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Abstract

The cerebral cortex contains a significant quantity of intracortical myelin, but the genetics of
cortical myelination (CM) in humans is not well understood. Relatively novel MRI-derived
measures now enable the investigation of cortical myelination in large samples. In this study, we
use a genetically-informative neuroimaging sample of 1,096 young adult subjects from the Human
Connectome Project in order to investigate genetic and environmental variation in CM and its
relationships with cerebral surface area (SA) and cortical thickness (CT). We found that genetic
factors account for approximately 50% of the observed individual differences in mean cortical
myelin, 75% of the variation in total SA, and 85% of the variance in global mean CT. Although
significant genetic influences were found throughout the cortex, both CM and SA demonstrated a
posterior predominance, with disproportionately strong effects in the parietal and occipital lobes
and significantly overlapping heritability maps (p<0.001). Yet despite showing similar spatial
heritability patterns, we found evidence that CM is genetically independent from SA at both global
and vertex levels; genetically-mediated relationships between CM and CT were similarly small in
magnitude. We also found small but statistically significant genetic associations between NIH
Toolbox Total Cognition score and CM in the temporal lobe and insula. SA-cognition and CT-
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cognition correlations were less widespread compared to CM and both patterns were similar to
those reported in prior studies.
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Introduction

The human cerebrum is an extraordinarily complex structure whose successful construction
involves a broad array of neurodevelopmental processes including neurogenesis,
synaptogenesis, axonal pruning, and myelination, all of which are affected by a myriad of
genetic and nongenetic influences. The advent of magnetic resonance imaging (MRI) has
enabled the large-scale investigation of typical human brain structure /n vivo. To date,
imaging genetic studies have investigated numerous structural phenotypes at high resolution
and have found that most are both heritable and topographically variable (Eyler et al., 2012;
McKay et al., 2014; Rimol et al., 2010). The heritability of cortical thickness (CT) increases
in childhood and adolescence (Schmitt et al., 2014), and younger adults is highest in the
posterior frontal, parietal, and superior temporal lobes (Joshi et al., 2011; McKay et al.,
2014). Twin and family studies on cerebral surface area (SA) in children and young adults
have found that the posterior cerebrum, particularly the parasagittal occipital lobe and
precuneus, are reproducibly the most influenced by genetic factors (Jha et al., 2018; Schmitt
etal., 2019a; Strike et al., 2018; Yoon et al., 2012).

Cortical myelination (CM) represents a relatively novel noninvasive phenotype that is also
derived from structural MRI data. The posterior cerebrum tends to be highly myelinated in
humans, with similar posterior-predominant patterns to regions with the highest surface area
(Glasser and Van Essen, 2011). Although the majority of white matter fibers lie below the
cortical surface, many cortical regions are heavily myelinated. Using the inherent contrast
within T1 and T2-weighted images, cortical myelin content can be estimated. These
myelination maps have a high concordance with known myeloarchitectural and
cytoarchitectural divisions (Glasser and Van Essen, 2011). Although myelination has been
shown to be associated with cognitive ability and has a hypothesized role in schizophrenia
(Grydeland et al., 2013; Whitford et al., 2012), the genetics of CM is not well-understood.
The only prior imaging genetic study on CM found a strong anterior-posterior gradient in
genetic influences strongest near the occipital pole (Liu et al., 2018), with overall pattern
similar to heritability maps of SA. Surface area and intracortical myelination have been
hypothesized to be neurodevelopmentally and evolutionarily coupled (Cafiero et al., 2019;
Hill et al., 2010), raising the possibility of common genetic influences on these two
phenotypes. Myelination has also been associated with cortical thinning of association areas
in adolescence, and these two metrics may also be neurodevelopmentally coupled (Vandekar
et al., 2015; Whitaker et al., 2016).

In the current study, we perform a systematic examination of the genetics of cortical
myelination, cerebral surface area, and thickness at high spatial resolution in a younger adult
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sample. In addition to examining these measures separately, we also investigate them
together via genetically-informative bivariate models and identify genetically-mediated
correlates with cognition.

Data were obtained from the Human Connectome Project (HCP) S1200 release (Van Essen
et al., 2012). This dataset includes high-resolution MRI structural neuroimaging data on
1,113 adults as well as a broad cognitive battery. The image acquisition protocol included T1
weighted MP-RAGE (TR 2400ms, TE 2.14ms, flip angle=8°, FOV 224 x 224 mm2, voxel
size= 0.7 mm isotropic, scan time =7:40 min) and T2 weighted T2-SPACE (TR=3200 ms,
TE=565ms, FOV 224 x 224 mmZ, voxel size= 0.7 mm isotropic, scan time=8:24 min). All
data were acquired on the same 3T scanner. Raw images were post-processed with using
standard HCP pipelines; these pipelines have been described in detail elsewhere (Glasser et
al., 2013). Briefly, the initial pipeline (‘PreFreesurfer’) aims to correct image distortion,
isolate brain parenchyma from other tissues, and register images to a shared space. Vertex-
level measures of cerebral surface area and cortical thickness were then calculated via
FreeSurfer 5.3.0 (Fischl, 2012).

Cortical myelin content was estimated by calculating the ratio of T1-weighted to T2-
weighted images; this ratio accentuates the inherent myelin contrast in both sequences while
simultaneously attenuating the effects of magnetic field inhomogeneity (Glasser and Van
Essen, 2011). It is noteworthy that T1/T2 ratios are not a direct measure of myelination but
rather a convenient proxy; HCP provides unitless vertex-level estimates of myelination
percentages. Estimates of cortical myelination using T1/T2 ratios are advantageous given
their high spatial resolution, relatively short acquisition times, and high test-retest reliability
(Arshad et al., 2017). Limitations include scaling discrepancies between MRI scanners
(Ganzetti et al., 2014), potential dependence on iron or water content (Cafiero et al., 2019),
and a generally lower validity compared to gold standard methods such as myelin water
fraction (MWF) (Arshad et al., 2017; Uddin et al., 2018). Nevertheless, T1/T2 myelin
mapping is still considered a useful (albeit imperfect) method for estimating myelin content
(Shafee et al., 2015).

Post processing of brain measures involved image downsampling (we used HCP’s 32k
vertex Conte 69 data), multimodal surface matching (MSM) which incorporates both
structural and functional data for registration (Robinson et al., 2014), and conversion to the
GIFTI file format. Image acquisition and image processing was performed using standard
HCP guidelines (Marcus et al., 2013). Each subject’s myelination, surface area, and
thickness maps were then smoothed with a 5 mm kernel via the ‘cifti-smoothing’ command
from the Connectome Workbench (Van Essen et al., 2012).

Vertex-level measures were available for a total of 1,096 subjects (500 males, 596 females).
The final sample included 229 subjects ages 22-25 years, 478 from 26-30, 376 ages 31-35,
and 13 subjects over 35 years. Data from 442 families with up to 6 individuals per family
were available, including families with twin-pairs. Genotype-derived zygosity information
were available for 283 monozygotic (MZ) and 168 dizygotic (DZ) twins. An additional 66
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self-reported MZ and 65 DZ twins also were included; we preferentially used genomic data
to assign zygosity if available, but also included subjects with self-reported zygosity in order
to maximize power. 349 MZ twins, 233 DZ twins, and 514 singletons were included in total.
Intelligence was assessed via the NIH Toolbox’s “Total Cognition” composite score (NTC);
this score correlates highly (r=0.95) with traditional constructs of cognition in adults
(Heaton et al., 2014) and is heritable in the HCP dataset (Schmitt et al., 2019b). The study
was approved by the Institutional Review Board of the Hospital of the University of
Pennsylvania.

Statistical Analysis

Each subject’s scalar neuroanatomic measures were imported into the R statistical
environment for analysis (R Core Team, 2018) using the ‘cifti’ package and subsequently
merged with demographic and cognitive data. The data were reformatted such that each
record represented family-wise (rather than individual-wise) data. Genetic modeling was
performed in OpenMXx, a structural equation modeling package fully integrated into the R
environment (Boker et al., 2011; Neale et al., 2016). First, univariate analyses of global CM
(i.e. mean over all vertices), global mean CT, and total SA were performed via the classic
ACE model with an extended twin design (Posthuma and Boomsma, 2000). This model
decomposes the observed phenotypic variance into components attributable to additive
genetic (A), shared environmental (C), and unique environmental factors (E) including
measurement error (Lenroot et al., 2009; Neale and Cardon, 1992). Mathematically, these
variance components can be estimated based on the observed phenotypic variance and cross-
twin or cross-sibling covariances. For example:

Vp=A+C+E
Covpyz=A+C

Covpyz = %A+C

Where Vprepresents the observed phenotypic variance, Cov,,~the monozygotic twin-twin
phenotypic covariance and Covpthe dizygotic phenotypic covariance. From these three
linear equations, the variance attributable to additive genetic factors (A) can be estimated, as
well as estimates for the shared (C) and unique (E) environmental variance. Proportional
variance estimates (e.g. the heritability, A/ Vp, or a2) can subsequently be calculated. We
then used similar models to examine CM, SA, and CT on the vertex level. The classic
extended twin design assumes equal shared environment between twins and non-twin
siblings. In order to relax this assumption, we reanalyzed the data using ACET models,
which additionally allow for variance owed to twin-specific environmental factors. As an
alternative means to address this issue, we ran classic ACE models on a twins-only subset of
the S1200 HCP data (N=582). The results of both ACET and twins-only analyses were
similar to our original analyses and are presented in supplementary figures S1 and S2.

All models contained parameters to control for the effects of sex and age on the mean.
Model fit was determined using maximum likelihood (Edwards, 1972). In order to test for
statistical significance of individual variance components, fit of the full ACE model was
compared to submodels with either genetic or shared environmental parameters removed
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(CE and AE models, respectively); differences in model fit asymptotically follow a 50:50
mixture of zero and XZ with 1 degree of freedom (Dominicus et al., 2006). Control for
multiple testing was performed with the false discovery rate (Genovese et al., 2002).

We then examined SA and CM simultaneously. In order to facilitate visual comparisons of
heritability maps, we first constructed simple concordance maps by calculating the 10t
25t 50t 75t and 90t centiles for SA and CM heritability separately and then identified
vertices where both metrics were above or below a given threshold (e.g. vertices with a2
above the 90t centile for both SA and CM). To evaluate spatial patterns more quantitatively,
we then compared SA and CM heritability maps via spatial permutation, also referred to as
the “spin” test (Alexander-Bloch et al., 2018; Vandekar et al., 2015). Briefly, cross-vertex
Pearson’s correlations between a2 maps were plotted against a null distribution that was
described by 1000 spatially-permuted values. This test is advantageous as it controls for both
multiple testing and spatial autocorrelations. These analyses were repeated for pairwise
comparisons with CT.

Shared genetic and nongenetic factors between SA and CM were then directly tested using
genetically-informative bivariate Cholesky decomposition. Given the negligible role of the
shared environment in the univariate models, it was not included in these bivariate models.
Cholesky decomposition factors any symmetric positive definite matrix into a lower
triangular matrix postmultiplied by its transpose (Neale and Cardon, 1992). Mathematically,
the 2 x 2 phenotypic variance-covariance matrix (P), and expected cross-twin variance-
covariance matrices (Covy,» Covp) can be expressed as:

P=(A*A)+(E*E)

Covpyz=(A*A")

Covpyz =A%(AA*44)

Where A and E represent 2 x 2 lower triangular matrices with 3 free parameters each, e.g.:

a;1 0

a1 a2

Similar to the univariate case, the observed cross-sibling variance-covariance matrices can
be used to solve for each individual parameter estimate. Genetic and environmental
correlations between SA and CM were calculated:

ACM;4S A;

rg; = —
T JacM; *asa;

Where acpy,as 4, represents the genetic covariance between SA and CM at the . vertex and
acpm; and ag 4, the vertex-level genetic variance in CM and SA, respectively. Similar

bivariate models were constructed for pairwise comparisons with CT.
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Finally, we investigated brain-intelligence relationships by using similar bivariate models to
quantify the covariance between vertex-level CM and NTC. In these models, NTC remained
fixed to a scalar value for each subject, but CM was iterated at every vertex over the
cerebrum. SA-NTC and CT-NTC covariances were assessed similarly.

Univariate Heritability Maps

Global CM was a moderately heritable trait, with approximately half of the total phenotypic
variance attributable to genetic factors (a = 0.52, ¢2 =0.01, e2 =0.47). Genetic effects on

CM were statistically significant (XZ =5.43, p-value =0.0098) while shared environmental
effects were not significant. Heritability maps of cortical myelination demonstrated
substantial regional variability (Figure 1A and Figure S3). Genetic effects were strongest in
the right posterior cerebrum, with a clear anterior-posterior gradient. In the right parasagittal
occipital lobe, lateral occipital lobe, and parieto-occipital cortex, 60—70% of the phenotypic
variance was attributable to genetic factors. Intermediate heritability estimates were seen
throughout most of the remainder of the brain. Genetic influences on myelination were
statistically significant at the vertex level for the majority of the cortex, with small regions of
anterior insula, medial orbitofrontal cortex, and left parieto-occipital cortex not reaching
statistical significance. Variance attributable to the shared environment was substantially
lower, generally accounting for less than 25% of the phenotypic variance and not statistically
significant.

There were strong genetic influences on total cerebral surface area, with over 70% of the
phenotypic variance attributable to genetic factors (a2 = 0.73, ¢2=0.00, €2=0.27); genetic
effects were statistically significant (X2 =43.1, p-value <0.0001). Heritability estimates for
SA were generally stronger in the posterior cerebrum, with particularly strong genetic
effects observed in the occipital lobes, precuneus, and lateral occipitotemporal cortex
(Figure 1B and Figure S4). Genetic effects were statistically significant for the vast majority
of the cortex. In contrast, there were negligible influences of the shared environment, with
no vertices reaching statistical significance after correction for multiple testing.

Global mean CT was also highly heritable in HCP, with 85% of its variance attributed to
additive genetic factors (a2 = 0.85, c2 =0.00, e2 =0.15). Genetic effects were statistically
significant (X2 =100.1, p-value <0.0001). Regional genetic effects were generally lower in
magnitude than either SA or CM and with a distinct spatial distribution (Figure 1C and
Figure S5). Regions of highest CT heritability were observed in the posterior frontal and
parietal lobes (particularly surrounding the central sulcus), superior temporal lobe, and
parasagittal frontal, parietal, and occipital cortex. Genetic effects on thickness were
statistically significant for large regions of the cerebral cortex, with superficial cortical
vertices generally more significant than those located deep within sulci.

Relationships Between Metrics

When we examined cortical myelination and surface area simultaneously (Figure 2), there
were multiple regions of concordance between CM and SA heritability maps. Both maps
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had similar hotspots in the parasagittal occipital lobe and precuneus, as well as right
occipitotemporal cortex. Genetic influences on the parasagittal frontal lobes and insula were
in the lower quartile for both SA and CM. There was statistically significant spatial
concordance between CM and SA heritability maps (r = 0.39, p-value <0.001). However,
despite similarities in heritability patterns between these measures, genetic correlations
between them were relatively low. The highest positive correlations were seen in the
bilateral inferior frontal gyri, with the strongest negative correlations in the lateral
occipitotemporal cortex. With the exception of the occipitotemporal cortex, most regions’
genetic correlations between SA and CM were not statistically significant. Environmentally-
mediated correlations also were not statistically significant at any vertex. Similar findings
were seen when examining global relationships between total SA and mean CM, with all
correlations approaching zero (rp = 0.03, rg= 0.08, rg= -0.05) and none statistically
significant.

In contrast to CM-SA relationships, the concordance maps between CM and CT showed
very little subjective overlap (Figure 2). Objective comparison via spatial permutation was
not statistically significant. Furthermore, there was little evidence of shared genetic
influences between CM and CT when they were modeled simultaneously, with only a few
vertices reaching statistical significance. Vertex-level genetic correlations demonstrated
regional variability, with negative correlations in the temporal lobe and positive correlations
in the parasagittal frontal lobe and occipital pole; however, only a few small clusters reached
statistical significance. Correlations between global mean CM and CT were weak (rp =
-0.05, rg= —0.03, rg= 0.11) and not statistically significant.

For completeness, we also examined the relationships between CT and SA (Figure 2); prior
studies have demonstrated that these measures are genetically orthogonal in older adults
(Panizzon et al., 2009), but may be correlated in infancy and childhood (Jha et al., 2018;
Schmitt et al., 2019a). Consistent with other adult samples, we observed weak global
correlations between mean CT and total SA (rp = 0.15, rg= 0.18, rg= 0.01). Although small
in magnitude, both genetic (XZ = 14.7, p-value 0.0001) and phenotypic (XZ =19.2, p-value
0.0002) correlations were statistically significant. Vertex-level genetic correlations had a
distinct pattern compared to CT-CM and CM-SA, with negative genetic correlations
consistently within sulci and positive correlations within gyri. However, genetic effects at
the vertex level were generally not statistically significant after correction for multiple
testing.

Correlates With Intelligence

Associations between NTC and all neuroanatomic metrics are summarized in Figure 3 and
supplementary figures S6-S8. There were regional but relatively weak negative phenotypic
and genetic correlations between CM and NTC, primarily localized to the right greater than
left insula and inferior occipitotemporal cortex. Genetically-mediated associations were
statistically significant, with probability maps having a similar pattern to genetic correlation
maps. NTC-SA correlations were more variable, with the strongest positive genetic
correlations in the left perisylvian frontal and parietal cortex. There were a few small
clusters that were significant after correction for multiple testing. There were significant
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positive genetically-mediated NTC-CT associations in the inferior occipitotemporal cortex
and positive associations in premotor cortex and cingulate, although the magnitude of these
effects was relatively weak. Environmentally mediated relationships between intelligence
and brain measures were not statistically significant.

Discussion

Similar to other cortical phenotypes, we observed a high degree of regional variability in the
heritability of CM; the highest estimates were observed in the posterior cerebrum. To our
knowledge, the current study is the first to report heritability estimates of CM at the vertex
level. The overall patterns that we observed were similar to that of the only other
genetically-informative study on CM in the literature (Liu et al., 2018). Similarities between
the two analyses were expected since both use HCP data. The studies differ in that Liu et al.
was based on data from the earlier S900 HCP release (N=873), used 210 regions of interest
(ROI) rather than vertex-level measures, employed the SOLAR software package rather than
OpenMx for quantitative genetic modeling, and presented heritability maps based on AE
rather than ACE models (although ACE model parameter estimates were provided as
supplementary data). ROI parcellation versus vertex-level measures may explain small
differences in the magnitude of the observed genetic effects, as measurement error with ROI
analyses improves at the cost of reduced spatial resolution. Sampling variation may also
contribute to discrepancies. Nevertheless, it is reassuring to observe strong similarities
between the two studies despite their methodological differences.

Neurodevelopmental trajectories in cortical myelination in humans are distinct when
compared to nonhuman primates, with prolonged myelination in our species extending well
into the third decade of life (Miller et al., 2012). The more recently evolutionarily expanded
regions of the human cortex tend to be more lightly myelinated compared to nonhuman
primates; higher order cortex is therefore also generally less myelinated relative to primary
cortex (Glasser et al., 2014). Although some regions with the highest heritability
corresponded to regions of greatest myelination (e.g. cuneus), other highly-myelinated
regions had relatively low genetically mediated variation (e.g. primary motor cortex). In
general, genetic factors had the strongest role on individual differences in regions of the
cerebrum involved in visual processing, although it is noteworthy that there was evidence of
at least modest genetic effects throughout most of the cerebral cortex.

As hypothesized, we found that genetic effects on SA were strongest in the posterior
cerebrum, particularly in the occipital lobe. This finding is concordant with multiple prior
studies on the genetics of cerebral surface area, particularly to those on childhood and
younger adult samples (Jha et al., 2018; Schmitt et al., 2019a; Yoon et al., 2012). Heritability
estimates overall were somewhat higher than those observed in younger samples, with
stronger genetic effects in the anterior cerebrum. Patterns were similar to those seen
Genetics of Brain Structure (GOBS) adult sample (McKay et al., 2014) but were overall
lower than those from the Vietnam Era Twin Study of Aging (VETSA) whose mean age was
55.8 (Eyler et al., 2012). Considered in aggregate, these findings suggest that genetic and
environmental variation in SA changes over the life cycle.
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Patterns of regional heritability CT were also similar to prior studies on younger adult
populations, with expected higher regional genetic effects in the parietal lobe and posterior
frontal lobe (Joshi et al., 2011; Shen et al., 2016). Estimates were somewhat lower in
magnitude compared to our prior estimates of CT heritability on a different subsample from
HCP, although patterns were similar (Schmitt et al., 2019b). To facilitate cross-metric
comparisons, the current CT data were processed with MSM registration (Robinson et al.,
2014), while previously we used standard FreeSurfer vertex-level CT measurements.
FreeSurfer registration is based on geometric features such as sulcal curvature and depth,
while MSM incorporates additional information on myelination and functional connectivity.
Given that individual differences in brain geometry may explain these discrepancies, future
studies on the genetics of regional brain morphology may prove interesting.

Cortical Myelination, Surface Area, and Thickness Are Largely Genetically Independent in

Adults

In contrast to the strong genetic influences we observed in our univariate analyses, we found
very little evidence of shared genetic influences between any of our neuroanatomic
measures, either globally or at high spatial resolution. The weak genetic correlation that we
observed between global SA and CT (rg=0.18) was not surprising, as it is similar to
estimates observed in the GOBS (rg=-0.15), VETSA (r5=0.08), and QITM (rg=-0.21)
samples (Panizzon et al., 2009; Strike et al., 2018; Winkler et al., 2010).

However, given the observed similarities between CM and SA heritability maps as well
evidence of CM-SA neurodevelopmental concordance (Cafiero et al., 2019), we expected to
find stronger shared genetic effects between these two metrics. Surface area expansion is
thought to be influenced by numerous factors including intracortical myelination (Fjell et al.,
2015); however we found no evidence that these variables are genetically coupled, at least in
adults. We similarly expected to observe stronger shared genetic factors between CT and
CM, since there is evidence of CT-CM neurodevelopmental coupling in adolescence
(Whitaker et al., 2016). Given that genetic associations between surface area and cortical
thickness vary with age (Schmitt et al., 2019a), stronger shared genetic effects between these
measures may be present in younger subjects; further research on CM-SA and CM-CT
relationships at other stages of the life cycle may be of value.

Relationships with Intelligence

Finally, we examined the associations between our neuroanatomic measures and cognitive
function. Although prior studies have reported genetically-mediated associations between 1Q
and white matter fiber integrity (Chiang et al., 2009), to our knowledge the current study is
the first to examine cortical myelination specifically. Genome-wide association studies have
found evidence that many genes involved in myelination are also associated with
intelligence (Hill et al., 2018). We found weak but statistically significant genetically-
mediated correlations between NTC and myelination in the inferior temporal and insular
cortex. Correlations were negative, indicating that decreases in CM in this region associated
with increases in cognitive function. Given that myelin content is associated with increased
processing speeds, an inverse relationship may seem counterintuitive. However, intracortical
circuit complexity is also inversely correlated with myelination, and myelination has been
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hypothesized to inhibit neuronal plasticity (Glasser et al., 2014). Furthermore, most higher
cortical regions in the brain tend to be more lightly myelinated (Glasser and Van Essen,
2011). Although the literature on the associations between cognition and cortical
myelination is sparse, Grydeland et al. found that in adults, a metric of performance
variability was most correlated to myelination in the right insula, superior temporal gyrus,
and left lingual gyrus (Grydeland et al., 2013).

Genetically-mediated associations between NTC and SA were weaker and largely non-
significant, although they generally paralleled our observations that strongest effects are
greater in the left than the right perisylvian cortex (Schmitt et al., 2019a). Similarly,
correlational patterns between NTC and CT were similar in pattern to correlations between
CT and intelligence quotient (1Q) in late adolescence, although much smaller in magnitude
(Schmitt et al., 2019b). Given that our prior findings were in a pediatric sample, the
observed differences in the strength of correlations may be age related and warrant further
investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
The genetics of cortical myelination (A), surface area (B), and thickness (C) in the Human

Connectome Project. The three top columns represent maximum likelihood estimates for
genetic (a2), shared environmental (c2), and unique environmental (e2) variance components.
The two lower columns represent FDR-corrected probability maps testing the statistical
significance of genetic and shared environmental influences.
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Figure 2:
Genetic relationships between all pairwise combinations of neuroanatomic metrics.

Concordance maps (left) show brain regions where heritability (a2) centiles are concordant
for both metrics. Density plots quantify the observed correlation between heritability maps
(red line) overlaid on spatially permuted null distributions. The brain maps on the right
present results from bivariate analyses directly testing for shared genetic effects. On the
right, genetic correlations (rg) as well as the corresponding FDR-corrected probability maps
(Pgen) are shown, with the latter color coded based on whether statistically significant
correlations were positive (red) or negative (blue).
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Figure 3:
Results from bivariate models testing genetically-mediated associations between a measure

of general intelligence (NTC) with CM (left), SA (center), and CT (right). Genetic (rg),
environmental (rg), and phenotypic (rp) correlations are provided, as well as corresponding
FDR-corrected probability maps color coded based on whether statistically significant
correlations were positive (red) or negative (blue).
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