heritability and genetic overlap with schizophrenia liability can help
elucidate the mechanisms leading from genes to psychopathology. We performed a meta-analysis of
170 published twin and family heritability studies of >800 000 nonpsychiatric and schizophrenia
subjects to accurately estimate heritability across many neuropsychological tests and cognitive
domains. The proportion of total variance of each phenotype due to additive genetic effects (A),
shared environment (C), and unshared environment and error (E), was calculated by averaging A, C,
and E estimates across studies and weighting by sample size. Heritability ranged across phenotypes,
likely due to differences in genetic and environmental effects, with the highest heritability for General
Cognitive Ability (32%— 67%), Verbal Ability (43%—72%), Visuospatial Ability (20%—-80%), and
Attention/Processing Speed (28%—74%), while the lowest heritability was observed for Executive
Function (20%—40%). These results confirm that many cognitive phenotypes are under strong genetic
influences. Heritability estimates were comparable in nonpsychiatric and schizophrenia samples,
suggesting that environmental factors and illness-related moderators (eg, medication) do not
substantially decrease heritability in schizophrenia samples, and that genetic studies in schizophrenia
samples are informative for elucidating the genetic basis of cognitive deficits. Substantial genetic
overlap between cognitive phenotypes and schizophrenia liability (average rg = —.58) in twin studies
supports partially shared genetic etiology. It will be important to conduct comparative studies in well-
powered samples to determine whether the same or different genes and genetic variants influence
cognition in schizophrenia patients and the general population.

Introduction

There is extensive evidence that cognition is significantly impaired in schizophrenia. Relative to
healthy individuals, schizophrenia patients as a whole have a generalized impairment across many
cognitive functions, demonstrated by meta-analyses of over 200 schizophrenia neuropsychological
studies.1,2 At the individual patient level, 75%—100% of patients exhibit cognitive impairments,
depending on the method of classifying deficits.3 A meta-analysis by Mesholam-Gately and



colleagues4 of neuropsychological functioning in first episode schizophrenia patients showed that, in
the early stages of disease when the brain is less affected by antipsychotic medications, performance
across several cognitive domains is impaired on average 0.91 SDs below the healthy control mean.
Individuals at clinical high-risk for psychosis are less impaired than first episode patients, although
there are greater deficits in high risk individuals who later develop a full psychotic iliness than those
who do not.5,6 In addition, unaffected family members at genetic risk for developing the disorder have
poorer cognition compared to unaffected individuals without a family history of schizophrenia.7—10
Cognitive deficits are relatively unimproved by antipsychotic medications and consequently have a
substantial impact on the functional outcome of patients.11-17 Elucidating the molecular mechanisms
underlying cognition is essential for identifying novel targets for the development of new treatments
that improve cognitive functioning in patients with schizophrenia.

Recent advances in the field of psychiatric genetics have led to the identification of a large number of
common genetic variants that confer risk for schizophrenia. 18—27 Determining how these risk
variants contribute to brain-based phenotypes that are abnormal in schizophrenia, such as cognitive
deficits, can greatly contribute to our understanding of the biological pathways leading from risk genes
to disease. A prerequisite for such studies is evidence that the phenotypes are heritable and have a
genetic basis that overlaps with that of schizophrenia liability.28—-30 Measures of General Cognitive
Ability are highly heritable (h2 > 65%),31,32 although there is less consistent evidence for heritability
of measures indexing specific cognitive domains. Toulopoulou, Owens and colleagues estimated from
a series of twin studies that genetic correlations between cognitive measures and liability of
schizophrenia range between -.09 and -1.00, averaging —.58,33—38 indicating that a substantial
proportion of the variance in cognition and schizophrenia liability is due to common genetic factors.

We performed a systematic review of twin- and family-

based heritability studies of cognitive phenotype sin schizophrenia and non psychiatric populations with
several objectives in mind. Given the lack of available quantitative studies, we performed meta-analyses of
data available for many neuropsychological tests and cognitive domains to determine the best estimates
ofheritability. We determined whether studies of nonpsychiatricindividuals and schizophrenia patients
differin heritability to examine whether, as claimed, heritability in patients is lower due to environmental
factors and illness-related moderators, such as higher rates of smoking and substance use, fluctuations in
medication, or clinical state during testing.so1 Further, as family studies cannot disentangle genetic and
shared environmental sources of phenotypic variance, we compared variance component estimates from
family and monozygotic/ dizygotic (MZ/DZ) twin study designs.

Methods
Detailed methods are provided in the supplementary material.

Data Collection

A literature search performed in PubMed and PsycINFO resulted in >2000 papers published prior to
January 2016. Following abstract review, identification of additional articles from the reference lists, and
exclusion of studies according to pre-established criteria (supplementary methods, supplementary tables 1—
4), 170 empirical articles describing twin or family studies were includedin the analyses (supplementary
figure 1). These studiesinvestigated the heritability of >600 neuropsychologicaltest variables in 64
independent cohorts (supplementary tables 1, 5-8). See supplementary material for a complete list of
references included in the meta-analyses.

Statistical Analyses

We performed separate meta-analyses for studies of nonpsychiatric twins (129 studies), nonpsychiatric
families (13), and schizophrenia families (22). We meta-analyzed neuropsychological test variables that
were reported in at least 2 independent studies. Additionally, neuropsychological test variables were
assigned to one of the following 11 domains based on prior meta-analysesz4of cognition in schizophrenia:
General Cognitive Ability, Attention/ Processing Speed, Attention/Vigilance, Working Memory, Verbal
Learning and Memory, Nonverbal Learning and Memory, Executive Function, Verbal Ability,
Visuospatial Ability, Motor Skills, and Social Cognition. Metaanalyses of cognitive domains utilized all
tests within a domain regardless of how many studies analyzed a particular test variable. If multiple tests
within a cognitive domain were available for a given cohort, we included the average



estimates for additive genetic effects (A), common (shared) environment (C), as well as
unique (unshared) environment and error (E) across those tests in the domain meta-
analysis. Supplementary Table 9 describes the tests included in this meta-analysis, the
cognitive functions they assess, and the cognitive domains they index.

For each neuropsychological test or cognitive domain, the proportion of total variance
accounted for by A, C, and E was calculated by averaging each component across studies
from independent cohorts while weighting by sample size. Family studies without twins
cannot distinguish the influences of A and C, therefore the estimate of familiality (A+C) was
used as A. Heritability was calculated as the proportion of total variance due to additive
genetic effects (A / A+C+E). All analyses were carried out in R (http://www.r-project.org)
using custom scripts.

Wald tests42 were applied to identify significant differences in the heritability of domain were
available for a given cohort, we included the average estimates for additive genetic effects (A), common
(shared) environment (C), as well as unique (unshared) environment and error (E) across those tests in the
domain meta-analysis. Supplementary table 9 describes the tests included in this meta-analysis, the
cognitive functions they assess, and the cognitive domains they index.

For each neuropsychological test or cognitive domain, the proportion of total variance accounted for by A,
C, and E was calculated by averaging each component across studies from independent cohorts while
weighting by sample size. Family studies without twins cannot distinguish the influences of A and C,
therefore the estimate of familiality (A+C) was used as A. Heritability was calculated as the proportion of
total variance due to additive genetic effects (A/ A+C+E). All analyses were carried out in R
(http://www.r-project.org) using custom scripts. Wald testss> were applied to identify significant
differences in the heritability of cognitive phenotypes estimated from meta-analyses of schizophrenia and
nonpsychiatric twin and family studies. P-values were Bonferroni-corrected for 15 phenotypes
tested for each of the two comparisons (0.05/15=0.0033).

Results

Twin correlations as indicators of heritability

Supplementary Figure 2 illustrates that non-psychiatric MZ twin correlations for cognitive
phenotypes averaged 0.6 (range 0-0.95), while DZ twin correlations averaged 0.2 (range
0.25-0.80), suggesting sizeable influences of A and E, and minor influences of C. General
Cognitive Ability had the highest MZ/DZ correlation ratios (mean mz/ roz= 0.75/ 0.44),
indicating that a large proportion of the variation can be attributed to A, consistent with
reports of high heritability.43 Although more variable, ratios for Verbal Ability and Visuospatial
Ability were also high (0.66 / 0.40 and 0.55 / 0.30).

Meta-analyses of heritability of cognitive phenotypes

Non-psychiatric twins. The studies of non-psychiatric twins aged >16 (Supplementary Table
5) reported 375 test variables from all 11 cognitive domains. Of these, 48 variables from 8
domains were studied in 2—11 independent cohorts and meta-analyzed. Heritability
estimates ranged between 20% and 80% (Figure 1). High heritability (hz) was observed for
measures of General Cognitive Ability (h2=53%) and the Index Scores obtained from the
Wechsler Adult Intelligence Scale (WAIS) (h2=53-80%), as well as WAIS Digit Symbol
Coding (h2=59%) and Arithmetic (h2=58%), and the Educational Testing Service (ETS) tests
(h2=67-74%). Overall, the cognitive domain showing the highest heritability was Visuospatial
Ability (h=51%), followed by Verbal Ability (h2=41%) and Attention/Processing Speed
(h2=45%), primarily driven by the high heritability of the WAIS subtests within each of these
three domains. Non-psychiatric families. The family studies of non-psychiatric individuals
(Supplementary Table 6) reported 64 test variables from 10 of the 11 cognitive domains
(except Motor Skills), of which 9 variables were studied in 2—3 independent family cohorts
and meta-analyzed. Heritability estimates ranged from 30 to 55% (Figure 2). Heritability was
high for measures of General Cognitive Ability (h2=53%), as well as the 1Q subtest scores of
WAIS Letter-Number Sequencing (h2=55%) and WAIS Matrix Reasoning (h2=53%). Overall,
the individual cognitive domains showing the highest heritability



were Visuospatial Ability (h2=52%), which was primarily driven by the high heritability of
Matrix Reasoning, and Verbal Ability (h2=52%).

Schizophrenia families. The family studies of schizophrenia (Supplementary Table 7)
reported 142 test variables from all 11 cognitive domains, of which 41 variables were studied
in 2—7 independent cohorts and meta-analyzed. Heritability estimates ranged from 15 to
74% (Figure 3). Heritability was high for measures of General Cognitive Ability (h2=63%) and
WAIS Vocabulary (h2=74%), as well as WRAT Reading (h2=74%), often used as a proxy
measure for premorbid IQ. Furthermore, high heritability was apparent for the Wechsler
Memory Scale (WMS) subtest Logical Memory Immediate Recall, CVLT Long Delay Free
Recall, Penn Word Memory, WAIS Block Design and Similarities, and Judgment of

Line Orientation (h2=52%—62%). Overall, the cognitive domain showing the highest
heritability was Verbal Ability (h2=55%), followed by Visuospatial Ability (h2=51%), again
driven mostly by the high heritability of the WAIS subtests within each domain.
Supplementary Figures 3-13 show heritability data from individual studies included in the
metaheritability estimates. The forest plots show the heritability of individual
neuropsychological test variables and the overarching cognitive domains. The resulting
meta-estimates of individual tests (bold) and domains (bold italic) correspond to the data in
Figures 1 to 3.

In summary, twin and family studies show highest heritability for the following tests:
WAIS Digit Symbol Coding, Letter-Number Sequencing, Digit Span, Vocabulary,
Information, and Block Design, as well as ETS Hidden Patterns and Identical Pictures,
and Thurstone Picture Memory.

Heritability estimates do not substantially differ between schizophrenia and non-
psychiatric samples

Comparison of heritability estimates from schizophrenia and non-psychiatric samples
indicated that cognitive phenotypes do not have lower heritability in patients, in contrast to
what has been thought due to environmental factors and illness-related moderators. Figure 4
shows the results from each study design for phenotypes that were meta-analyzed in the
non-psychiatric twin and at least one other study design. Of the 15 phenotypes available in
both schizophrenia and non-psychiatric family studies, 13 phenotypes did not significantly
differ in heritability. Attention/Processing Speed had significantly lower heritability and
Semantic Fluency had significantly higher heritability in schizophrenia families compared to
non-psychiatric families (Wald test p=3.5x10-4and p=3.9x10-5). However, the difference in
Semantic Fluency may not be accurate, as it was driven by low heritability in non-psychiatric
families based on only two studies. Heritability estimates also did not markedly differ
between 15 phenotypes available in non-psychiatric twin and family designs, with only WAIS
Digit Symbol Coding and Semantic Fluency having significantly lower heritability in families
than twins (Wald test p=7.3x10-s and p=1.0x10-3). The confidence intervals of the heritability
estimates were typically narrower for phenotypes with larger numbers of studies and larger
total sample sizes, as expected. Taking the sample sizes into account, heritability
estimates appeared equally precise for schizophrenia and non-psychiatric studies.

Genetic overlap between schizophrenia liability and cognition

To assess the genetic overlap between schizophrenia liability and cognitive functions, we
summarized data reported in the Maudsley Twin and Family Studies and by the overarching
Schizophrenia Twins and Relatives Consortium (STAR Consortium),44 a series of studies of
twins and other family members concordant or discordant for schizophrenia (Supplementary
Table 8).33-38 Figure 5 shows the cross-twin-cross-trait correlations, i.e., the correlations
between phenotype 1 in co-twin 1 and phenotype 2 in co-twin 2, and vice versa.ss, 37
Significantly larger cross-twin-cross-trait correlations for MZ twin pairs (MMZct-ct) than for DZ
twins (rDZct-cT) resulted in greater genetic overlap (ry) with schizophrenia liability, as noted
for verbal and non-verbal memory measures (Logical Memory [-0.34 to - 0.58], Verbal Paired
Associates [-0.26 to -0.50], and Visual Reproduction [-0.34 to -0.99]), Full-scale 1Q (-0.46 to -
0.69), and WAIS Index Scores (-0.34 to -0.79), which are major components of IQ. Some



cognitive phenotypes had very high genetic correlations, (rg>0.8, Trail Making Test A and B,
Semantic Fluency) which may be overestimations since the confidence intervals for those
correlations were relatively wide (Supplementary Table 8). The genetic overlap between
cognitive phenotypes and schizophrenia liability ranged widely, possibly due to small
samples causing imprecise estimates, but overall was relatively high (average rg=-0.58; SD
=0.22).

Discussion

This study reports a comprehensive meta-analysis of heritability data across
cognitive domains in non-psychiatric individuals and those with schizophrenia. We
confirm the high heritability of multiple cognitive domains and demonstrate that this
applies to both schizophrenia and non-psychiatric samples. To our knowledge, this is
the first systematic, meta-analytic demonstration that the heritabilities of cognitive
phenotypes in schizophrenia are equivalent to those in healthy populations.

The most heritable phenotypes (h2>64%) were 1Q, Spearman’s ‘g’, and some WAIS index
scores that comprise 1Q (Verbal Comprehension, Perceptual Organization), as well as tests
that comprise or are highly correlated with 1Q, such as WAIS Vocabulary and Block Design
(h2=57-60%). Interestingly, phenotypes within the Attention/Processing Speed domain
differed substantially in heritability, with measures indexing information processing speed
(e.g., Digit Symbol Coding, ETS Hidden Patterns) having relatively high heritability (h2=59-
74%), and timed measures dependent on motor response having lower heritability (h2=28-
50%). For the most part, tests that we considered indexes of executive functioning (e.g.,
Wisconsin Card Sorting Test, Tower of London) had relatively low heritability (h2=20-

40%). Given the multifactorial nature of neuropsychological tests, our categorization of tests
into cognitive domains is not the only possible arrangement. For example, Stroop
Interference and Trail Making Test B could be grouped in the Executive Function domain
instead of the Attention/Processing Speed domain; however, doing so would not increase
the Executive Function heritability estimate since the heritability of these tests was also low.
Thus, we provided individual test data in the tables to enable evaluation of test-specific
heritability estimates, in addition to domain estimates.

The fact that we report substantial heritability across cognitive phenotypes has
important implications. While high heritability does not indicate that any particular
gene has a large effect on the phenotype, it does suggest that the phenotype has a
sizeable genetic component that improves precision for defining gene function in
cognition. The range in heritability across phenotypes could result from differences in
genetic architecture, where different genes and/or the same genes with different
effects (possibly due to different genetic variants) mediate the phenotypes.
Alternatively, differences in environmental effects or measurement error between
phenotypes could affect heritability, since heritability is a proportion of the total
phenotypic variance, which also comprisesvariance due to common environment (C),
and unique environment and measurement error (E). Measurement error is likely not a
major factor, however, since test-retest reliability is generally high (intra-class
correlations >0.7) for most neuropsychological tests. An exception is executive
function tasks that tend to have low reliabilityas, s0 (e.g., intra-class correlations <0.7
for WCST indices). This might be due to their sensitivity to practice effects,which may
explain their relatively low heritability in our meta-analyses. In contrast,
environmental factors have substantial influences on some cognitive phenotypes; for
example, verbal tests are particularly sensitive to education and socioeconomic
status. In reality, both genetic and environmental factors likely underlie the range in
heritability observed across the cognitive phenotypes. An important implication is
that cognitive phenotypes with similar degrees of genetic effects could differ in
heritability due to different environmental effects, a notion that is typically not
appreciated by heritability studies, which tend to invoke genetic explanations for
heritability differences.



The current study also compared heritability between schizophrenia and non-
psychiatric study designs and did not find consistent differences. This is perhaps the
most important and novel finding of this study, and has several important
implications. First, similar heritability suggests that genetic factors contributing to
schizophrenia do not disrupt normal genetic influences on cognition

in the general population. Second, it suggests that schizophrenia and non-psychiatric
samples should be equally informative for genetic studies of cognition. Third, similar
heritability indicates The current study also compared heritability between
schizophrenia and non-psychiatric study designs and did not find consistent
differences. This is perhaps the most important and novel finding of this study, and
has several important implications. First, similar heritability suggests that genetic
factors contributing to schizophrenia do not disrupt normal genetic influences on
cognition in the general population. Second, it suggests that schizophrenia and non-
psychiatric samples should be equally informative for genetic studies of cognition.
Third, similar heritability indicates that illness-related moderators (e.g., medication,
higher rates of smoking and substance use in patients) and environmental factors,
which are often assumed to have larger effects in schizophrenia samples, have
negligible effects on heritability. However, the lack of marked differences between
schizophrenia and non-psychiatric samples in the measurement accuracy of
neuropsychological testsase-as suggests that fluctuations in illness-related moderators
have negligible effects on cognitive performance. While there is some evidence that
iliness-related moderators affect some cognitive domains,ss s6-s9 two large cohort
studies did not find consistently higher variances in several cognitive phenotypes in
schizophrenia patients compared to healthy subjects (e.g., BACS composite score,
Continuous Performance Test, CVLT, Letter-Number Sequencing).so-

63 Also, we found similar confidence interval widths for heritability estimates of
cognitive phenotypes across schizophrenia and non-psychiatric samples, indicating
that heritability in schizophrenia samples is fairly consistent despite differences in
environmental factors and illness related moderators (due to differences in
ascertainment, inclusion/exclusion criteria, etc.). Therefore, the degree to which
genetic studies of cognition in schizophrenia will be informative for elucidating the
biology and informing novel treatment approaches for cognitive impairment will
depend on the variance explained by genetic factors (i.e., the heritability), rather than
iliness related moderators and environmental factors. This is an important issue
because it is commonly thought that environmental factors and illness-related
moderators hinder the detection of genetic effects in schizophrenia samples. For this
reason, some studies have focused on unaffected relatives of patients, who carry
genetic risk for schizophrenia and have impaired cognition (although less severe than
patients),s, 64, 65 but lack or have milder illness-related moderators, as a means to
examine the genetics of cognition in schizophrenia. Instead, similar heritability
suggests that studying schizophrenia samples is valuable and, some might argue,
more informative for understanding the relationship between cognition and
schizophrenia.

Some cognitive domains that are impaired in schizophreniai, 4 are relatively understudied
genetically, particularly Social Cognition, Attention/Vigilance, Non-Verbal Memory, and
Executive Function. Fewer studies and smaller sample sizes can lead to inaccurate
heritability estimates that may explain, in part, the low heritability observed for some of these
domains. Heritability could be inaccurate in family studies since they do not distinguish
influences of genetic effects (A) and common environment (C); therefore, these influences
are combined into “familiality”. However, the lack of consistent differences in heritability
using a family design compared to the MZ/DZ twin design suggests that C has negligible
influence on most cognition phenotypes. Thus, for family studies, A+C is almost entirely A,
and “familiality” is a good proxy for heritability.



An emerging method to estimate heritability utilizes population-based SNP data to determine
the collective variance in a phenotype that is explained by common genetic variation (e.g., es,
67). SNP-based heritability of cognitive phenotypes in adults is estimated to be 29% for
general cognitive ability (Spearman’s ‘g’)ss and 19-56% for other cognitive phenotypes.ss-74
These estimates are lower than those from our meta-analyses, but in line with a twin study
that reported considerably lower heritability estimated from SNP data than from variance
components.71 This ‘missing heritability’ suggests that other inherited factors not indexed by
SNPs, such as rare variants and structural variation, as well as heritable epigenetic
modifications and other factors, contribute to individual variation in cognitive phenotypesrs. It
will be important to develop analytical methods that incorporate other potential sources of
genetic variation to estimate heritability using population-based approaches.

We also examined the genetic overlap between cognitive phenotypes and schizophrenia
liability from a summary of schizophrenia twin studies.ss-3s We found moderate to high
genetic correlations (average ry = -0.58), consistent with a previous report of significant
correlations between several cognitive domains and negative symptoms and
disorganization.ze However, the twin study genetic correlations ranged widely across
phenotypes, possibly due to small samples causing imprecise estimates, or because
some cognitive constructs have stronger genetic relationships to schizophrenia than
others. The genetic overlap suggests that shared genes regulate neurodevelopmental
processes mediating both cognition and psychosis.77 Alternatively, the genes may have
pleiotropic effects reflecting multiple roles in neural processes that govern cognition
and other mechanisms underlying schizophrenia. In an attempt to assess causality
between cognition and schizophrenia liability, Toulopoulou et al.ss performed multivariate
structural equation modeling in schizophrenia twinfamily samples and found evidence that
cognitive deficits lie upstream of liability, with a genetic correlation of -0.51. Population-
based studies also support genetic overlap of cognition with schizophrenia liability, although
possibly lower (e.g., genetic correlation of -0.26)7s than that estimated by

schizophrenia studies. Molecular genetic overlap between cognition and schizophrenia is
supported by recent GWAS mega-analyses.19, 79-81 Specifically, polygenic variation
influencing cognitive functioning in healthy cohorts was significantly associated with
schizophrenia case status in independent datasets.19 In parallel, polygenic risk for
schizophrenia was significantly associated with poorer cognition in healthy cohorts.79-s1
These studies suggest that polygenic variants influencing schizophrenia risk modulate neural
processes involved in cognition in the general population, although the contribution is
small (explaining <1% variance in cognition).7s-s1 It is conceivable that schizophrenia
genetic factors have a stronger impact on cognition in patients, possibly because
dysfunctional neural circuits are more sensitive to the genetic effects than normally
functioning circuits. Unfortunately, the few patient studies examining schizophrenia
genetic variants in cognition produced inconsistent results, possibly due to

small sample sizes.s2-84 In addition, there have been no studies specifically examining
the genetic basis of the degree of cognitive impairment in patients separate from the
genetic basis of cognitive ability. While schizophrenia risk genes may influence the
degree of impairment, as suggested by the presence of cognitive deficits in
unaffected relatives genetically predisposed to schizophrenia, 9, 64,65

other genes that are not causal in schizophrenia may be involved. Indeed, the partial
genetic overlap between cognition and schizophrenia liability indicates that genes not
involved in schizophrenia also have a substantial influence on cognition.

It is unclear whether cognition genes have the same effects in schizophrenia and
nonpsychiatric populations, or whether the effects differ despite heritability being
similar. While there has been considerable effort to elucidate the genetic architecture
of cognition in non-psychiatric populations,s, es, 79, ss there is a dearth of high-powered
genetic studies of cognition in schizophrenia samples. Analyses of large, well-
phenotyped samples consisting of both patients and healthy individuals, which we



are actively undertaking, will be important to clarify this issue. If the same genes
influence cognition in schizophrenia patients and the general population, the neural
mechanisms regulated by these genes may nonetheless operate differently in
patients, perhaps due to genetic variation associated with cognitive impairment. A
similar genetic basis in schizophrenia and non-psychiatric populations would not
invalidate cognitive markers as endophenotypes of schizophrenia, since cognitive
deficits in patients meet the criteria for endophenotypes notwithstanding.2s Cognition
is a particularly important endophenotype because delineating its underlying genetic
mechanisms may identify promising targets for improving cognitive functioning in
patients.

At this time, it is difficult to recommend specific neuropsychological tests or
cognitive domains that are the most appropriate for examining the genetic basis of
cognition in schizophrenia. This judgment depends on both the heritability of the
phenotype and its genetic overlap with schizophrenia. Our meta-analyses identified
several cognitive phenotypes having high heritability, such as 1Q, Spearman’s ‘g’, and
WAIS index scores mentioned above, which could be prioritized for genetic studies.
However, the genetic correlation data from twin studies are too limited to conclusively
identify phenotypes having the largest genetic overlap with schizophrenia.

Similarly, analyses of the effects of schizophrenia risk genes and polygenic factors
across multiple cognitive phenotypes are limited, although two recent studies
reported that polygenic risk explains more variance in Attention/Language than
Verbal Memory,s1 and Performance 1Q than Verbal I1Q and Full-Scale 1Q.s0 Additional
studies are required to determine which cognitive phenotypes have the strongest
genetic relationships to schizophrenia and are most appropriate as markers for
studying the genetics of cognition in schizophrenia.

Recent studies have also identified genetic overlap of cognitive phenotypes with brain
structuralphenotypes.ss Further, the heritability of specific cognitive abilities is comparable to
the heritability of volume and cortical thickness of brain structures subserving those
abilities,ss, s7 many of which involve the prefrontal cortex. Schizophrenia onset during
adolescence and early adulthood coincides with the maturation of brain regions that are
abnormal in schizophrenia, such as the temporal and frontal lobes.ss-90 Indeed a putative
mechanism underlying schizophrenia might be mistiming of brain maturation processes

that are important for higher order cognitive functions.e1 Brain maturational stages would
therefore be important to consider when interpreting genetic relationships between
schizophrenia and cognition or other phenotypes. It would also be important to consider sex
differences in cognitive deficits given known sexual dimorphism in normal
neurodevelopmental processes and their timing, as well as those associated with
schizophrenia.o2

Conclusions

Taken together, our results show that most cognitive phenotypes have moderate to high
heritability, although estimates range widely, likely due to differences in both genetic and
environmental influences. Our results also indicate that heritability of cognitive phenotypes
does not markedly differ between schizophrenia and non-psychiatric populations,
suggesting that schizophrenia samples are valuable for studying the genetic basis of
cognitive impairment in patients. Genetic overlap between schizophrenia and
cognitive phenotypes supports a shared genetic etiology; however, more studies are
required to verify whether the same genes influence cognitive variation in
schizophrenia patients and the general population.
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Figure Legends

Figure 1. Variance component estimates for cognitive phenotypes based on meta-
analysis of non-psychiatric twin studies.

Percentage variance explained by A (Additive genetic influences), C (Common
environment), and E (Unique environment and Error) for individual test variables (plain font)
and cognitive domains (bold font). Error bars and numbers in parentheses indicate 95%
confidence intervals. The sample size for a given cognitive domain differs from the summed
sample size for test variables within that domain because inclusion criteria differ (see
Supplementary Methods).

Figure 2. Variance component estimates for cognitive phenotypes based on meta-
analysis of non-psychiatric family studies.

Percentage variance explained by A + C (Additive genetic + Common environment
influences) and E (Unique environment and Error) for individual test variables (plain font)
and cognitive domains (bold



font). A and C are combined because they cannot be disentangled in the family design. Error
bars and numbers in parentheses indicate 95% confidence intervals. The sample size for a
given cognitive domain differs from the summed sample size for test variables within that
domain because inclusion criteria differ (see Supplementary Methods).

Figure 3. Variance component estimates for cognitive phenotypes based on meta-
analysis of schizophrenia family studies.

Percentage variance explained by A + C (Additive genetic + Common environment
influences) and E (Unique environment and Error) for individual test variables (plain font)
and cognitive domains (bold font). A and C are combined because they cannot be
disentangled in the family design. Error bars and numbers in parentheses indicate 95%
confidence intervals. The sample size for a given cognitive domain differs from the summed
sample size for test variables within that domain because inclusion criteria differ (see
Supplementary Methods).

Figure 4. Heritability of cognitive phenotypes across study designs.

Phenotypic variance explained was determined by meta-analysis for non-psychiatric twin,
non-psychiatric family, and schizophrenia family studies, or from the original study estimates
for schizophrenia twin studies. Cognitive domains (bold) and test variables (plain) meta-
analyzed in the non-psychiatric twin and at least one other study design are shown. Error
bars indicate 95% confidence intervals. *p<0.05 (Bonferroni-corrected). WCST = Wisconsin
Card Sorting Test; CVLT = California Verbal Learning Test; IR, DR = Immediate, Delayed
Recall.

Figure 5. Genetic overlap between cognitive phenotypes and schizophrenia liability
based on twin data.

Cross-twin cross-trait (CT-CT) correlations for cognition in co-twin 1 and schizophrenia
liability in cotwin 2 for MZ pairs (MZct-ct) and DZ pairs (rDZcr-cT). renis the total phenotypic
correlation between the cognitive phenotype and schizophrenia liability, of which rph-ais the
amount due to additive genetic influences. ryis the genetic correlation between the cognitive
phenotype and schizophrenia liability. All correlations are negative (e.g., poor cognition
associated with high liability) but are shown as positive values for plotting consistency. Data
are maximum likelihood estimates reported in s4-37. Study reference numbers are shown in
parentheses. CT-CT correlations were only reported for studies ss and s7. FIQ and WMS
subtests were analyzed in multiple studies; only data from studies reporting CT-CT
correlations are shown. See Supplementary Table 8 for all reported data. IR, DR =
Immediate, Delayed Recall; WAIS = Wechsler Adult Intelligence Scale; WMS = Wechsler
Memory Scale.
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Supplementary Methods

Data collection

A literature search was performed in PubMed and PsycINFO using combinations of the
following search terms: [heritability, genetic influences, behavior genetics, twin research,
family, pedigree, individual differences, neuropsychological test, cognition, cognitive ability,
endophenotype]. Additionally, we searched specifically for schizophrenia studies using
combinations of the following search terms: [schizophrenia, genetic overlap, genetic
correlation, cognition, endophenotype]. A flow diagram of the literature search, inclusion, and
exclusion is shown in Supplementary Figure 1. The search resulted in a list of >2000 papers
published prior to January 2016. Based on abstract review, 269 articles were retrieved and
evaluated for their suitability for inclusion. An additional 93 articles were identified from the
reference lists of the retrieved articles. We identified 296 studies of non-psychiatric twins or
families, and 32 studies of schizophrenia twins or families, as well as 35 studies reporting
estimates for other psychiatric and neurological disorders only that are not included in our
analyses (Supplementary Table 2), from a total of 126 independent twin and family cohorts,
listed in Supplementary Table 1. Thirtyseven non-psychiatric twin studies were excluded for
various reasons outlined in Supplementary Table 3, including statistical model and
phenotype. Furthermore, studies that reported variance component estimates (including
heritability) based on MZ and DZ twin intra-pair correlations (30) or familial correlations (4)
were excluded, since these estimates often do not sum to one and would therefore affect the
accuracy of heritability meta-estimates (Falconer et al. 1996). Finally, based on the
observation that, during development, heritability increases linearly with age (Haworth et al.
2010), 86 studies of non-psychiatric twins younger than 16 years were excluded from the
meta-analyses (Supplementary Table 4). Non-psychiatric studies usually excluded
individuals with a current psychiatric or neurological disorder, but did not necessarily screen
for lifetime DSM-IV diagnosis, family history of psychiatric illness, or medical conditions that
could impact cognition.



After these exclusions, 168 empirical articles describing twin or family studies were included
in the analyses. These studies investigated the heritability of >600 neuropsychological test
variables (outcome measures) in 64 independent twin and family cohorts. Among these 168
studies, there were 129 twin studies (Supplementary Table 5) and 13 family studies
(Supplementary Table 6; 1 study was part of a publication also reporting on a schizophrenia
family study) of non-psychiatric individuals, and 20 schizophrenia family studies (14
independent) (Supplementary Table 7). Additionally, there were 7 studies of twins/siblings
concordant or discordant for schizophrenia (Supplementary Table 8); however, these were
not meta-analyzed as there were no common neuropsychological measures across the two
independent samples, thereby the requirement for meta-analysis was not met. Of the 129
nonpsychiatric twin studies, there were 30 late adolescent (16—17 years), 39 young adult
(18—40 years), 25 middle age (41-65 years), and 35 older (>65 years) studies.

We performed separate meta-analyses of non-psychiatric twins, non-psychiatric families,
and schizophrenia families. We meta-analyzed neuropsychological test variables that were
reported in at least two independent cohorts. Additionally, neuropsychological test variables
were assigned to one of the following 11 domains based on prior meta-analyses of cognition
in schizophrenia (Heinrichs et al. 1998, Mesholam-Gately et al. 2009): General Cognitive
Ability, Attention/Processing Speed, Attention/Vigilance, Working Memory, Verbal Learning
and Memory, Non-Verbal Learning and Memory, Executive Function, Verbal Ability,
Visuospatial Ability, Motor Skills, and Social Cognition. Meta-analyses of cognitive domains
utilized all tests within a cognitive domain regardless of how many studies analyzed a
particular test variable. If multiple tests within a cognitive domain were available for a given
cohort, we included the average estimates for additive genetic effects (A), common
environment (C), as well as unique environment and measurement error (E) across the tests
in the domain meta-analysis.

Therefore, the sample size for a given cognitive domain differs from the summed sample
size for test variables within that domain, because the inclusion criteria differed.
Supplementary Table 9 describes the tests included in this meta-analysis, the cognitive
functions they assess, and the cognitive domains they index.

Computation of A/C/E meta-estimates

The classical twin study design allows the decomposition of phenotypic variance into that
due to additive genetic effects (A), common (shared) environment (C), and unique
(unshared) environment and measurement error (E) (ACE model) (Blokland et al. 2013). In
an alternative twin model, the phenotypic variance is divided into additive genetic (A),
dominance genetic (D) and unique environmental (E) influences (ADE model). Because an
ACE model was fitted in over 95% of the studies, for consistency we selected the variance
component estimates from an ACE model over variance components from an ADE model if
both models were reported. Variance component estimates from the full ACE model were
selected over estimates from more parsimonious nested models (AE, CE, E). Family study
(or extended pedigree) designs that do not include twins cannot distinguish the influences of
A and C and therefore only provide an estimate of familiality (A+C), as well as E. Three of 13
family studies included a small proportion of twins (<1% of cohort) and therefore reported C.
However, given the small number of twins, we summed A and C for those studies. In
addition to decomposing the variance in one phenotype, twin and family studies can also
decompose the co-variance between multiple phenotypes into A, C, and, E, thereby
providing estimates of genetic overlap.

For each neuropsychological test or cognitive domain, the proportion of total variance
accounted for by A, C, and E was calculated by averaging each component across studies
from independent cohorts while weighting by sample size. For twin studies, the sample size
equalled the total number of individuals from complete twin pairs plus any additional non-
twin siblings multiplied by two (as each additional non-twin sibling provides two additional
data points). For family studies, the sample size equaled the total number of individuals
within each family. Due to insufficient available data, we were not able to meta-analyze
heritability estimates separately for males and females. Therefore, if parameters were



reported for males and females separately, the average was included in our meta-analyses.
For studies that reported on the same neuropsychological test variable utilizing the same
cohort, we only included data from the largest sample in our meta-analyses. For studies that
estimated heritability for the same individuals at multiple time points, the heritability estimate
for the time point with the largest sample size was included in the meta-analyses. Composite
phenotypes (e.g. average Z-score across multiple tests) and principal component
phenotypes were excluded, with the exception of general cognitive ability (first unrotated
principal component), and a combined semantic + phonemic verbal fluency phenotype. All
analyses were carried out in R (http://www.r-project.org) using custom scripts.

Comparison of heritability estimates between study designs

For cognitive phenotypes meta-analyzed in more than one study design, we assessed
whether meta-heritability estimates were significantly different using a Wald test (Engle
1983). We specifically compared non-psychiatric twins and non-psychiatric families, as well
as nonpsychiatric families with schizophrenia families. As some schizophrenia twin studies
did not provide data to calculate standard errors of heritability estimates, Wald tests could
not be performed for this design. P-values were Bonferroni-corrected for testing 15 cognitive
phenotypes that were available for at least two study designs (0.05/15=0.0033).

Supplementary Table 1 — Cohort Index
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Supplementary Table 2 — Twin and Family Studies of Other Disorders Excluded from Meta-Analyses

Reference Twin Cohort(s) * Disorder
1 Kieseppa et al. (2005) NPHIF Bipolar Disorder
2 Betjemann et al. (2010) CLDRC Reading Disahility
3 Davis et al. (2001) CRP/CLDRC Reading Disability
4 Gayan et al. (2001) CLDRC Reading Disability
5 Knopik et al. (1997) CLDRC Reading Disahility
6 Knopik et al. (1998a) CLDRC Reading Disability
Knopik et al. (1998b) CLDRC Reading Disability (Healthy individuals included in Suppl Table 4)
Knopik et al. (1999) CLDRC Reading Disability (Healthy individuals included in Suppl Table 4)
7 Knopik et al. (2002) CLDRC Reading Disability
8 LaBuda et al. (1987) CRP Reading Disability
Light et al. (1998) CLDRC Reading Disability (Healthy individuals included in Suppl Table 4)
Wadsworth et al. (1995) CRP Reading Disability (Healthy individuals included in Suppl Table 4)
9 Willcutt et al. (2007) CLDRC Reading Disability + Attention DeficittHyperactivity Disorder
10 Willcutt et al. (2010) CLDRC Reading Disability + Attention Deficit’Hyperactivity Disorder
1 Kremen et al. (2007c) VETSA Posttraumatic Stress Disorder
12 Latvala et al. (2011) FinnTwin16 Alcohol Dependence
13 Kovas ef al. (2005) TEDS Leamning Disahility
14 Kanakam et al. (2013) IOP Eating Disorder




Reference Family Cohort(s)? Disorder
15 Anfila et al. (2007) MNPHIF Bipolar Disorder
16 Antila et al. (2009) NPHIF Bipolar Disorder
17 Fears et al. (2014) ANT | CVCR Bipolar Disorder
18 Glahn et al. (2010) GOBS/CVCR/ MCM Bipolar Disorder

Hill et al. {2013) B-SNIP Bipolar Disorder (Schizophrenia individuals included in Suppl Table 7)
19 Darst et al. (2015) WRAP Alzheimer's Disease
20 Johnson et al. (2007a) CLFADS Alzheimer's Disease (unaffected only)
21 Lee et al. (2004) CLFADS Alzheimer's Disease
22 Wilson et al. (2011) LOADFS Alzheimer's Disease
23 Andreou et al. (2007) IMAGE Attention Deficit/Hyperactivity Disorder
24 Cheung et al. (2012) IMAGE Attention Deficit/Hyperactivity Disorder + Reading Disability
25 Croshie et al. {2013) osc Attention Deficit/Hyperactivity Disorder
26 Doyle et al. (2008) MGH Attention Deficit/Hyperactivity Disorder
27 Frazier-Wood et al. (2012) IMAGE Attention Deficit/Hyperactivity Disorder
28 Kuntsi et al. (2010) IMAGE Attention Deficit'Hyperactivity Disorder
29 Peskin et al. (2015) CVCR Attention Deficit'Hyperactivity Disorder
30 Pineda et al. {2011) GNUA Attention Deficit/Hyperactivity Disorder
3 Rommelse et al. (2008) IMAGE Attention Deficit'Hyperactivity Disorder
32 Wood et al. (2011) IMAGE Attention Deficit/Hyperactivity Disorder
33 Cox et al. (2014) DHS Diabetes Mellitus
34 Marlow et al. (2001) WTCHG Reading Disability
35 Francks et al. (2003) WTCHG Reading Disability

FFor cohort name abbreviations see Supplementary Table 1.



Supplementary Table 3 — Non-Psychiatric and Schizophrenia Twin and Family Studies
Excluded from Meta-Analyses

Referance Mon-Psychiatric Twin Cohort{s]” Reason
1 Chipuer et al {1990) MISTRA Assortative Mating model
2 Kirkpatrick =t al. (2015) MTFS Genes x Environmant [GxE) Interaction moosd
3 Turkheimer et al. {2003) MCCP Genes x Environment {GxE) Interaction modst
4 Fnkel et al. {2000b) SATSA Inchusion of non-MP measure in factor phenotype
s manom e B
& Myles-Worskey et al. (1297) UENS A+C+E do not sum to one
T Fnkel et al. (1206) SATSA Graphical dispfay of results only
B Fmkad et al. {18080) SATSA Graphical display of results only
3 Fmkel et al. {2004) SATSA Graphical dispiay of results only
10 MoGue et 3l {2013) MADT Graphical display of results only
" Bishop et al. (2008) TEDS Liabifity Threshold Mode! | DeFries-Fulker Extremes Analysis
12 Haworth et al. {2008a) TEDS Liabifity Threshold Mede! ! DeFres-Fulker Extremes Analysis
13 Haworth et al, (20085) B e e ! Liabifty Threshold Mode! / DeFriss-Fulker Extremes Analysis
14 Hayiou-Thomas et al. (2010} TEDS Liahifity Threshold Mode! | DeFries-Fulker Extremes Analysis
13 Hayiou-Thomas et 2. (2014} TECS LiabiFty Threshold Mode! | DeFries-Fulker Extremes Analysis
16 Kirkpatrick &t al. (2011) MISTRA Liabifty Threshold Model | DeFres-Fulker Extremes Analysis
17 Petrill =t al. (1297 MALTS Liabifity Threshold Mode! ! DeFres-Fulker Extremes Analysis
18 Petrill et al. (2001} 5TR Liabifty Threshold Mode! | DeFres-Fulker Extremes Analysis
19 Price =t al. (2004} TEDS Liabi#ty Threshold Mode! | DeFres-Fulker Extremes Analysis
20 Reynolds et al. (2004 5TR Liabifity Threshold Mode! | DeFries-Fulker Extremes Analysis
21 Saudino et 3l (1004} SATSA Liabi#ty Threshold Model | DeFres-Fulker Extremes Analysis
22 Spinath et al. (2004) TEDS Liahifty Threshold Model | DeFries-Fulker Extremes Analysis
23 Viding et al {2003) TEDE Liabifty Threshald Mode! | DeFres-Fulker Extremes Analysis
24 Viding et al (2004) TEDS Liabifity Threshold Mede! ! DeFres-Fulker Extremes Analysis
25 Asbury et 3. (2005) TEDS Observational measure of infant development
25 DeThoms et al. (2005} TEDS Observational measure of infant development
27 Eley et al. (1802) TEDS Observational measure of infant development
28 Emde =1 al. {1292) MALTS Observational measure of infant development
2 Koeppen-Schomenss et al (2000) TEDS Observational measure of infant cevelopment
30 Eoeppen-Schomenes et al. (2003) TEDE Cbservational measure of infant development
M MecArdis (1286) LTS Observational measure of infant development
32 Plomin et al. {1983) MALTS Chsenvational measure of infant development
33 Price et al. {2000) TEDS Observational measure of infant development
4 Scourfield et al. (1000) UK-MGSG CObservational measure of infant development
35 Spinath et al. {2003) TEDS Observational measure of infant development
36 Tucker-Drob et al. (2011) ECLS-B Obsenvational measure of infant cevelopment
ar Tucker-Drob =t al. (2012) ECLS-B Chservational measure of infant development
38 Austin et al. (1080) IoP No Struchural Equation Modeling
38 Bouchard Jr. (1883} MISTRA Mo Structural Equation Modeling
40 Bouchard et al. (1280) MISTRA Mo Structural Equation Modsling
41 Byme &t al. {(2010) CTS/ATR No Structurai Equation Modeding



42 Campana et al. (1008) UMMS Mo Structural Equation Modeling
43 Detterman et al. (1090) WRTP Mo Structural Equation Modeling
44 Foch et al. (1280) CTS Mo Structural Equation Modeling
45 Friedman et al. (2008) CLTS Mo Structural Equation Modeling
153 Grigorenko et al. (1802) RSTR Mo Structural Equation Madeling
A7 Hayakawa et al. (1892) KINDAL Mo Structural Equation Madeling
48 Holmes et al. (2002) GMTR Mo Structural Equation Modeling
49 Jensen et al. (1870) SFAHS Mo Structural Equation Modeling
a0 Kalasdniens et al. (2013) STCLUHS Mo Structural Equation Madeling
=1l Kremen et al. (2007a) VETR Mo Structural Equation Modeling
a2 Pal et al {1887) HSI Mo Structural Equation Modeling
a3 Pedersen et al_ (1885) 5TR Mo Structural Equation Modeling
a4 Petrill et al. (2004) M2CAP Mo Structural Equation Madeling
a5 Flassman et al_ (1205) MASTR Mo Structural Equation Modeling
a6 Rodgers et al. (1887) FRI Mo Structural Equation Madeling
ar Rushton et al. {2007} WOTP / MISTRA Mo Structural Equation Madeling
a8 Sabb etal. (2013) UCLA Mo Structural Equation Modeling
a9 Sachdew etal. (2011) QATS Mo Structural Equation Modeling
&0 Segal (1985) UoCcIL Mo Structural Equation Modeling
B1 Swan et al. (1992) MHLEBI Mo Structural Equation Madeling
B2 Wemon {1938) WOoTP Mo Structural Equation Modeling
B3 Wilmer et al. (2010) ATR Mo Structural Equation Madeling
Reference Non-Fsychiatric Family Cohort{s) Reason
Bd Bennett et al. {1885) HFSC Mo Structural Equation Modeling
B3 Guttrman (1874) HUJ Mo Structural Equation Modeling
EE Hervey et al. (2012) MCHN Mo Structural Equation Modeling
BT MoiGes (1878) UMM Mo Structural Equation Modeling
[} Magoshi et al. (1B8T) HF5C Mo Structural Equation Madeling
Reference SCZ Twin/Family Cohortls) Reason
=] Cannon et al. {2000) MPHIF Mo Structural Equation Modeling
To Goldberg et al. (2010) MTS ! VOB Mo Structural Equation Madeling
™ Grove et al. (1991) UMN Mo Structural Equation Modeling
T2 Kremen et al_ {2006) VETR Mo Structural Equation Modeling
T3 Pardo et al. (2000) WUTR Mo Structural Equation Madeling

*For cohort name abbreviations see Supplementary Table 1.



Supplementary Table 4 — Characteristics of Non-Psychiatric Twin Studies < 16 Years of Age Excluded from Meta-Analyses

Reference

Cohort*

Age [Mz5D [range])

Sampie size

Neuropsychological phenotypes™®

FPEDIATRIC fages 0-12; 81 studies)

Ti: 125402

Anokhin et al. {2010} MTR T2 14 MZ: 1686; DZ- 118 WCST
T1: MZ: ~3718; DZ:
Arden et al (2014) TEDS a4 1] A Speamman’s ‘g
~1174
T1- 53 5]
' T2 6.8 [6-7] T1: MZ: 82; DZ: 120
Hare el ok L) ikl T2 10[10-10] T24: MZ: 86; DZ: 96 Ha
T4: 12[12-17]
Benyaman et al. {Z2005) SME 103247 11[11-11] MZ: 316; DZ: 773 Moray House Test
= Erw =
Bishop et al. (2003} CLTS i CAP 11:‘; ;f E ?GT_SI_SSE:,H- HTER MZ: 231; DZ- 267 MDI, SBES, WISC: Speasman's ‘g’
Brooks et al {1820) CRP 12,5 [7.6-20.5] MZ: 86; DZ: 80 EI’ST Reading Recognition, Reading Comprehension, Spelling: WEISCIWAIS
Brouwer et al. (2014b) NTR 1T—:1,_ f;fuﬂ;q P. ﬁ b g% ;'g WISCHII FIQ, VIQ, PIg
Word Biznding: Syllable and Phoneme Blending: Scund Matching; Word
Elision: Syllable and Phoneme Elision; Rhyme & Final Phoneme Match;
SRt CLTS 4073.0-57] \F;humlar;e I“df\mﬁity Tra nin&\"lsuusa:;ﬂ:TLilam'w; 5‘;5!! Mem%ud'rmm—
- i it | i £ . g isual Paired-Associate ming; . Nonweord Repetition; G
By ek 4, (2007 MERNS ’:‘E‘?-;é? -54‘5‘5;39_15 4 MZ-A28: 07 128 Productive Maorphology: Producte Grammar. Envronmental Print, WRMT
e d el Word Recognition; Letier Name R ition; Letter-Phoneme Recognition:
Print Cenventions; WPPSI-R Block Design, Vocabulary, Sentence Memary:
Compaosites
Eyme =t al. (2005} CLTS IATR CLTS: 8.3 [6-8] MZ: 172: DZ- 153 TROG fems; TO'.'_.'RE Reading; Spelling; Phonological Awareness; Rapid
Automatized Maming
CLTS/ATR Y 5 - Dz Phonological Awareness; Rapid Automatized Naming: Print Awarensss;
| 2
Byme et al. (2006) ey MZ: 312; DZ- 315 Cpiaiin
CLTSiATR/ e 3 3 B — Orthographic Leaming; WRAT Spelling; Decoding Errors; WPFSI-R Block
Byme etal. (2008) MBRNS MZ: 8.2:0 4. DZ: B304 MEZ: 225; DF- 214 Dissign
% " CLTS:8.4£0.3 f X : =
CLTS/ATR/ 5 D N TOWRE Sight Word Efficiency, Phonemic Decoding Efficiency; WRMT-R
Byme:ed al, (2116} MERMS A E Mz, 203, 7 312 Passage Comprehension; WRAT Spelling: BNT
T1-CLTS: 48[3.8-57]
TIATR: 424550 WRAML Story Memiory, Sound-symbol; Monword Repetition: WPPSH
B stal (2013 CLTS{ATR/{ T1: MBRNS: 53 [4.8-58] T1: MZ: 520; DZ: 522 Sentence Memaory, Vocabaudany, Hundred Picteres Naming Test; BNT: Letter
e AT MERNS T2 CLTS: 8.4:0.3 T2: MZ: 433: DZ- 437 Knowledge; Orthographic Leaming; TOWRE Sight Word Efficiency,

TEATR:70:0.3
TZ MBRNS: B7+0.3

Phonemic Decoding Efficiency

Calvin et al_ (2012)

5

UK-DCSF / PRIMA

UK-DCSF: 112403

PRIMA: T1: 8 TZ 10; T3: 12

UK-DCSF: MZ: 1056, DZ-
485
PRIMA: MZ: 785: DZ: 327

CAT Verbal Reasoning, Monverbal Reasoning. Quantitative Reasoning:
Speamman’s g Academic Measures; FIQ, Arthmetic, Language

Chemy et al. {1202) MALTS i/ CAP TELETE2Z T3 Ta: MZ: 24, DZ- 28 SBIS FiQ

Cheung =t al. (2014} TEDS B.8H0.7 [7—10] MZ: 257, DZ- 387 WISC Digit Span Forward, Digit Span Backward: Ga/Mo-Go + Choice RT 50
HKT-SLD Word Reading PPVT, Phonological Memory; Tone Awareness,

Chow et al. (2011) UHK B.7£7 3-11] MZ: 228, DZ- 84 Syilable & Rhyme Awareness, Morphological Awareness, Onthographic
Skills; RAN

Chow et al (2013} UHK MZ: 208: DZ- 84 RCPM; Composites of HKT-SLD Word Reading, PPVT, Phonological

8747 [3-11]

S T R A iR

Memuory. Tone Awareness, Syllable & Rhyme Awareness, RAN,



Reference Cohort" Age (Mz5D [range]) Sample size Meuropsychological phenotypes™
Meorphological Awareness, Orthographic Skils
F P CLTS/ATR T 1 ;! : Static Phonolegical Awareness, Dynamic Phonological Awareness, Letter
Coventry et al. (2011) il 4047 [4-5) MZ: 486; DZ- 4850 Frowledge. TOWRE
" X " atiat e : WISC-lIl Vocabulary, TOAL Listening Grammar, TOLC Making Inferences,
Dale et al. (2010} TEDS 1201213} MZ: 1758; DZ: 3134 Figuratve Language
Davis et al. (2008} TEDS 10 [10-10] Mathematics; PIAT Reading Comprehension: Spearman's ‘g
T2 A
T3 T2: MZ: 1378; DZ- 2685
F : Ta4 T3: MEZ: 2078; DZ- 4050 L : e ho e
Diavis et al. (2008} TEDS a7 T4- MZ- 1616: DZ- 2889 Phonological decoding: Orthographic Choice; PIAT, Spearman’s g
T5:. @ TE: MZ: 1045; DZ: 1787
T8: 10 TH: MZ: 238; DZ- 1440
Composite of PIAT Reading Comprehension + GOAL Reading
Davis etal. (2014} TEDS 12.5[12-12) MZ: 1011; DZ: 1783 Comprehension + WRMT Reading Fluency + TOWRE Word Reading
Efficiency: Composite of UK Mational Cumiculum Tests
DeThome et al. {2008) WRRP MZ: 7.1£0.7; DZ: 7.1£0.6 [B-8] MZ: 78; DZ- 112 BNT; 5BIS Vocabulary
Edmonds et al. {2008) MBF Mo &,5:;*_31; E]-g‘”-a]? SIS Mz 67:02-44:518:18 Line Discrimination Task: WISC-IIl VG, PIQ, FIg
s . . i WISC-RWAIS-R FIO: PIAT Phoneme Awareness; TWR Word Recogniton,
Gayan et al. (2003} CLDRC 10.8 78184 MZ: 257; DZ:- 183 Phenoiogical Decoding, Orthographic Coding composite
Greven etal (2014} TEDS 12112-13 MZ: 2181; DZ: 3830 Speamman’s g Composite; Mathematics
Groot et al. (2004} NTR 5.840.1 MEZ: 125; DE: 112 Ga'Mo Go; Sustained Attention Task
Harlaar et al. (2005) TEDS T2 [7-T] MZ: 2202 DZ: 4184 TOWRE; Composite
Hariaar et al. (2007} TEDS 10 [10-10] MZ: 1561; DZ: 2068 PIAT Reading Comprehension
WRMT Waord Attack, Word identification, Passage Comprehension; TOWRE
. . i - BO- O Phonemic Decoding Efficiency, Sight Word Efficiency. CELF Understanding
Fhaikil chil: A0 WRRE SR MZ:B0; B2 13 Spoken Paragraphs. Word Chains: THL Namative Comprehension; PIAT
Reading Comprahension. BNT
Hart et al_ {2007) WRRF MZ: 123; DZ- 184 SBIS FIQ
Hart et al (200%) WRRP MZ: 126; DE- 175 BNT
Hart et al. {20123) FTPREE DIBELS Oral Reading Fluency
Hart &t al_ {20130) FTPRBE B2+1.3 [5-4 MZ: 188; DZ- 388 FCAT Readmng Comprehension
Haviod- Thomas of al Bus Siory; Renfrew Action Picture Test Grammar Score; BAS Verbal
|"‘EE.:? * TEDS 45402 [4-4] MZ: 221; DZ- 226 Comprenension; Word Knowledge: Semantic Fluency; Verbal Memaory,
gl Phonoiogical Awarsness; GF Articulation: Non-word Repetivon, Compasite
oz Thormas ok al Bus Story; Renfrew Action Picture Test Grammar Score; BAS Vearbal
"’;ﬂeh' * TEDS 45402 44 MZ: 381; DZ- 75 Comprehension; Word Knowledge; Semantic Fluency; Verbal Memory;
ke v Phonological Awareness; GF Articulation; Non-word Repetifion
Hayiou-Thomas et al (2012  TEDS T1. TR T4 TET, TE 8, MZ: 3050: DZ: 3027 'i‘!fISC_J.Ir Wocabulary, TOLC Figurative Language, Making Inferences; TOAL
Ta: 10; 77 Listening Grammar
Hesser et al_ {2008} PUMG 8.0+2.0 [6-11] MZ: 17, DZ-12 GolNo Go
A O oF
Ho et al. {1888) CRP/CLDRC I:!RZ_ T MZ: 30; DZ-30 FIQ; RAN; Colorado Perceptual Speed
Reference Cohort" Age (M50 [range]) Sample size Meuropsychological phenotypes™
" " 1 . 400 o PPVT; HKT-5LD Word Reading, Sentence Comprehension, Passage
185115 y :
Ho et al. {2012) UMk TA£1A] 1 MZ: 180; DZ- 20 i oo R
T T1:53 [57-4. T1: MZ: 8%; DZ- 120 E e
Hohnen et al. (1293) LAS T2 7.0 [6.8 T2 MZ- 80; DZ- 120 PiQ; Composites
WISC-R Vocabulary, Information. Similarities, Comprehension, Arthmetc,
Jacobs et al. (2001} EFPTS Ta-14] MZ: 270; DZ- 181 Picture Compietion, Picture Amangement, Object Assembly, Block Design,
Drigit Symbol Coding, Digit Span, VIQ, PIQ.FIQ
Jacobs =t al. (2002} EFPTS 11.141.5 [8-14] MZ: 286; DZ- 377 Fl2
. i C1: 11.840.4 [10-53] - —
Kirkpatnick et al. [2008) MTF3 £ 175405 513—&5% ME: 23082; DZ: 1372 Fa
Knopik =t al, (1998b) CLORE 11.5 [8-20] MZ: 206: DZ- 708 PIAT dls.cnml_n:n: function score (DISCR) Reading Recognition, Reading
Comprehension, Spelling
Knopik et al (1229) CLDREC 117 [-20] MZ: 220; DT 135 PART Ieeximp Recogriborn. Readmg Compreteresm fipefng: Mafemsls:
Koenen et al. (2006) E-RIZK 5[5-8] MZ: 603, DZ- 513 FiQ
Kuntsi et al. {2005) TEDS B.4:0.3[7-0] MZ: 156, DZ- 244 Go/MNo Go; Fast Task; MICDA: WISC Digit Span
P ;o v L q3 a1 PIAT Reading Recognition, Reading Comprehension, Spelling. Mathematics:
Light et al. (10B28) CLDRC 12.1 [B-20] MZ: 132, DZ- 91 WISCIWAIS Arithmeric: Pronological Decoding
vy TEEN TR 72 T3 82 T4 0.8 = . : 2 7
Logan et al {2013) WRRP T5: 108 TB-12.1 MEZ: 371; DZ- 213 WRMT Word Identification. Word Attack. Reading Comprehension; RAM
CAP Verbal Fluency, FMA Spatial Relations; Celorado Perceptual Speed;
ETS Hidden Pattems; CAP Mames & Faces; HFSC Picture Memeny; WISC
Luo =t al. (1004) WRTP B-12} MZ: 148, DZ: 135 Vocabulary, [nformation, Similarities, Comprehension, Arthmetic, Picturs
Compietion, Picture Arrangement, Object Assembly, Block Design. Digit
Symiol Coding. Digit Span
Mosing et al {2012) MAFS f2[12-17] MZ: 57; DZ- 112 VESPARCH1
T1: CLTS: 41023
T1: ATR: 4 8234
7 - 1 ST 40T 0T
i CLTS/ATR Y T1, MER,..NS' E.Elﬂ::. 7 le MZ: 447 DZ, 500 BNT; TOWRE Word Recognition, Decoding; WRMT Passage
Olson etal (2007} MERNS T2 CLTS: 8.523.8 T2: MZ: 408; DZ: 424 Comprehension; Composites
o T2 ATR: 7.1124.5 T3: MZ: 176, DZ: 213 - ' P
T2 MERNS: 8.0+3.7
T3: CLTS: 10
r CLTS/ ATR T . -
Peterson et al. (2013) MEENS MZ: 520; DZ- 525 CHNRT; WPPSI Sentence Memory, Vocabulary, BNT
Petrll et al. (1803} WRTP MZ: B0; DZ- 74 Speaman's g
F— & A . . e CAT Leaming, Self-Paced Probe Recall, Stimulus Discrimination, Probe
Pemill et al (1205} WRTP 8.5+1.8 [5-13) MEZ: 148; DZ- 138 Recall, Tachistuscopic Threshald
WISC Information, Similarities, Arithmetic, Viocabulary, Comprehension,
W BT " . A AE O 1T Picturs Completion, Picture Arrangement, Block Design, Obgect Assemily,
Petrill etal. [1808) WRTP 9.8+1.8 [5-13) MZ: 135; DZ: 128 Digit Symbel, Digit Span, CAT Learming, Seif-P Probe R Stmulus
Discrimination, Probe Recall. Tachistoscopic Threshold
Petrll et 2. (1803} MALTS 33 MZ: 158, DZ: 145 SBIS FIQ
Petll et =i, (2006a) WRRP ﬂzg_a? ‘;”-5 BO-T8LDZB207 7. 445 pr- 183 Phonciogical Awareness; RAN; WRMT Reading
o o MZ: 8.1£0.7 [5.0—7.9]; DZ- 3.1207 : A Spearman's 'g’; WRMT Lefter Identification; Word |gentfication; Word
Petrill etal. (20066} WRRP HA-T T MZ: 102; DZ- 140 Attack; Phonological Avan s. RAN
X T1: 58411 [57-5.6] T1: MZ: 125, DZ- 112 RAKITAWISC FIQ: ANT Selective Attention, Memory Search, Sustaned
Poldeomanehal DI00A) MR T2 124203 [12-17] T2: MZ: £7; DZ: 80 Attention
Polderman et al. {2008b) NTR MZ/DZ: 12.440.2 [12]: SIB: [B-15]  MZ OF; DZ: 80; 51B: 55 ANT Memory Search: WISC Arthmetic, Digit Span, FIQ




Reference Cohort® Age (M50 [range]) Sample size Neuropsychological phenotypes™*
T 53065 T1. MZ B3, = ” - -
Ristveld et al. (2003) WTR T2 6.8 [6-7] T2: MZ: 7%; DZ: 113 Ezg';&;ﬁ‘;;ﬁ”' Disess, Higkdery Figores. Vesbal Mecming. | saming Name
T3 1000 [10—10] T3: MZ: B2, DZ- 115 o :
CLTS/ATR/ CLTS: 48402 [3.8-5.7]
Samuelsson et al (2005) MERI\IE J ATR-4 B0 3[4 550 MZ: 312; DZ: 315 RAN: Phonological Awareness; Compaosites
MERNG: 5.120.2 [4.8-5.6]
T1: CLTS: 8.3:0.3
T1: ATR: 6.0:0.4
o CLTS/ATR/ T1: MBRNE: 6.70.3 T1-2: MZ: 402; DZ- 410 " . " .
Samuelsson et al (2008) NBRNS T2 CLTS: 74203 T3 MZ: 341; DZ- 248 TOWRE Reading, BFB Spelling, WRAT Spelling
Schachar etal (2011) ONTS MZ: 55; DZ- 78 Stop Task (Go / Mo Go + 55T)
Soden-Hensler et &l (2012)  FTPRBE 56404 [5-5] ME: 427; DZ: E25 }_.ﬁ::’”"“ Fluency: Phoneme Segmentation Fluency: Nonsense Word
Stins et al_ (2004) NTR 12{12-13] MZ: 75; DZ- 84 SCWT; Erksen Flanker Task
Stins et al_ (2005) NTR 58401 [5.7-5.01 MEZ: 125; BZ 112 AMNT Selectve Attention, Memory S=arch
F \ T1:5.540.3 5 — Letter Mamng Fluency, Phonems Segmentation Fluency; Monsense Word
T: 2
“aylor et al. (2010) FTFREE i MZ: 1834: DZ: 354 iy
. o= T LR, CAT Leamang, Probe Recall. Se-Paced Probe Recall: SCA Picture Memony;
Thapar et al. {1884} WRTF 8.5+1.8 [B-13] MZ: 137, DZ- 127 Names & Faces: WISC Digt Span
Thompson et al. (1221) WRTP 03612 MZ:02; DZ- 41 Composites; MAT Reading, Mathematics, Language
Thompson et al. | 1883) WRTP @.6+1.8 [5-13] MZ: 148, DZ 125 Composite; FIQ, Achievement
3 R . 2 = Composite of NFER Jigsaws + Hidden Shapes; UK Natonal Curriculum
2014a) i 11-12] 3 3 A
Tosto et 2. (2014a) TEDS 1.64007 [11-12] MZ: 1530; DZ: 2635 Teste Ma i
vanLeeuwenstal (2008)  NTR :’111'53%129'[5?4‘, 109 548: MZ: 48; DZ-84: SIB: 100 RSPM
Bl 4]
MZDZ: 0.110.1 [B-E] SIB s S REPM; WISC Verbal Comprehension Index, Perceptual Onganization Index,
van Leeuwen et al_ (2002a) NTR 11.8:1.3 [B-14] MZ: 48; DZ- 64; 51B: 100 Processing Speed Index
van Leeuwen et al. (200%c) MNTR ';‘12‘.52229[3?41. [o-8]. 518 MZ: 48; DZ- 34; 518: 100 WISC FiQ, Digit Span: Corsi Block Tapping: n-back; OMRT Reading
B 3 [214]
van Soslen et =, (2000 MTR ?‘fﬁ?;'[;fﬂl [8-9: 518 MZ: 48; DZ- 54, SI8: 100 RAVLT
T1: MZIDZ: B.140.1 [B-11]; 51B: T1: MZ: 48; DZ: B84: SIB:
van Soslen et & (2011) NTR $0AL10 4 41 a6 WISC VIQ, FiQ, Fi

T2 MZIDZ: 12.120.3 [12-14} SIB

12.840.0 [12-14]

T2: MZ: 40; DZ: 49 S1B:
g2

ADOLESCENCE fages 13-16; 5 studies)

Abdel-Rahim et al. (1020} EMPE 4.7 [12—18] MZ: 36; DZ- 57 ETS/DAT composites; Spearman's g

Chou et . (2010) TCHS 13.740.0 [12-18] MZ: 257; DZ: 140 WesT

Molenaar =t al. (2012) GTR 15.441.8 [12-20] MZ: 247; DZ: 230 Mares; Object Aperhire et Arthmabi; Newcache Spatil teck: Spestman's
—— . = g PIAT Reading Recognition, Reading Comprehension, Spelling: OTLA

b ERR 1 20 M ADE IR T4 Auditory Attention Span: WISC-RWAIS-R Digis Span; Camposites

Waidman (2005) GTR 132425 [B-18] ME: 51: DZ- 34 TMT-A; TMT-B

*For cohort name abbreviabions see Supplementary Table 1.
“For test name abbreviations see Supplementary Table 8.

“Semicolons separate instruments, commas separate subtest of same i
Abbreyigtions: MZ = Monozygetic (n pairs); DZ = Dizygofic {n pairs);

trument.

B = Sibdings. PC = Principal Component; T =Time: C = Cohort.

Supplementary Table 5 — Characteristics of Non-Psychiatric Twin Studies > 16 Years of Age

Reference

Cohort®

Age (Mz5D [range]}

Sampie size

Neuropsychological phenotypes

LATE ADOLESCENCE {ages 16-17: 30 stwdies)

Beaver et al. {2013} HNLZAH NLSAH: T1:18.1£1.7 [12-21]; T2: [18-26] MZ: 278; DZ- 43T, 5iB: 2744 PPVT"
Bratho (1998) uozZs MZ: 17.0£1.3; DZ- 174214 [15-10] MZ: 71: DZ- 78 EE;EI’::E Deelopment. Cand Rokations; Phonemic: Fuency. MEBT
Bratko et 3l (2010 uoze MZ: 17.0:1.3; [ 17.4£1.4 [15-13] MZ: T1; DZ: 78 B 33:;?;* Develoghiest’; Gand Rotations?, Phonemic Fliency - MEAT
Spearman's ‘g, WAIS-IIl FIQ, Vocabulary”. Simiarties”, Information”,
Comprehension”, Arithmetic”, Digit Span”, Picture Completion®, Block
4 1 = Ti: 16.640.8 [15.8-20.0] % o7 Design’, Picture Amangement”, Object Assembly®, Digit Symbod Coding®,
Friedmin et al. {J008) Bees T2 17.340.68 [18.1-20.1f M2 308, D200 Verbal Comprehension Index’, Working Memary Index’, Processing Speed
Index, Perceptual Organization Index*; Go / Mo Go®; SCWT*; n-back™: ETS
Hidden Pattems’, Identical Pictures®; Colorado Perceptual Speed”
'WAIS-Il FIQ, Vocabulary, Simdarnities. Comprehension, Arithmetic, Dig
e olTe : ] Span, Picture Completion, Block Design, Picture Amangement, Object
Friedinan ebal {2019) oS ME N7 e A Aszembly. Digit Symbal Cading: Go / Mo Go: SCWT- n-back; ETS Hidden
Patterns, ldentical Pictures; Cotorado Perceptual Speed
Godinez et al. (2012) CLTS 17.3+0.6 [15.8-2001] MZ: 181; DZ: 165; 5IB: 40 WCsT
Hansell et al_ {2005) MAFS 16.240.3 [15.4-18.1] MZ: 252; DZ: 287 ﬁ%ﬂﬂﬁ”mf + Choice RT 2-choice Mean RT; Line Discrmination
FiQ; Latin Square fask®; N-term task®; Sentence Comprehension®; PC
Hamsell et al {2015) MARS 17.04£2.2 [15.8-20.8] MZ: 138; DZ- 193; SIB: 113 Relational Complexity, Composite of WAIS Matrix Reasoning + MAB
Arithmetic; Composite of WAIS Digit Span Backwards + LNS
WRRFP/
TEDS/
MCTFR/ e T2 MZ: 2222, DZ: 2712, oy
et ekl LIA0) ciTsscrsy T Wi T3 MZ: 1408 OZ: 1577 G
CLDRC/
MAPS | NTR
Keller et al. (2013) g',;;;,‘",%;s MZIDZ: [12-28]; 5IB: [10-35] MZ: 1062; DZ- 1310; SIB: 1664 FIQ°
Luciano =t al. (2001a) MAPS 16 240.3 [15-18] MEZ: 1B4; DZ: 208 MAB ViQ, PIQ, FIQ: Line Discrimination
Luciano et al. (2001k) MAPS 18.240 3 [15-18} MZ: 186; DZ:- 120 MAB FI: CRT: DRT
= X T AT MAB Information, Anthmstic, Yocabulary, Spatial, Object Assembly; WAIS
Luciano =t al. (2003} MAPS 16.2:0.3 [15-18] MZ: 184, DZ: 208 Digit Symbal Coding
Luciano et al. (2004} MARS 162403 [15-18] MZ: 245; DZ- 208 MAB VIQ, PIX; Line Discrmination; Choice RT; SORT"
MAPS: 16.2+£0.3
Luciano =t al. (2005) MAPS | NTR NTR: C1: 25.822 0 [<36] MZ: 385; DZ- 451; SIB: 670 MAB ViZ®, PIQ"; Line Discrimnaticn
C2- 40.446.0 [38+T SIB8: 17.2+1.1 [15-23]
QCST: 17.340.4 [16-18] - 457D . 5 o8-
Lucianc et al. (2008) MAPS MAB: MZ/D:Z: 15.240.3 [15-18; SIB: 3"12_',52 AN O 163 00 SIB MAB ViQ, PiQ; QCST
17.241.1 [15-23] !
i e ; Simple RT"; Choice RT': RSPM; WAIS Information, Comprehension.
Fsdijk =t 3l (1223) NTR LIS A R ne e Arithmetic, Similasties, Digit Span, Viocabuiary, Digit Symiba, Picture
SR S e Completion. Block Design, Picture Amangement, Object Assembly
WAIS FQ, ViQ, PIQ, Infermaton”, Comprehension®, Anthmetic®,
n " & R Simiarites”, Digit Span”, Vocabulary. Digit Symbot Coding®. Pictune
i & 1 . 3 = 2
Rl et 3. (2002) Sl e ME A0 Completion®, Block Design®, Picture Amangement’, Object Assembly”,
Index Scores: RSPM®
Rommel et al. (2015) TEDS T3: 18.540.3 [158-17.3] MZ: 1745; DZ 3028 Mill HE Viocabulary Scale": RPM"




Reference Cohort® Age (M50 [range]} Sample size Meuropsychological phenotypes™*
Rowe =tal. (12283) NLSAH 16.0£1.7 [12-18] MZ: 176; DZ: 347 PPVT
Siventomen etal. (2012}  MTFS C2Z: 17.040. C2: MZ-411; DZ 215 WISCWAIS FIG", PIQ", VIQ*
Testo et (2014b) TECS 16.6+0.3 [16-16] MZ: 836: DZ: 1422 Number Sense Task
i 2 i = = e MAB Vocabulary”, Information’, Anthmetic', Spatial®, Obgect”, Digit
Wainwright et al. (2004) MAPS 16 240.3 [15.4-18.27] MZ: 225; DZ- 75 Symbol’, CCRT Reading: SGWRT Reading
¥ P - QCST: 17.340 4 [15.3-16.6] - ¥ w0 RIC
{ il 168-258; DZ: - B M
Wainwright et al_ (2005a) MAPS MAB: 16240 4 [15.415.4] MZ: 168-258; DZ: 180-328 MAB Vi, PIQ; QCST
QCST: 17.3:0.4 [15.3-18.6] MAaB VI, PIG; QST Comprehend & Collect. Structure & Sequence,
Wainwright et al. (20050 MAPS e L A e MZ: 1B2-261; DZ: 208-354 Analyze, Assess & Conchede, Create & Present’, Apply Technigues &
MAB: 162404 [154-18.4] = Rde
- 7 QCST. 17320415 318 6] B ey R =5 - T
Wainwright et al {2008) MAPS MAB: 16.2:0.4 [15.415.4] MZ: 168-258; DZ; 100-328 MAB ViQ, PIQ; QCST; Choica RT"; Line Discrimination
Wight et al_ (2000) MAFS 16.5 [18.2-17.3] MZ: 26; DZ- 27 MAB FiQ
Wiight et al_ {2002} MAFS 16.340.5 [15.4-20.1] MZ: 218; DZ: 258 DRT; MAB FIQ
Young et al. {200%) CLTS T2- 17 4:0.6[18.5-20.0] MZ: 150; DZ- 134 Go f No Go: SCWT
YOUNG ADULT (ages 18-40; 39 studies)
Ando et al. (2001} KTP 19.6£3.5 MZ; BT, DZ- 82 Kyodai NX15 Spatial WM", Verbal WM*
Anokhin et al. {2003} MTR 2174248 MZ: 5B; DZ- 25 WCST
Biaker et al (1091} Uwo 25 248 4 [15-57] MZ. 50; DZ- 32 ViQ", PIQ"; Composite of RT tasks
Blokland et al, (2003} MAFS 244407 [21-27] MZ: 20; DZ: 31 n-back: MAE FIQ
Blokland et al. (2011} MAPS 235413 [20-28] MZ: 75; DZ- 88 n-back®; MAB FIQ
Bohlken et al. (2014) NTR .6; DZ: 28.0:5.2; SIB: 27.8442 MZ 24; DZ- 24, 518: 20 WAIS-IIFIQ
CAB Mumencal Ability, Spatial Ability, Memaory Span, Flexibility of Closure,
Mechanical Ability, Spesd of Closure, Coforado Perceptual Speed”, Word
Fluency, Inductive Reasoning, Associative Memaorny, Meaningful Memory,
! T T L AQ- TiT- 95 Vecabulary, Proverbs, Spelling; HFSC Mental Retaton, ETS Card
Boucharsd et =), (1000) WISTRA MBEIYE MZ: #0025 Rotations. Minnesota Paper Form Board, Hidden Patterns, Cube
Comparisons, Paper Fofding, Vocabulary, Subtraction & Multiplication,
Word Begmnings & Endings, Pedigrees. Things Catepories, Different Uses,
‘Visual Memory. Lines and Dots, Identical Pichures
=Y | i MZ: 31.120.0 [10.5-55.91 DZ 28.2:8.0 =90 OZ- 27- SIB- 18 Sl EIot Vig® .
Brouwer et al. (2014a) UMCU rNTR 113.1-61 6T, SIB- 26,043 1 120.2-31 30 MZ: 20; DZ- 27: 51B: 18 WAIS-II FIQ™. VIa”, PIG
Fan et al. (2001) PUC [12-47] MZ: 26; DZ: 28 Atientonal Network Test”
Fletcher et al. (2014} ATR 371465 [15-6T] MZ: 100; DZ- 73 Compaosite of OperationWord Span + Sentence-Letier Span
Grant et al. (2010} VETR 19.6+1.5 [16-30] Z: 1774, DZ 1420 AFQT Premarbid 10
WAIS Vocabulary®. Block Design®. Digit Span®, Digit Symbol Coding®;
Hall (1096) UPTE MZ:21.4£3.2; DZ: 21.8228 MZ: 64; DZ- 48 JOLD': COWAT Phonemic Fluency”; TMT-A: TMT-B%; WCST', WMS
Logical Memony', Wisual Reproguction”; Grooved Pegboand”
Hoskstra et al. (2007) NTR Ta: 18 MZ: 80; DZ- 120 RAKITAWISCAWAIS VIG, PIO
Hoskstra et al. (2000) NTR ‘?!2_1&2‘?2: 1R 2 T ©2: MZ: 77; DZ: 108 WAIS VIC; CVLT'; Fhonemic Fluency’; Semantc Fluenzy®
Kochunow et & (2016) MTR 8135 [Z2-36] MZ: 57; DZ- 60; SIB: 248 NIH Toolbox Pattern Comparison Processing Speed Test!
. - T1: MZ: 1688, DZ: 1302
Lyons et al. (2008) VETSA T2 MZ:200: DZ: 170 AFT
Reference Cohort" Age (M£5D [range]} Sample size Neuropsychological phenotypes®™™*
Malykh =t al. (2005} RETR 21.7£3.3 [18-28] MZ: 40; DZ- 40 WAIS FIC", VIa", PIC*
Martin et al. {2009) MAPS 1823.0[11.8=28.7] MZ: 175; DZ- 30Z; 518: 473 MAB Arithmetic, Information, Vocabulary; ART: CORE Reading & Spelling
WRRP /
TEDS/
Motenaar et al. (2013) MOTTRL oy T4 1BE:2T[I7-3q] T4: MZ: 350; DZ- 308 Fig
, CLTS /CTS/ -
CLDRC [
MAPS | NTR
Mosing et al. (2014) STR 4077 [Z7-54 MZ: 1210; DZ 1358 RPM
Nandagopal etal (2010) FSTR 213411 [184] MZ: 25; DZ: 13 ETS Paired Associate Memory®, Digit Span”; Sentence Picture Verification®
(20001 ane 1 YED- CF T Spearman’s ‘g’*; LPS5 FIQ*, Wocabulary®. Reasoning”, Word Fluency”,
Neubauer et al. (2000) GOSAT 343130 1 MZ: 168; DZ- 1 Spatial, Embedded Figures Test": Closure’. RAPM*: SMST™ PLMT®
Posthuma etal (20012)  NTR A L gt MZ: 102, DZ- 13%; SIB: 180 Line Discrmination Task; VIQ, FIQ
e Ci: 362442 [13.642.6] C1: MZ: 54; DZ 73: 51B: 108 'WAIS Verbal Comprehension Index. Working Memory index, Processing
Pasthivideral (2001 . RER CI- 504375 [20.1-71.0] C2: MZ- 48: DZ- 55: 51B- 30 Speed Index, Perceptual Organization index
Posthuma et al. (2002a) NTR 262442 [13.0-42.4] MZ: 24; DZ: 31; 518: 25 Fi@
i C1: 26244 2[13.0-42.6] - 102 OZ- 131- 518 1 i n *
Posthuma et al. (20025) NTR CZ 504475 128 1-71.00 MZ: 102; BZ: 121; 3IB: 180 Eriksen Flanker Task'
F -2 6] 2 : : % WAIS Verbal Comprehension Index”, Working Memaory Index”, Processing
Ertheacial UE)  NIB C2 504275 [20.1-71.0) MR Speed Ingex’, Percsptusl Organization Index”
Pinel et al_ (2013) INSERM MZ 23.2.0Z:22.3 MZ: 18; DZ: 13 Arithmetic®
WAIS FiQ", VIQ®, PEQ", Information”, Comprehension”, Anthmetic®,
Sim#anties”, Digit Span”, Vocabulary”, Digit Symbol Coding’. Picture
Tambs =t al. (1034) OTSN 418.1 [30-57] MZ: 40; DZ: 40 Completion®, Block Design®, Picture Armangement,” Object Assembly*,
Verbal Comprehension Index’, Working Memory Index”’, Perceptual
Organization Index"
Taylor (2007} FSTR MZ: 233212 3, DZ- 23 B£10.2 [13-83] MZ: B0; DZ: 20 WCST; SCWT"
Shikishima et al. (2008} KTP 24 8044 [17-36] MEZ: 84; DZ: 18 Kyodal NX15 compesites: verbal ability. spatial abidity, reasoning
C2: T1: 18 [18-18] C2: T1:MZ:88. DZ: 122
= 2 g TZ 18[18-18] C2: T2: MZ: 83. DZ: 105 e
Silventomen et 3. (2008) NTR 2679141 C3: MZ: 63: DZ- 85 RAKITWISCWAISIGIT FIQ, VIQ
C4: 405471 C4: MZ: 180, 02
Simons et al. {2007) EFPTS MZ: 1 1 PC of AVLT, SCWT, C5T, TMT, LDST
Sundet et al. (1833} NAF i 1 MZ: 757; DZ: 1083 Spearman’s ‘g
Suzuki et al_ {2011} KTP MZ: 21.1£5.8; DZ: 211267 MZ:221; DZ- 08 HFSC Mentad Rotation®
CMNB PCET", Penn CPT", Penn Letter n-back®, Penn Word Memory®, Penn
Face Memony®, VOLT", JOLO", Penn Matrix Reasoning®. Penn Verbal
Swagerman et 2. (2016} NTR 37.7+20.8 [10-B6] MZ: 154; DZ- 173; 518: 468 Reasoning”, Finger Tappng', Mouse Pracfice Task®, Emotion
Recognition’, Emotion Intensity Discrimination®, Age Diferentiation”,
Spearman's ‘"
o ecumen et NTR M, T2 2118 181 C2 MZ-77;DZ 108:SIB: 93 WAIS Digt Span; Corsi Block Tapping”; n-back®
Volk et 3. (2006) MOAFTS 21.4x1 4 [18-24] MZ:44: DZ: 51 WAIS Vocabulary': Word List Leaming®
Vuchksimaa etal (2010} FinnTwini2 2 21-24] MZ: 143; BZ- 215 HFSC Mental Rotation®




Reference Cohort” Age (M£5D [range]} Sample size Meuropsychological phenotypes™™*
MIDDLE AGE (ages 41-65: 25 studies)
Bartfai et al (1831) SATSA 41846 4 [28-527) DE- 14 Choice RT™; FIQ"
Docherty et al. (2014) VETSA 56,1428 [51-60] MZ: 132, DZ: 52 AFGT Premerbid 1O
MTSADA: CF: 3624 2 [2740]
MTSADA: CZ: 61231 [50-64]
Fankel et al. (1905a) MTSADA MTSADA: C3: 710 2 [65-38] MTSADA: MZ: 132 DZ: 21 WAIS Digit Span; WMS5 Logical Memory, Visual Reproduction; TFM: CAP
W et et SATSA SATSA: C4: 41250 [27-40] SATSA: MZ: 86; DZ 110 Mames & Faces; PC
SATEA: C5: 50:4.3 [50-64]
SATSA: CB: 7244 .8 [65-85]
MTSADA: CT: 38044
MTSADA: C2: 60.1£3.0
. . MTSADA | MTSADA: C3: 60.3+5.8 [27-88) MTSADA: MZ: 118: DZ: 72 el = ey e : .
Fnkel et al (12250) SATSA SATSA: C4- 41.145.0 ! 3 SATSA- MZ: 03 DZ- 134 WAIS Information®, Block Design®, Digit Symbol Coding”, Digit Span
SATSA: C5: 5B.844.3 [27-84]
SATSA: Ch: T1.644 8 [65-85]
¢ . ATA G1: 434148 3 [27-58] : : 1 Word Recall from Line Drawings®; WMS Logical Memary”, Visual
(168 : 1
Fankel et al. {19983) MTSADA 2584108 190.54] MZ: 201; DZ- 140 Reprosuston's PC
Finkel et al. {2007) MTSADA 5B.7 [27-85] MZ: 185, DZ- 121 PC of 12 Simple RT and Choice RT tests
TITEEI30 iR 3
Goldberg et al. [2013) MTS [UOB ,":g'_gélﬁ‘”" DA MZ: 186; DZ: 78 WAIS FIQ", Letter-Mumber Sequencing'
HFSC Pedigrees"; CAB Flexibility of Closure, Inductve Rieasoning;
Johnson et al (2005} MISTRA 42 7+13.8 [1B-7H] MZ: 44; DZ-33; 51B: 2 MEISTRA Reading Comprehension®, Spelling®; Slesson Word Recognition®;
WRMT Word identification”
WAIS Information®. Comprehension®, Vocabulany, Digit Symbod Coding®,
Arithmetic”, Similarites", Digit Span’, Picture Compbetion”, Block Design”
Picture Amangement®, Object Assembly”; PC; Speaman's 'g"; RPM*; CAB
Mumerical Ability, Spatial Ability*, Memory Span, Fisubility of Closure®,
Mechanical Ability, Speed of Closure®, Penceptual Speed”, Word Fluency®,
Johnson et al {2007b) MISTRA 4274138 [18-70] MEZ: 74; DZ- 52 Inductve Reasoning”, Associatve Memony, Meaningful Memory,
Vocabulary, Proverbs”, Speling’; Minnesota Paper Form Board™; ETS Card
Rotations®, Hidden Patiems”, Identical Pictures®, Cube Comparisons',
Paper Folding®. Vocabulary. Subtraction & Multiphication®, Word Begnnings
& Endings’, Pedigrees, Things Categories®, Different Uses; HFSC Lines
and Dots", Picture Memory”, Mental Rotation”
Kremen et al. (200 VETR MZ:- 47 823 &; DZ: 47 020 [41-58) MZ: i77; DZ: 162 WRAT Reading”
Kremen &t al. (2007k) VETR 47 8433 [41-56] MZ: 173 DZ- 186 ‘WMS Digt Span”; WHRAT Reading: Reading Span’
Kremen et al. (2008) VETR 4T.8x2.3 [41-56) MZ: 173, DZ: 186 Tower of London”
Kremen et al. (2011a) VETR 47 843.3 [41-58) MZ: 161, DZ: 156 SDRT"; ODRT"
Kremen etal. (2011k) VETSA 55,442 5 [51-60] MZ: 340; DZ- 265 CPT-AX*
Kremen etal. (2014} VETSA 55,4125 [51-50) MZ: 240; DZ- 285 CWLT*; WMS Logical Memory®, Visual Reproduction®
Panizzon et al. (2011) VETSA MZ: 55.3:2 5; DZ: 55.6:2.4 MZ: 323; OZ: 250 cviT
- d ) 5151 . - o7 WASI Vocabulary, Matrix Reasoning, WMS Digit Span’, Letier-Mumber
i 5[5 il 5
Panizzon et 3l (2014) VETSA 55 4425 [51-50] MZ: 346; DZ: 265 Sequensing’, ALGT Vossbalay'. Box Folding’, THET® THIT A
o P T1: 55825 [51-56] T1: MZ: 348, DZ 265 o . s
Panizzon et al. {2015) VETSA TEE1B:04 1 T2 MZ- 260. DZ- 203 CVLT. WMS Logical Memory, Visual Reproduction
Rose et al (1281) KMTP-IUTP 6-82] MZ: 57, DZ- 127 ETS identical Pictures®
Wasil fos et al WAIS Vocabulary®. Matix Reasoni Semantic Fluency”; AFGT:
onism VETSA S|A2SESN L, . MZMEDZTD . Compesites of THETY ETS Card Retations, WMS Logical Memory + Visual
Reference Cohort" Age {M£5D [range]) Sample size Neuropsychological phenotypes™™
Sequencing, DKEFS TMT-2 + TMT-2 + SCWT, TMT-4 & Category
Swatching
Tt VETSA 55,442 5 [51-60] MZ: 242; DZ: 268 TMT-A; TMT-8
T1- 44 [34-63] T
van den Berg etal (2004) NTR T2 C1: 28 [18-34] P; REZ ;;4[:[2}2] }gz GIT Vocabulary"
T2 C2: 4938711 o 5 W
Vinkhuyzen et al {2010) NTR 38.7+12.8 [13-70] MZ: B3; DZ- 01; 518: 184 SMET"
Vinkhuyzen etal. (2012) NTR 46.6:12.4 [23-75] MZ: 136; DZ: 152; 5IB: 265 WAIS FIQ

AFQT Premorbid 10, Verbal Abity", Arthmetic®, TeodMechanical

Vuoksimaa etal. (2015)  VETSA 55 742 8 [51-60] MZ; 131; DZ: 26 il : A

Reasoning”, Spatial Processing
OLDER {ages 65+; 35 srudies)
Carmefli et al. (2002a) MHLEI| T2.04£3.0 [ee-80] MZ: 72; DZ: 70 PC of SCWT + Verbal Fluency + Digit Symbol + TMT-A + TMT-B; MMSE
Carmeli et al. (2002b) NHLE| MZ: 72.2=3.0; DZ: 71.822.9 [60-B0] MZ: 72, DZ- 87 PC of MMSE + ISBMD + SCWT + CVLT + Digit Symbol =+ TMT-A + TMT-B
Doty et . (2011} L54DT F- £3.125.3; M: B0.3:48 [70-100] MZ: 58: DZ- 110 Sonperiieof MWSE + Semanki L leRcy:+ g Span Wkt

Leaming

Finkel et al. (1283) MTSADA MZ: 68.626.7; DZ: 67.0:6.7 [60-B3] MZ: 23; DZ: 87 Word Recall; WMS Logical Memory®, Visual Reproduction
WAIS Digit Symbol Coding”. information. Block Design, Digit Span®; DSB
Finkel et al. (2000a) SATSA 6428 [40-54] MZ: 112; DZ 180 Figure Identfication”, Synonyms", Figure Logic™; WIT-ll Analoges”; ETS
Card Rotations": TPM; CAP Names & Faces"; PC
Finkel et al (2000c) SATSA 44.8-82.1] MZ: 85; DZ- 11 ‘WAIS Information, Block Design. Digit Span; ETS Card Rotations
T1: MZ: 240; DZ- 400
Finkef et al. (2004) SATSA [50-06] T2: MZ: 218; DZ- 374 WAIS Information®. Block Design”. TPM"; Speaman's 'g*°
T3: MZ: 208; DZ- 358
PC of WAIS information + Biock Design + Digit Span; WIT-1l Analogies:
Finkel et al_ (2005) SATSA 63.8+8.2 [27-85] MZ: 112; DZ- 180 D'SB Figure Logic, Synonyms. Figure [dentification; ETS Card Rotations
TPM; CAP Names & Faces; Symbol Digit
PC of information + Synonyms # Analogies; PC of Figure Logc + Block
Finkef et al. (2000) SATSA 80.7+7.7 [50.0-B8.0] MZ: 320; DZ- 541 Design + ETS Card Rotations: PC of Digt Span + Picture Memory +
Names & Faces; PC of Symbol Digit + Figure ldentification
2 iyl a7 & . g9, Simple RT + Choice RT mean/range Decxsion Time", meanirange
il . (20 S LTET. -3-82. - 32 4
Finkel et al. (2014) SATSA B0.7+7.7 [54.3-80.2] MZ: 32; DZ- 48 o rai WAL T o
. : r S 98- O Token Test": RCFM". Phonemic Fluency®; Semanbe Fluency”. Attentional
Giubiled et al. {2008) mR MZ: 67 0:4.5; DZ: 76.524 7 [62-80] MZ: 35; DZ: 58 Matricas: BVRT Copying Drawings”; Story Recall
Johnson et al (Z008) LSADT T8.04+4.8 [70-100] MZ: 464; DZ- 618 Semantic Fluency; WAIS Digt Span; Word List Leaming
Lee etal, (2012a) OATS T1.045.2 [65-58] MZ: 117: DZ- 8 WAIS Dig-T Slpan': COMWAT Phonemic Fluency”; SCWT", TMT-B/A™
Spearman s_g' .
Lee etal (20128) 0ATS T0.745.2 [65-88] MZ: 118; DZ 20 gp‘;';’:g;ﬁ.‘f‘.‘gﬁw""' Coding’ TMT-A7 SOWT Smple R Ghoce R
L Senl al T1: 63 1228 [50-70] T1: MZ: 137, DZ 128
I.f;;?,‘" B NHLEB| T2:72.3+3.0 [38-80] WAIS Digit Symbol: SCWT*; TMT-B
Ry T3 768410 [11-83]
McArdle {2008) SATSA T1.64.9 [65-88] WAIS Informiation
MeArdle et al. (2000) MASTR 6.5 [58-75) MZ: 2087 DZ: 3463 TECS Word List Leaming"

Speaman’s 'g’; WAIS FIQ; WAIS Digst Symbol; Compostes DSB

McCleamn et al. (1987 5TR B2 3[80-100 MZ: 110; DZ- 130 Synonyms + Information, Figure Logic + Block Design; WAIS Digit Span +
HFSC Picture Memory
McGue et al. {2001) LSADT MZ: BO.0£5.8; DZ: 79.425.5 [76+]° MZ: 188; DZ- 235 Semantic Fluency'; Digit Span®; CVLT; Spearman’s 'g'; MMSE




Reference Cohort® Age (M£5D [range]) Sample size Neuropsychological phenotypes™*
McGue etal (2002) LSADT T5.7+4.5 [70-06] MZ: 408; DZ- 582 Spearman’s g
MeGue et al {2007) LSADT T7.AL55 [Jo-107] MZ: 451; DZ- 681 MMSE; Speaman’s 'g"*
Speaman’s 'g’; WAIS information, Digit Symbaol, Digit Span; DSB
Pedersen et al. (1992} SATSA G5.8:8 4 [27-85] MZ: 87; DZ-89 Synonyms, Figure Logie, Figure Identification; Koh's Block Design; WIT
Analogies; ETS Card Rotations; CAP Names & Faces. TPM
= = - - - —
Pedersen et al. (1996) SATSA 86,247 8 [50-8E] MZ: 26; DZ- 150 MARS %gggﬁ“e of DSB Synanyms + Figure Logic + Figure Idenfificaion
Koh's Block Design; ETS Card Rotations; DSB Figure Logic. Synonyms,
Plomin et al. (1984} SATSA MZ: 82; DZ- 141 Figure Identfication; WAIS Information, Digit Symbol: WIT-Il Analogies;
CAFP Names & Faces: TPM
g , AT TT T . 5 e ‘WAIS Block Design®, Digit Span”, Digit Symbael Coding®; DSB Synonyms®;
Read et al. (2008) STR MZ: B0.5£8.7; DZ: 7772120 MEZ: 30-153; DZ: 337468 TEM'; Speamnan's ‘g
R C1.[8£.5-65 C1: MZ: &5; DZ 108 : E i o
Reynolds =t al. (2002) SATSA Eﬂ'-iﬂﬂ—“?&.g% £ MZ- 65 DZ 108 Koh's Block Design; TPM: Symbol Digit Modalities
WAIS Information, Digit Span, Digit Symbol Coding: WIT-11I Ansogies; D58
Reynolds et al. (2005) SATSA 85.048.2 [Z7-85] ME: 135; DZ- 221 Synonyms, Figure Logic, Figure Identification; Kof's Block Design: ETS
Card Rotations; TFM: Speaman’s 'g’
Singer et al_ (2008) TwinsiK 58 [18-78] MZ: 108; DZ: 170 CANTAB composites; NART Reading”: Simple RT + Choice RT"
SaT < . @E- 07 CANTAB Choice RT". Smple RT", Paired Associates Leaming’. Pattem
" T1:55.5¢7.8 T1: MEZ: 85; DZ: 149 s 0
Steves =t al. (2013) HATS Y 07 =7 7 AT R D7 Recognition Memory®, Delayed Matching to Sample”. Spatial Span’, Spatial
T2: MZ: 66.6: . DZ: 65857 .2 [52-83] TZ2: MEZ: 63; DZ: 93 Working Memory’, FC. Spearman’s ‘g"
= - = — — — =
Suedberg 2t al. (2009) SATSA £7:0.3 [50-84] MZ: 148; DZ- 148 ::J:_.'f::”""‘“"-- Diggt Span; Kokvs Bloek Desigr: TRM Syrsbol Dt
Swan et 3 (1000) MHLBI E3.1£2.8 [52-70] MZ: 134; DZ- 133 Compaosite; MMSE; WAIS Digit Symbed Coding®
Swan et 3l (10088) NHLB| T1.E+2.8 [68-B0] MZ: 24; DZ- 88 CWVLT
Swan et al. (2002} NHLE| ¥1.5:2.8 [BE-80] MZ: 80, DZ- 78 SCWT; Phonemic Fluency”; WAIS Digt Symbol Coding; TMT-B; PC
Tucker-Drob et al. (2014} SATSA [50-—85] MZ: 160; DZ- 285 Composites; Speaman’s g’
Xu et al. (2015) QTR 51.6[33-80] MZ: 244; DZ- 140 Digit Span®; MoCA

*For cohort name abbreviations se= Supplementary Table 1.
“For test name abbreviations see Supplementary Table 2
“Asterisk () indicates phenotypss included i meta-analyses.

“Zemicolons separate instruments, commas separate subtests of same instrument.

*Agas were reported for five zygosity groups; averagss for MZ and DZ were calculated Javerage S0 = TSD7].
Abbreyigtions: MZ = Monozygotic (n pairs|; DZ = Dizygotic (n pairs); SIB = Siéings: FC = Principal Component; T = Time: C = Cohort.



Supplementary Table 6 — Charac‘tenstlcs of Non-Psychiatric Family/Pedigree Studies

Cohort* Sample size Neuropsychological phenotypes™
{Mtﬁl} [range]} {n individuals
[ni famifies])
Chen et al. (2008) CCNMD 20.820.5; 157 [[ 71 WAISAWME Matnx Reasoning”, Digit Span®, Spatial Span’”. Letter-Mumber Sequancing’, Logacal Memory®, Family
Relatives: 18.720.5 Pictures"; n-back®; CVLT", Semantic + Phonemic Fluency’; TMT-B'; WCST™, CPT-DS", CPT-AX", CPTIP";
Composites
Galimbert et al. INSFE 28.8+11.8; 53 [28] lowa Gambfing Task®™; WCET"
(2013) Relatives: 31136
Glahn et al. {2013) GOBS 44 241410 [18-E3] 1128 [B1] WAIS FIQ", Letter-Number Sequencing, Digt Span. Digit Symbol Coding. Matrix Reascning”. Viocabulary™; Digit
Symbol Recall”; Phomemic Fluency. Semantic Fluency, TMT-A; TMT-8; CPT-IP; SDRT; CVLT"; CNB Penn Face
Mernory'. Emation Recognition. PCET
Greenwood et al SCA Monagenanan: 253 [85] WAIS Simianbes’; Word List Memory”; WMS Logical Memory: TMT-A = TMT-B"; Semantic Fluency + Phonemic
{2011} 02.413.0; Fhusncy™; Target Cancellation; Composites
Offspring: 66.445.0
Hart et al. (2010) CHLSY 0.6:27 [4.0-148] 0240378 2400]  PIAT Reading, Mathematics; PPVT
Karlsgodt et al. GOES AT 8x135(18-85)  462[22] SDRT; WAIS Digt Span. Letter-Mumber Sequencing
(2010}
Knowies et al {2014) GOBS 44 3+15.7 [18-87] 1268 [75] WAIS Letter-Numbser Sequencing”. Digit Span”, Digit Symbol Coding”; Digit Symbof Recall®; Phonemic Flusncy®;
Semantic Fluency®: TMT-A®; TMT-B*; CPT-IP*; SDRT"; CVLT"; CNE Penn Face Mamory', Emotion Recognition”,
PCET*
Kochunow et & 00A 4ETEITA 8T8  MB[17] WAIS Digt Symbol Coding”
2018}
Luciano et al. (2010F SFHS 47.4214.5[13-00) 118 [1883] WAIS Dagit Symbel Coding™. WMS Logical Memory, Semantic Fluency + Phonemic Fluency®; Mill Hll Vocabulary”;
Speamman’s ‘g™
Matteini etal. (2010)  LLFS T254184 31110 3224 [480] WAIS Digit Span”; Semantic Fluency, CERAD Word List Memory”
Rowe etal {12286) ~ CNLSY [1423] 4480 [2220] AFGT
Sleegers et al. ERF 5024143 118+] 7an [1] RAVLT"; Semantic Fluency®; SCWT", TMT-B*
(2007}
Smalley et al {1080) ‘CLA [124] T3 [1] ETE Cube Comparisons®, Card Rotations®, Hidden Pattems®; HFSC Mental Retation®; LPS Embedded Figures Test®

*For cohert name abbreviabons se2 Suppiementary Table 1.

“*For test name abbreviations see Supplementary Tabée

“Asterisk (") indicates phenotypes included in metz-analyses.

“Semicofons separats instruments, commas separate subtest of same instrument.

Supplementar},r Table 7 — Characteristics of Schizophrenia Family/Pedigree Studies
Referen

Cohort* Apge Sample size Neuropsychological phenotypes™==
{M£50 [range]) {m individuals
[n families])
Alfimova et al. (2003) MHRC Pro: 30£10; UA-REL: 44£15 199 [72] PC
Aukes et al. {2008) UMCU Proc 40.7414.7; UA-REL: 48.6£168 180 [25] Semantc Fluency”; WMS Spatial Span’
Aukes et al [2002) UMcu Pro: 40.7:14 7. UA-REL: 43 62189 133 [24] WAIS A"
Bertisch et al (2010} MAMI [13-56] 110 [47] ‘WAIS Vocabulary®, Smilanties”, information”, Block Design®, Matrix Reasoning’,
Dig# Span®, Digit Symbol Coding’, Letter-Number Sequencing'; WRAT
Reading’. Spelling’, Arithmetic®; CVLT" WMS Verbal Paired Associates’. Visual
Reproduction”; BNT*; PPVT®; COWAT Phonemic Fluency"; SCWT'; TMT-A";
TMT-B"; Finger Tapping"; Purdue Pegboard". PC; Spearman’s ‘g
Cadkins et al. (2010} PAARTNERS  Proc 38.8211.0; UA-REL: 4562158 15328 [401] CNB PCET", Penn CPT, Penn Word Memory’. Penn Face Memory”, Penn
Verbal Reasoning®, VOLT", Penn Letter n-back®, JOLO®, Fingsr Tapping. Mouse
Practice Task, Emotion RecognitionDiscrimination
Chen et ai. (1088) MP3S Pro: 30.748.0; UA-REL: 46.8£16.2; CON: 32.317 6; 270 [B0] CPT-D5", CPT-18"
CON-REL- 38.4114.8
Chen et al. (2009) CCNMD Pro: 22 710 4; UA-REL: 22 005, CON: 20.610.5; 5CZ ITE[133],  WAISMWMS Matrix Reasoning”, Digit Span”, Spatial Span”, Letter-Number
CON-REL: 12.740.5 CON: 157 [77] Sequencing’, Logical Memory®, Famdy Pictures’; nback”;, CVLT", Semantic +
Phonemic Fluency'; TMT-B*; WCST"; CPT-DS*, CPT-AX"; CPT-IP*
Glahn et al. (2007} GOBS [ SCZ: 37 5:15.0 [15-72]; BPD:- 42.712.0 [18-58] 268 [104] 'WAIS Digit Symbol Codmng": Digit Symbol Recall'; Digt Span®; Phonermsc
CVCR fMCM MDD: 35.1210.0 [19—6 ther D 48 44140 [24-70]; Fluency®; Semantic Fluency”; TMT-A", TMT-B*; CPT-IP*; SDRT"; CVLT"; RPM*;
UA-1DR: 4802150 ] 19—?&] UA-2DR: 30,029 [20-51]; AlM Abstraction
CON: 33.0+12.0 [15-83]
Giahn et al (2014) GOBS SCZ. 46.0%13 5, UA-1DR: 4042125, UA-ZDR: 1806 [75] WAIS FIT, LefterNumber Sequencng': DIgit Span; Digi Symbel Coong,
454 1£22 1; UA-30R- 52.1+10.2; UA4DR- 34.62126; Matrix Reasoning”; Wocabulary'; Phonemic Fluency; Semantic Fluency; TMT-A;
UA-5DR:- 35.8416.2; UA-GDR: 34 115.6; UA-TOR: TMT-B; CPT-IP"; SDRT ‘“‘\..'LT (CNB Penn Face Memary*, PCET'. Emation
20.6£2.0; COM- 44331558 Recognition®
Greenwood et al. COGS Pro: 34 2410.8; AF-5IB: 45.0:12.% UA-SIB: 350+114; 908 [183] CPT-DS; CVLT. UMD Lefter-Number Span; CNB PCET. Penn Face Memory,
(2007} UA-PAR: 62 34106 [16-65] VOLT, JOLD, Mouse Practice Task, Emotion Recognifion
Greenwood et al. COGS [18-65] CPT-D5; CVLT", UMD Letter-Number Span®; CNB PCET", Penn Face Memony”,
(2013} VOLT". JOLO", Mouse Practice Task". Emobion Recognition”
Gur et al. (2007 PMFS Pro: 45.3213.0; UA-REL: 43.8217.8; COM- 4182170 CNE PCET", Penn CPT", Penn Weord Memory®, Penn Face Memory”, VOLT",
JOLO". Finger Tapping. Mouse Practice Task®. Emaotion Intensity Discrimination”
H# et al. {2013) B-ENIF SCZ 350412 8. SADD: 38 2£11.2; SADM: 35.8211.7; 'WRAT Reading”; BACS Composite. List Leaming®, Digit Sequencing”, Token
UA-REL SCZ: 43 2+15.0; UA-REL SADD: $15.0; Test", Verbal Fluency (Semantic + Phonemic Fluency)’, Symbol Coding®, TOL"
UA-REL SADM: 40.1£16 6 PBPD: 36.2412.3; UA-REL
PBPD: 4054158
Husted et al. {2009} CAMH SCZ: 51.840.5; UA-REL: 40.12105 EETEN ] WAIS FIQ*, Digit Symbol Coding”, Digit Span®. WMS Visual Reproduction”,
Logical Memory"; Purdue Peghboard"; TMT-A". TMT-B"; RAVLT'. WCST"
Lin et al. (2013) MPSS/TSLS  Multiplex Pro: 35.07 7; UA-PAR: 63 048 7: UA-SIB: 2300 [B21] WCsT
| SEFOS 38.7£B.7; Simplex Pro: 31.728.0; UA-PAR: 56.347.8;
UA-SIB: 33.440.2
Mendoza Quinones et CMHHC Proc 36.2411.1; UA-REL: 47421410 235 [BO] TMT-A", TMT-B"
al. (2009
Seidman et al. (2015) COGS Pro: 32 4:10.0; UA-REL: 35.8:114; COMN: 3482127 SCZ: 234 [33]; PC
[1B-65] CON: 200 [204]
Tuukio-Henriksson et MWFHIF Pro (FiM): 48.5£7 8; 45.647.8: UA-REL [F/M) 284 [131] WaIs \.I'Dca‘..ulary Srnllantles Elock Design®, Digit Symbol Coding'; WMS
al. (2002) 48.0:+7. 3 46.1+8.2 Digit Span®, Visual Span®.
Wang et al, (2010} SUCC Pro: 23.247.5, CON: 34.5¢3.2; PAR: 47.028.2, 740 [214] PG
SEB/OFF: 26.1+6.4
Wicner et al. (2013} PAARTHNERS Pro: 30.0211.8; UA-REL: 45 62158 1606 [514] CMNB PCET", Penn CPT, Penn Face Memory*®, Penn Word Memarny®, Penn

Verbal Reasoning”, Penn Letter n-back”, VOLT", JOLO"

*Faor cohort name abbreviations see Supplementary Table 1. “For test name abbrewviations se= Supplementary Table 2.

Asterisk

es. “Semicoions separate

ndicates phenotypes included in meta-analys

instruments. commas separate subtests of same mstrument. Abbreviations: Pro = probands; 5B = Shings; PAR = Parents; OFF = Offspring: CON = controls; AF = affected: UA = unaffected; REL =



Supplementary Table 8 — Characteristics of Schizophrenia Twin Studies

Sample

Reference Cohort® Age size Neumpsychologica] T Fe Te Toh Toh-a Tph Tohe
(eSO [rangel) 5o phenotypes @Essicy  (swon  @skon  pshe) :BS‘;&h 2y @wen [9591? o
Fowleretal  STR[ 3702101 Mz 2370,
{2012y SYMTS DZ- 3204; 038 045 208
S8 pars:  SEB Fremeorbid 10 PR il Ty o1
362,880 {-0.37; 0.8} 3% m [-0-33; -0.01)
[3%]
COwens etal.  MTS MZCCA:381:89 MZ 9% FlQ -1 -0.13 -0.64 -1.43 012 -0.03
{2011a) [22-80); MZDCA:  DZ 48 (EH] (O5%0) (L7053 (D5%030 (D250) 0090}
30321011 [20— [275%6) WMS Verbal Paired -1 D24 025 447 40.05 40.05
53]; MZ DCLE: Aszociates IR (LR [0.64;0) {0,385, -0.14) {0.34; 0} 230y [R5
30.1+10.1 (20-53F WS Verbal Paired -1 a 022 4522 o a
MZ Con: 41.7212.8 Associates DR -1:0} {03450 {033;-0.11) {033, 0} {023 o) {008, 0}
[18-71]; DCA: WMS Visual Pared Associstes 0.3 104 041 .35 0.05 4.m
40.6211.5 [24-80]; IR 10} {046 &) 051031 [0UEY;-0U08) 2400 M )
DCU: 30 62116 WMS Visual Paired Associstes 1 am o34 002 a7 oo
[21-80]: DZ Com: DR SH (SR 36043 DanD 026 0 Az
£2 3+11.1 [10-58] " -1 a7 040 435 oo am
WS Logical Memon 16 D) (LSS0 (DSnA30  ([D4s01Z (025 Az )
) 03 021 043 433 o1 am
WHMS Logical Memory DR 10} (OE4D)  (OSE-D3T) (454 013) oo [SREA ]
o1z E] 030 ] am 005
WMS Wisual Reproducton IR [-1;0} {07E ) {041 -0.18) [0.36; I} (0270 o )
oz 438 037 030 0 005
WMS Visual Reproduction DRy 10 (DIT0)  (DATO35  [0ALD03 H2ED 130
Ciweens et al MTS MZ CCA:- 372487  MZ 121; AT LEE] 045 o1y D.4E D49 o.os a3
{20118} [21-80;; MZDCA:  DZ: 72 MT-A Time {41 1) ;1) (022,084 (BANOSE)  @IE063 (016023 (00041
Esgéb,‘ a3 [25%] R 1 DE4 038 54 0ss am nos
347411 4 21-85] e BT 1) Fi 1) (ODS;060)  (D45BE2)  (WALOET)  DAGDAT)  HOLDAY
T4 :
it ST i 1 -4 025 L4t 047 942 005
”S_%cﬁ Séﬁ‘j = B -TMT-AD @42 1) -1: 1) [-0.12; O.61) (031 Duag) {0.22; 0:55) (O17;0.11)  (H0.03;0.13)
3M.EL11 5 P280) ) 07 1 0.08 030 043 niz oo
DU 28 5511 30] Phonemic Fluency 15024} 1:1) (033,043  ¢04K-0.% (D5 OM8  (DA%021) 0050.0%
[21- 0. 07 Gon. e 3 088 058 233 03 0.3 g 25
42.7+12.7 [18-60] Semantic Fluency +1;0.13) ;o) (DE5;0.05) (0450260 (054004  (DIX03W  (D.A40.00
Owens etal  MTS/  Pro: 3582105 i naz 1 045 031 033 no7 005
(2012} MFS [17-74]; UA-REL: |-0.63;-0.25) F1 1) FOAZ 003 (034034 (045-020) (DOZDOY LI
47 12157 [16-85] ] s 040 .84 408 030 4z oo am
Con: 40.0+13.4 ! PC: general exeeutive contral 15 45 165 11} (025 044) (02037 (015047 (DI 014) (005007
[18-77] PC: planning. strategy 045 1 -1.15 -0.31 0.3 Dgz -0.03
formation (021,078 En1 (095,0.49) (034038 (04045  [DAZ0I0) (003009
Toulopoulou MTS MZ CC: 37.8+1.5: MZ-oF; 475 -0es o 81 =
etal (2007) MZDC: 287423 DZ 41 i 1; D) ) [OTD;0E7) 071048 i . 4o
MZ Con: 40.8+1 1; %] 079 o9 243 051
DZDC: 37.843.7; e WAIS Working Memory Index 1,034 i 1) (0BT, 031) (082039 AT Ay R
DZ Con: 44.0¢1.3 i 035 098 292 057
WAIS Processing Spead Index (1) 1) (000 0.48) (D75 045 027 413 047
WAIS Perceptual Onganization 081 -0 0.03 -0.53
[ 1;-033 Fi1) (057,062 {063 -041) giian o o
WAIS Verbal Comprehension 03 -4 414 042 a2 o103 om
Imiex {096 -0.0E} =11} [{0.80;0.57)  {-0.53;-0.30)
Age Sample Neuropsychalogical r T, r I, I I, I
Reference Cohort* M:tSDB size hps ] c e ph ph-a phs phe
i frangell  olsen phenotypes [@5%Cl)  (95% CIy 185% C1) 185% CIj {a5% CI) (95% CIy (95% C1)
Toulopoulou MTS / Proc 3712102, MZ- 92; FiG -0.45 [] 0.3 -0.33 -0.34 ] .05
etal {20010) MFS/  UA-REL DZ: 41; (osz-0az Ik (3 DAE (086038 (035033 (o) (H0.06; -0.05)
MIHSS | 4182135 Other o EET [ 475 035 025 [ 010
HNFE  Com 33.04120 ProREL:  UMS Visual Repreduction R\ p 905 ppasg @ Oen (35427 (02502 o) (-0.08: 0.05)
1085 ; 050 [} 029 037 ax o 205
[48%] WMS Visual ReproducBon DR 02704y} jasn) (047 021) (035028 (D42 021) [LE] [0.05; 003y
WMS Verbal Paired REN [} 475 035 425 [} .10
Associates IR HLFT0.32) 34 T 08T (DA% 2T D252 ooy {-0.09; -0.05)
WMS Verbal Paired os0 a am owm a3 1 205
Associates DR ({OET041)  [03nE (04T 031 (035025 (4% 039 L3 [H0.08; -0un)
; EEN o o5 035 g5 [} 010
WMS Logical Memary IR (037032 {380 TL-DET) (035027 (435023) 3] 40,08 005}
’ 50 [ ] [} 405
WMS Logical Memory DR AT 04Y) 3R (B4T D21 0.0) .05 0.02)
Toulopoulou MTS/ MZ CCA: MZ- 30F; Fia -0EZ 048 -0.43 . [GE) 09.07
etal (2005) MFS/ 383108 DZ 731 (C89;026) (091 [T D0 (O5T034 (06502 (D102  [L1Z-001)
UMCU | ME DCA: [16%] Composite of WMS Logical
NFHIF | 4082115 Memary IR, Visual .
Waay"  MZOoL Repruduction: 15, Verbal O s e PR o POt SO P
JuH 4082115, Paired Associates. Digit Span, T o - VR =T B I 1
MZ CC! Visual Memory Span
37.6412 4;
DZ DCA: ;o "
45.1210.8, MPE'ERUV?MSI Lol 057 -1 a5 075 26 4 a1
DCU: R'LE‘ “‘L b D'S‘;“" {-1;-0.45) i) HBET: DA4) (DA% 053 (082036 (025020 (0.5 -003)
44.1211.0; eprud

DZ CCU: 38.8:128

"For cohort name abbreviations see Supplementary Table 1.
“For test name abbreviations see Supplementary Table 0
Abbreviations: MZ = Monozygotic (n pairs); DZ = Dizygotic (n pairs); SiB= Siblings; Pro = probands; Con = contrefs; UA = unaffected: REL = relatives; CCA. CCU = Concordant Afected. Unaffected; DCA.
DCU = Discordant Affected, Unaffected; Cl = Confidence interval; FIQ = Full-scale Inteligence Cuctient; r; = genetic comelation; r. = common environmental comelation: r, = unique envirenmental
comelation; r. = phenotypic comrelation; .. = part of phenotypic comelation explained by genetic factors; fu. = part of phenotypic comelation explained by common environmental factors; ra.. = part of
phenotypic comelation explained by unique environmental factors; SEB = Swedish Enlistment Battery, TMT = Trad Making Test; WAIS = Wechsler Adult Inteligence Scale; WMS =Wechsler Memory
Scale; IR = Immediste Recalk DR = Delayed Recall
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Test Summary Scorefs)

Test Reference(s)

General Cognitive Ability {GCA}

Verbal IQ (VIQ)

VIQ from MAB; WAIS-III; RAKIT; WAIS; Norwegian adaptation of WAIS; WAIS-
R: WISC-R: WISC-fll

Weehsler (1255), Wechsler (19743}, Enguik et al. (1078), Wechsler (1281),
Bleichrodt et 1884}, Jackson (1884), Wechsler (1881), Wechsler (10873)

Performance 1Q {FIQ)

Pl from MAB; WAIS-IIl; RAKIT, WAIS; Norwegian adaptation of WAIS: WAIS-
R:WESC-R: WISC-I

Wechsler.‘355| Wechsler {1874a), Enguik et al. (1978}, Wechsler (1881),
Bleichrodt et al. {1884}, Jackson [1954] Wechsler {1081). Wechsler (1887a)

Full-scaie K3 {FICQ)

FiC from WALS; WAIS-R; WAIS-I LPS; MAB; prorated from MAB Irformation,
Arithmetic, Vocabulary. Spatial and Object Assembly subtests; BMDI; PRIMA
1Q Test; RAKIT; SBIS; WISC-HI; RSPM; RCPM; WISC-R; WAIS-IIl, Dutch
version; SRE; Morwegian adaptation of WAIS; WASI, WISC: WISC-lI; prorated
from WISC-Il Vocabulary, Sim#arities, Picture Completion and Block Design
subtests; WISC-R; prorated from WESC-R Similasities, Vecabulary, Block
Design and Object Assembly subtasts

Spsaman’s g

Rawven (1833}, Rawen {1247), Wechsler (1849). Wechsber (1855), Dureman ef
al. {1958), Bayley (1860} Terman et al. (1873} Wechsler (1874}, Wechsler
(16743}, Enguik et al. (1978), Wechsier (1281), Bleichrodt et al. [1084),
Jackson (1934}, Thomdike et al. [1988), Wechsler (1001), Raven (1928),
Wechsler {1867a). Wechsler {1828), '.'l'echs-el {2000}, Webhink elal (2006}

Spearman'’s g from CANTAB; ETS GCA: CAT-3; LPS: BMDI: PARCAMCDHII,
an extension of the short form MCDE: Words and Sentences; 5BI5; Telephone
Battery; WAIS: WAIS-II, WISC-R

Wechsler (1855), Hom {1962), Bayley (1962), Terman et al. {1873), Wechsler
(16743}, Ekstrom et al, (1976), Thomdike et al. {1286), Kent et al. (1087),
Robbins etal. (1284), Wechsler (1887a), Saudino et al. (1988), Fenson et al.
(2000}, Smith et al. {2001}, Cver et al_ {2002)

Faven's Progressive Matnces

RSPM; RCFM; RAPM

Raven (1833}, Raven [12847), Raven (1885), Raven et al. {1277), Raven
(1804). Raven {1008)

AFQT Total score Uhlaner {1852)
MMSE Total scoref index of global cognitive functioning from MMSE; Medified MMSE Foistein et al. [1675). Folsten et al. {1883), Teng et al. {1987)
ZMSE]
Attention/Processing Speed
ETS ETE Hidden Pattems; ldentical Pictures Ekstrom et al. {1276)
WAISWISC Digit Digit Symbol/Coding subtest from WALS, WAIS-R; WAIS-II WAIS-IV; Dutch Weehsler [1855), Stinissen et al. {1870), Engwik et 3l {1078), Wechsler
Symbol/Coding adaptation of WALS; Norwegian adaptation of WAIS: WISC-R; WISC-IV (1881}, Wechsler {19272}, Wechsler (2003), Wechsler (2008}
TMT TMT-A time to completion; TMT-B time to completion Reitan {1854}
Choice RT Mean RT from CANTAB; CAT; Span of Apprehension Test; 2-4-8-choice task:; Asarnow et al [18E2), Dettermnan { 1220), Robbins ef ai. (1004), Rijsdk et al.
2-choice tack; 4-choice tack; 8-choice tack; 4-choice FastTask (1288}, Hansell &t al. (2001), Luciano et 3. (2001k), Kuntsi et al, (2005),
Sachdev et al. {2010}
Simple AT Mean RT from CANTAB: CAT. Simpée RT experimental tasks Detterman (1820}, Robbins et al {1224), Risdjk et al. (1808}, Kuntsi et al.
(2005). Sachdev et al. (2M0)
FCET Reaction fime score Kuriz et al_ (2004)
Penn Word Memory Reaction time score Gur =t al. {1983)

Penn Face Memory

Reaction time score

Gur et al. (1953)

WVOLT

Reaction fime scome

Glahn et al [1927)

JOLD, computerized version

Reaction time score

Gur et al. (2001)

Colorado Perceptual Speed

Acturacy score

DeFries et al. (1981}

SCWT

Stroop :‘-Er.‘ereme score; Stroop Cokor-Word score i# of words cnnﬂeﬂed}

Golden etal (1278)

Attention/Vigil

CPT-Degraded Stimulus

d-prime

Muschterlein et al. (1383), Chen et 2 (1808), Nuechtedein et 2 [1282)

Working Memory

WAISWISC Vocabulary

Vocabulary subtest from WALS; WAIS-R; WAIS-Il: WASE; Dutch adaptation of
WAIS; Morwegian adaptation of WALS; WISC; WISC-R; WISC-IIT; WISC-IV

Wechsler {1848), Wechsler (1955). Stinissen et al. {1870). Wechsler (1874b).
Engvik et al. {1878), Wechsler (1881), Wechsler (1821, Wechsker (1887a),
Weshsler (1200), Wechsler (2003)

WAISAWISC Arithmetic

Arithmetic subtest from WAIS; WAIS-R; WAIS-IH; Dutch adaptation of WAIS;
Norwegian adaptation of WAIS, WISC-R

Wehsler {1255), Stinissen et al_ {1870), Wechsler [16743), Enguik af al.
{1878}, Wechsler (1981}, Wechsler [1587a)

WAISMISC Digt Span Forward
+ Backward

Sum of Forward + Backward score from Digit Span subtest from WAIS: W
R; WAIS-III; WAIS-IV; Dutch adaptation of WAIS; Norwegian adaptation of

Wechsler (1255), Stinissen et al_ (1870}, Wechsler (18743}, Enguik at 2l
(1878}, Waechsler (1881), Wechsler {1201), Wechsler {1887a), Wechsler
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