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The link between brain structure and intelligence is a well-investigated topic, but existing analyses have
mainly focused on adult samples. Studies in healthy children and adolescents are rare, and normative data
specifically addressing the association between corpus callosum morphology and intellectual abilities are
quite limited. To advance this field of research, wemapped the correlations between standardized intelligence
measures and callosal thickness based on high-resolution magnetic resonance imaging (MRI) data. Our large
and well-matched sample included 200 normally developing subjects (100 males, 100 females) ranging from
6 to 17 years of age. Although the strongest correlations were negative and confined to the splenium, the
strength and the direction of intelligence-callosal thickness associations varied considerably. While
significant correlations in females were mainly positive, significant correlations in males were exclusively
negative. However, only the negative correlations in the overall sample (i.e., males and females combined)
remained significant when controlling for multiple comparisons. The observed negative correlations between
callosal thickness and intelligence in children and adolescents contrast with the positive correlations typically
reported in adult samples. However, negative correlations are in line with reports from other pediatric studies
relating cognitive measures to other brain attributes such as cortical thickness, gray matter volume, and gray
matter density. Altogether, these findings suggest that relationships between callosal morphology and
cognition are highly dynamic during brain maturation. Sex effects on links between callosal thickness and
intelligence during childhood and adolescence are present but appear rather weak in general.
l rights reserved.
© 2010 Elsevier Inc. All rights reserved.
Introduction

The link between brain structure and intelligence is a well-
investigated topic. However, the majority of existing studies have
been conducted on adult samples. These prior studies mostly show
modest positive correlations between intelligence and brain mor-
phology in a network of brain areas, mainly comprising frontal and
parietal regions, but also areas within the temporal and occipital lobes
(Jung and Haier, 2007; Luders et al., 2009). Studies conducted in
healthy children and adolescents are rare but seem to suggest that the
relation of intelligence to brain structure changes over time, as
children grow older. For example, Karama et al. (2009) reported no
significant associations between cortical thickness and the general
cognitive factor in children (6–11.9 years) when applying FDR
corrections, while adolescents (12–18.3 years) showed numerous
areas where correlations were significantly positive. Moreover, Shaw
et al. (2006) reported a developmental shift from a primarily negative
correlation between intelligence and cortical thickness in early
childhood (3.8–8.4 years) to a positive correlation in late childhood
(8.6–11.7), early adolescence (11.8–16.9 years), and early adulthood
(17–29 years), where positive correlations were maximal in late
childhood. Wilke et al. (2003) illustrated that positive and negative
correlations were apparent in children and adolescents aged 5–
19 years, but only positive correlations reached statistical significance
starting after the age of 12 years. Similarly, the brain regions showing
the strongest links to intelligence seemed to differ depending on the
age group examined. For example, Wilke et al. (2003) reported more
pronounced effects in younger children (b12 years) for deep gray
matter structures, while correlations in older children (N12 years)
were most significant in the cingulate. Frangou et al. (2004), who
examined subjects aged 12–21 years (without splitting their sample
into different age groups) detected significant positive correlations in
the orbitofrontal cortex, cingulate, cerebellum, and thalamus as well
as negative correlations in the caudate nucleus.

We hypothesized that such age-dependent associations between
anatomical and cognitive measures are not only evident in cortical
and subcortical regions, but also in the corpus callosum (i.e., the
largest inter-hemispheric fiber structure connecting many of these
regions). Midsagittal callosal area has been shown to be an indicator
of the total number of small diameter fibers connecting both
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hemispheres (Aboitiz et al., 1992). Since small diameter fibers are
particularly involved in transferring higher-order cognitive informa-
tion (Aboitiz, 1992), callosal morphology may thus link with the
capacity for inter-hemispheric transfer and/or with hemispheric
specialization which may modulate intellectual abilities. Indeed, a
number of studies suggest that the structural integrity of the corpus
callosum is associated with intellectual abilities (Atkinson et al., 1996;
Aukema et al., 2009; Chiang et al., 2009; Davatzikos and Resnick,
1998; Fletcher et al., 1992; Kulak et al., 2007; Luders et al., 2007;
Schatz and Buzan, 2006; Spencer et al., 2005; Strauss et al., 1994;
Wozniak et al., 2009). However, there is a lack of such studies in
healthy children and adolescents.

Thus, to advance this field of research and to characterize the link
between callosal morphology and intelligence in younger popula-
tions, we selected a large sample of children and adolescents
(n=200), aged 6–17 years, from a normative database of subjects
(Evans, 2006). We applied advanced surface-based mesh-modeling
methods and mapped correlations between callosal thickness and
standardized intelligence measures for this overall sample but also
within four equally-sized subgroups, each spanning three years of age.
The overarching goal of our study was to establish the presence and
direction of correlations between callosal thickness and intelligence in
the developing brain (i.e., in individuals younger than 18 years old).
Given that existing links between brain structure and cognitive
measures may remain disguised or biased towards the effect of the
sex that is more heavily represented in the sample when pooling
males and females (Haier et al., 2005), our study also addressed
possible sex effects. This was achieved by including equal numbers of
males and females (both in the overall sample and within subgroups),
by testing for significant interactions with sex, and by conducting
analyses separately within males and females if significant sex
interactions were detected.
Materials and methods

Subjects

All subjects were selected from a database pertaining to the First
Objective of the MRI Study of Normal Brain Development (Evans,
2006). Subjects were excluded if they met criteria “established or
highly suspected to adversely impact healthy brain development” as
detailed elsewhere (Evans, 2006). Informed consent was obtained
from parents and adolescents, and assents were obtained from the
children. All protocols and procedures were approved by the relevant
Institutional Review Board at each pediatric study center and at each
coordinating center (Evans, 2006). The final sample of the current
study contained 200 subjects (100 males; 100 females) aged between
6 and 17 years. We divided this sample into four equally-sized age
groups; each group contained 50 subjects and each spanned three
consecutive years of age. That is, group 1 (G1) contained subjects aged
6–8 years, group 2 (G2) contained subjects aged 9–11 years, group 3
Table 1
Sample and group-specific descriptive statistics.

Agea range [agesa] N of subjects [per agea] FS-IQ mean±

Overall 6–17 200 113.13±11.
Group 1 6–8 [6–7–8] 50 [12–21–17] 115.60±15.
Group 2 9–11 [9–10–11] 50 [14–18–18] 113.28±10.
Group 3 12–14 [12–13–14] 50 [20–16–14] 112.80±10.
Group 4 15–17 [15–16–17] 50 [15–17–18] 110.84±9.3

FS-IQ = full-scale intelligence quotient.
P-IQ = performance intelligence quotient.
V-IQ = verbal intelligence quotient.

a Age is shown in years.
(G3) contained subjects aged 12–14 years, and group 4 (G4)
contained subjects aged 15–17 years (see Table 1). Within each age
group, we carefully matched the number of males (n=25) and
females (n=25). To determine handedness, subjects were ask to
perform eight different activities, modified from the Edinburgh
Handedness Inventory (EHI; Oldfield, 1971). Right-handed activities
were rated with 1; left-handed activities were rated with 0. Subjects
with total scores of b7 were classified as non-right-handed.
Importantly, each age group (G1–G4) contained the same number
of non-right-handers (n=5) with the same sex ratio for these non-
right handers (4 males, 1 female).

Intelligence measures

Intelligence measures were obtained using the Wechsler Abbre-
viated Scale of Intelligence (WASI; Wechsler, 1999). The WASI is
nationally standardized, consists of four subtests (Vocabulary,
Similarities, Block Design, Matrix Reasoning), and yields full-scale
intelligence (FS-IQ), performance intelligence (P-IQ), and verbal
intelligence (V-IQ) scores. FS-IQ provides an estimate of general
intellectual ability; it is based on the subtests Matrix Reasoning and
Vocabulary (described below). P-IQ provides an estimate of visual
information processing and abstract reasoning skills (Matrix Reason-
ing), nonverbal concept formation, simultaneous processing, visual-
motor coordination, visual perception and organization, etc. (Block
Design). V-IQ provides an estimate of word knowledge, verbal
concept formation, and fund of knowledge (Vocabulary), as well as
verbal reasoning and concept formation (Similarities). Importantly,
with respect to FS-IQ, P-IQ, and V-IQ, there were no significant sex
differences in the overall sample (n=200) nor between males and
females within the four age groups (G1–G4). Similarly, with respect to
FS-IQ, P-IQ, and V-IQ, there were no significant differences between
the four age groups (G1–G4) when males and females were
combined. Group-specific descriptive statistics for intelligence mea-
sures are summarized in Table 1.

Image acquisition

Images were obtained on 1.5 T systems from General Electric (GE)
or Siemens Medical Systems (Siemens) using a 3D T1-weighted
spoiled gradient recalled (SPGR) echo sequence with the following
parameters: TR=22–25 ms, TE=10–11 ms, excitation pulse=30°,
refocusing pulse=180°, orientation: sagittal; field of view:
AP=256 mm; LR=160–180 mm (whole head coverage), voxel
size=1 mm3, where the maximum number of slices on GE scanners
was 124, and hence the slice thickness was increased to 1.5 mm
(Evans, 2006). Imaging data from study participants was obtained on
six different scanners (for details see Evans, 2006); each scanner
contributed 13%–19% of the subjects in the overall sample, and 6%–
24% of the subjects to each of the four age groups, where scanner
information for five subjects was missing (see Table 2).
SD min–max P-IQ mean±SD min–max V-IQ mean±SD min–max

61 86–158 111.52±11.91 80–157 111.69±12.82 82–151
38 86–156 115.02±14.82 89–157 112.66±16.10 82–149
53 92–139 109.64±11.00 80–134 113.94±12.48 88–145
04 96–131 111.02±11.14 87–132 111.54±11.40 91–137
5 92–129 110.42±9.70 90–128 108.62±10.35 86–131



1 There were no significant overall sex interactions.
2 The small yellow clusters at the very tip of the splenium indicating positive

correlations are likely to be an artifact due to the splitting point of the callosal top and
bottom segments.

Table 2
Scanner distribution.

S1 S2 S3 S4 S5 S6 Total Missing

Overall n=34 n=38 n=37 n=26 n=34 n=26 n=195 5
Group 1 n=11 n=6 n=9 n=8 n=5 n=11 n=50 0
Group 2 n=8 n=10 n=11 n=8 n=8 n=4 n=49 1
Group 3 n=9 n=11 n=9 n=3 n=9 n=7 n=48 2
Group 4 n=6 n=11 n=8 n=7 n=12 n=4 n=48 2

S1–S6=scanners 1–6.
n indicates the number of subjects.
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Preprocessing

We applied automated radio-frequency bias field corrections to
correct image volumes for intensity drifts caused by magnetic field
inhomogeneities (Shattuck et al., 2001). In addition, we placed all
images volumes into the same standard space by co-registering them
to the ICBM-152 template using automated 6-parameter rigid-body
transformations (Woods et al., 1998). That is, images were corrected
for differences in brain position and orientationwhile preserving their
native dimensions. The corpus callosum was then outlined automat-
ically based on the Chan-Vese model for active contours (Chan and
Vese, 2001) using the LONI pipeline processing environment (Dinov
et al., 2009; Rex et al., 2003). This resulted in two midsagittal callosal
segments (i.e., the upper and lower callosal boundary) for each
subject, as detailed elsewhere (Luders et al., 2006). Subsequently,
each callosal segment was overlaid onto the MR image from which it
had been extracted and visually inspected to ensure that automati-
cally generated callosal outlines precisely followed the natural course
and boundaries of the corpus callosum. Contours that did not match
this criterion were corrected manually by one rater (E.L.).

Callosal thickness measurements

To obtain highly localized measures of callosal thickness, anatom-
ical surface-based mesh modeling methods were employed (Thomp-
son et al., 1996a,b). That is, the upper and lower callosal boundaries
were resampled at regular intervals to render the discrete points
comprising the boundaries spatially uniform. Then, a new segment
(i.e., the medial core) was automatically created by calculating a
spatial average 2D curve from 100 equidistant surface points
representing the upper and lower callosal boundaries. Finally, the
distances between 100 surface points of the medial core and the 100
corresponding surface points of both the upper and the lower callosal
boundaries were computed. These regional distances indicate callosal
thickness with a high spatial resolution (i.e., at 100 locations
distributed evenly over the callosal surface). Of note, callosal
geometry was not scaled or otherwise adjusted for overall brain
size, to avoid confounding global and local associations.

Statistical analyses

First, we mapped the correlations between intelligence (i.e., FS-IQ,
P-IQ, and V-IQ) and callosal thickness measures at 100 equidistant
surface points within the overall sample (n=200). For these analyses,
correlation coefficients (r) and significance values (p) were projected
onto the group-averaged callosal surface models. Correlation coeffi-
cients (r) were color-coded according to Cohen (1992)with respect to
effect sizes: small (r≥0.1), medium (r≥0.3), and large (r≥0.5).
Significance values (p) were provided uncorrected (p≤0.05) as well
as corrected for multiple comparisons using False Discovery Rate
(FDR) thresholded at 0.05 (Benjamini and Hochberg, 1995).

Subsequently, we used interactional designs and tested whether
correlations between intelligence measures and callosal thickness are
different (a) between the four age groups (age interaction), (b)
between males and females within the four age groups (age-specific
sex interaction), and (c) between males and females within the
overall sample (overall sex interaction). For these interaction
analyses, uncorrected significance values (p≤0.05) were projected
onto the group-averaged callosal surface models.

Finally, to follow up on the significant age interactions and the
significant age-specific sex interactions1 we mapped (a) the correla-
tions between intelligence and callosal thickness measures separately
within the four age groups and (b) the correlations within males and
females separately within each of the four age groups. For these
analyses, correlation coefficients (r) and significance values (p), both
uncorrected and FDR-corrected, were projected onto the group-
averaged callosal surface models.

Supplemental analysis I

FS-IQ is a composite of V-IQ and P-IQ; however V-IQ and P-IQ are
usually correlated. In order to take this into consideration we first
calculated the Person correlation between V-IQ and P-IQ, for the
overall sample but also within each of the four age groups (G1–G4).
Subsequently, we mapped the correlations between callosal thickness
and P-IQ while co-varying for V-IQ, and also between callosal
thickness and V-IQ while co-varying for P-IQ. These correlation
analyseswere conducted for the overall sample and in additionwithin
the four age groups (G1–G4).

Supplemental analysis II

Using MRI-derived measures from multiple scanners raises the
question whether study outcomes are possibly biased by scanner
effects. However, the intrinsically strong intensity contrast in the
corpus callosum renders it not very susceptible to possibly small
differences in image contrast due to different scanners. Thus, it is
rather unlikely that the integrity of current findings is compromised.
Nevertheless, in order to fully eliminate the possibility of scanner
effects, we tested whether there were significant interactions
between scanner x FIQ (as well as PIQ and VIQ, respectively) when
examining the link between callosal thickness and intelligence. These
analyses were conducted for the overall sample, while excluding the
five cases where the scanner information was missing.

Results

Correlations between callosal thickness and intelligence

As shown in Fig. 1, in children and adolescents aged 6–17 years
(overall sample), negative correlations between callosal thickness and
FS-IQ, P-IQ, and V-IQ dominate over positive correlations. More
specifically, we detected clusters of positive correlations in the callosal
anterior third within the rostrum (for FS-IQ, P-IQ, and V-IQ) and in the
rostral body (for P-IQ).2 However, these positive correlations did not
reach statistical significance. In contrast, negative correlations were
evident across almost the entire callosal surface and became
significant within the splenium (for FS-IQ, P-IQ, and V-IQ) and in
the posterior midbody (for FS-IQ and P-IQ). FDR-corrections con-
firmed the findings within the splenium for FS-IQ (p≤0.0043) and for
V-IQ (p≤0.0033).

Age effects

As shown in Fig. 2 (top panel), we detected significant differences
between the four age groups for the correlations between callosal



Fig. 1. Correlations between callosal thickness and intelligence (overall sample). Top panel: illustrated are correlation coefficients (r-maps) color-coded with respect to effect sizes:
small (r≥0.1), medium (r≥0.3), and large (r≥0.5). Cyan and yellow indicate where negative and positive correlations remained below the threshold for relevant effect sizes.
Bottom panel: illustrated are significance values (p-maps). The color bar encodes the uncorrected significance of negative correlations. White regions indicate significant positive
correlations. The smaller callosal maps indicate in pink where significant correlations survived FDR-corrections. Gray indicates where no significant correlations were detected. The
callosal posterior section is located on the left; the callosal anterior section points to the right. FS-IQ = full-scale IQ; P-IQ = performance IQ; V-IQ = Verbal IQ.

Fig. 2. Age-specific correlations between callosal thickness and intelligence. Top panel: illustrated are significant age interactions (in green) at p≤0.05, uncorrected. Bottom panels;
left: illustrated are correlation coefficients (r-maps) color-coded with respect to effect sizes. Medium effects are indicated by arrows. Bottom panels, right: illustrated are significance
values (p-maps). The color bar encodes the uncorrected significance of negative correlations. White regions indicate significant positive correlations. The smaller callosal maps
indicate where significant correlations survived FDR-corrections. Gray indicates where no significant correlations were detected. FS-IQ = full-scale IQ; V-IQ = Verbal IQ. G1–G4 =
Groups 1–4.
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thickness and FS-IQ as well as V-IQ (age interaction). There were no
significant age interactions for P-IQ.

Given the significant effects, we mapped correlations between
callosal thickness and FS-IQ and V-IQ within the four age groups. As
illustrated in the left panel, the significant age interactions in the
rostral body can be mainly attributed to positive correlations at ages
6–14 years (G1–G3) and negative correlations at ages 15–17 years
(G4). The significant age interactions in the callosal midbody can be
mainly attributed to positive correlations at ages 6–8 years (G1) and
negative correlations at ages 9–17 years (G2–G4). Altogether, there
seems to be a developmental trend from mainly positive correlations
in younger cohorts towards predominantly negative correlations in
older cohorts. However, as illustrated in the right panel, there were no
significant positive correlations in any of the four groups (right panel).
In contrast, negative correlations with FS-IQ and V-IQ within the
splenium became significant at age 9–11 years (G2), while negative
correlations within the callosal midbody as well as the rostral body
became significant at age 15–17 years (G4). Although these negative
correlations constitute medium-sized effects (left panel), none of
them survived FDR corrections (right panel).

Age-specific sex effects

Finally, as shown in Fig. 3 (left panel), we detected significant age-
specific sex interactions for FS-IQ and V-IQ at 6–8 years (G1) and at
Fig. 3. Sex- and age-specific correlations between callosal thickness and intelligence. Left pan
age groups. Middle panels: illustrated are correlation coefficients (r-maps) color-coded with
illustrated are significance values (p-maps). The color bar encodes the uncorrected significan
smaller callosal maps indicate where significant correlations survived FDR-corrections. Gray
Verbal IQ. G1–G4 = Groups 1–4.
15–17 years (G4), as well as for P-IQ at 9–11 years (G2). There were
no significant age-specific sex interactions at age 12–14 years (G3).

Given the significant interactions with sex within the different age
groups, we mapped sex-specific correlations between callosal
thickness and FS-IQ / V-IQ (for G1 and G4) and P-IQ (for G2). As
illustrated in the middle and right panels, the significant sex
interaction at age 6–8 years (G1) in the anterior midbody (for FS-IQ
and V-IQ) was due to positive correlations in females and negative
correlations in males. Effects sizes in females were medium to large,
and reached statistical significance (uncorrected). As further demon-
strated, the significant sex interaction at age 9–11 years (G2) in the
posterior midbody and splenium (for P-IQ) was due to positive
correlations in females and negative correlations in males. Effect sizes
were medium in both sexes but reached significance (uncorrected) in
females only. Additional significant positive correlations in females
were detected in the rostral body. Finally, the significant sex
interaction at age 15–17 years (G4) within the isthmus (for FS-IQ
and V-IQ) was due to positive correlations in females and negative
correlations inmales, withmedium to large effect sizes which reached
significance (uncorrected) in both sexes (for FS-IQ in males; for V-IQ
in females). In addition, significant negative correlations (medium
effects) were observed in males within the posterior midbody (for FS-
IQ and V-IQ) and the rostral body (for V-IQ). Interestingly, significant
negative correlations (medium effects) were also detected in females
within the anterior midbody and the rostral body (for FS-IQ).
el: illustrated are significant sex interactions (in green) at p≤0.05, uncorrected within
respect to effect sizes. Medium and large effects are indicated by arrows. Right panels:
ce of negative correlations. White regions indicate significant positive correlations. The
indicates where no significant correlations were detected. FS-IQ = full-scale IQ; V-IQ=

image of Fig.�3
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Surprisingly, none of the medium and large effects survived FDR
corrections (right panel).

Supplemental analysis I and II

The correlations between V-IQ and P-IQ are provided in Table 3.
As shown, V-IQ and P-IQ are highly correlated, both within the
overall sample and within each of the four age groups (G1–G4).
Nevertheless, as illustrated in Supplemental Fig. 1, co-varying for V-
IQ (for P-IQ, respectively) revealed significance profiles (uncorrected
at p≤0.05) similar to the ones calculated when examining links
between callosal thickness and intelligence measures directly (i.e.,
without including any co-variates). Finally, with respect to possible
bias introduced by different scanners, there were no significant
scanner interactions (uncorrected at p≤0.05) for F-IQ, P-IQ, and V-
IQ (maps not shown).

Discussion

Our goal was to map the link between intellectual abilities and
callosal morphology in the developing brain in a large sample of
healthy children and adolescents. We have taken great care to
compose a well-balanced study design where analyses were not only
conducted within the overall sample (n=200) but also within four
equally-sized subgroups (n=50) defined by consecutive and rela-
tively narrow age intervals of three years. Importantly, each subgroup
was balanced for sex (25 males, 25 females) with comparative
cognitive scores between the four age groups as well as between
males and females within those age groups.

The location of the correlations

Significant negative correlations (i.e., the ones surviving FDR
corrections) were confined to the spleniumwithin the overall sample.
Additional positive correlations constituting large effect sizes (albeit
only significant at uncorrected thresholds) were detected within
females and located in the isthmus and the anterior midbody. Based
on recent fiber tractography studies (Hofer and Frahm, 2006; Park et
al., 2008; Zarei et al., 2006), the anterior midbody appears to mainly
connect (pre)frontal regions (including the anterior cingulate), the
isthmus connects regions of the parietal and (superior) temporal
cortex, and the splenium connects occipital, (inferior) temporal and
parietal regions (including the posterior cingulate). Interestingly,
previous studies in normative pediatric populations reported negative
correlations between cognitive and cerebral measures in the temporal
cortex (Shaw et al., 2006) and the parietal cortex (Wilke et al., 2003).
Positive correlations were revealed in the cingulate (Frangou et al.,
2004; Wilke et al., 2003), as well as in frontal (Frangou et al., 2004;
Reiss et al., 1996; Schmithorst et al., 2005; Shaw et al., 2006) and
parieto-occipital regions (Schmithorst et al., 2005; Shaw et al., 2006).
Thus, there is some spatial correspondence between cortical associa-
tions revealed in those previous studies and the callosal regions
implicated in the current study.While the direction of the correlations
Table 3
Correlations between V-IQ and P-IQ.

Pearson correlation (r)

Overall .384a

Group 1 .518a

Group 2 .285b

Group 3 .283b

Group 4 .369a

a Correlation is significant at the 0.01 level (2-tailed).
b Correlation is significant at the 0.05 level (2-tailed).
varies across studies (as discussed below), altogether these outcomes
suggest the existence of a widely distributed intelligence network that
already exists in the developing brain. This network seems to include
frontal and parietal regions, but also areas within the temporal and
occipital lobes as previously proposed (Jung and Haier, 2007).
The direction of the correlations

We observed both significant positive and negative correlations,
but only negative correlations survived correction for multiple
comparisons. These outcomes contrast with prior reports of positive
correlations between cognitive functioning and callosal size (or DTI-
based measures of callosal fractal anisotropy) in other pediatric
populations. However, those studies were based on children (and
adolescents) with hydrocephalus (Fletcher et al., 1992), mental
retardation (Spencer et al., 2005), sickle-cell disease (Schatz and
Buzan, 2006), spastic cerebral palsy (Kulak et al., 2007), fetal alcohol
spectrum disorders (Wozniak et al., 2009), medulloblastoma and
acute lymphoblastic leukemia (Aukema et al., 2009), and born
preterm (Nosarti et al., 2004). Thus, their outcomes are not
necessarily representative of the normal conditions or correlations
that would also be found in the healthy developing brain. Although
there is hardly any normative data available with respect to callosal
measures, some previous studies investigated the link between
callosal size and intelligence in healthy adults. Those studies revealed
either no significant correlations (Tramo et al., 1998) or only positive
correlations (Chiang et al., 2009; Luders et al., 2007). However, given
the age ranges of 24–34 years (Tramo et al., 1998) and 16–44 years
(Luders et al., 2007), as well as mean ages of 25.1 and 23.5 years
(Chiang et al., 2009), those findings are representative of young
adulthood rather than childhood and adolescence. Thus, the divergent
findings are not necessarily surprising.

Nevertheless, the negative correlation in subjects aged 6–17 years,
as observed in the current study, is intriguing. Of note, inverted
correlations have also been reported in other studies of healthy
children and adolescents relating cognitive measures to cortical
thickness, gray matter volume, and gray matter density (Frangou et
al., 2004; Shaw et al., 2006; Wilke et al., 2003). However, studies
revealing negative correlations are extremely sparse— perhaps due to
a potential publication bias favoring positive correlations as the
interpretations of negative correlations is more difficult. Frangou et al.
(2004) detected negative correlations between IQ and gray matter
density within the caudate nucleus and suggested different develop-
mental trajectories for cortical and subcortical gray matter (i.e.,
subcortical reductions in childhood preceding cortical reductions later
during adolescence). They argue that even a “subtle deviation in the
degree or timing of the maturational events that lead to basal ganglia
changes during development may have a negative impact on IQ.”

The current findings with respect to the corpus callosum possibly
imply that more intelligent individuals (at least during childhood and
adolescence) possess more efficient neuronal networks (Haier et al.,
1988; Li et al., 2009; Neubauer and Fink, 2009). This either may be the
consequence of fewer inter-hemispheric fibers or possibly the cause
of seemingly less established (but optimal) inter-hemispheric con-
nections. Moreover, the current findingsmay suggest that intelligence
is linked to hemispheric specialization with higher levels of
intelligence in more lateralized brains. A similar relationship between
specific cognitive abilities and lateralization of the arcuate fasciculus
has been reported recently in children aged 5–13 years (Lebel and
Beaulieu, 2009). Since more lateralized brains rely on less inter-
hemispheric communication (but perhaps onmore intra-hemispheric
cross-talk), callosal dimensions in more intelligent children and
adolescents may be decreased. However, this assumption requires
testing in future studies relating intelligence to callosal morphology in
association with structural and functional lateralization.
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Possible implications for maturational changes

The observed negative correlations of the current study suggest
thinner corpora callosa in more intelligent children and adolescents.
Taken together with reported positive correlations later in life (Luders
et al., 2007), the current outcomesmay imply that callosal dimensions
in more intelligent individuals increase at a greater rate than in less
intelligent individuals (resulting in thicker corpora callosa in more
intelligent adults). Accelerated growth rates in more intelligent
individuals might be due to accelerated rates of myelination and/or
diminished rates of pruning in general, where the exact underlying
mechanisms remain to be established. In support of intelligence-
specific growth rates (albeit with respect to cortical thickness), a
longitudinal study reported that “more intelligent children demon-
strate a particularly plastic cortex, with an initially accelerated and
prolonged phase of cortical increase” (Shaw et al., 2006). Clearly, only
additional longitudinal studies addressing callosal microstructure will
resolve the true nature of developmental changes.

An alternative hypothesis is that intelligence changes over time
though this assumption is rather unlikely to be true given that IQ is
shown to be a relatively stable measurement. However, a different
explanation could be that the observed negative correlations are
driven by other, non-cognitive processes requiring inter-hemispheric
transfer. These processes may be confined to identical callosal regions
like higher-order cognitive functions and underlie the same develop-
mental mechanisms (thus causing significant correlations) but
develop in an opposing manner (thus causing negative correlations).
For example, non-cognitive processes may account for the significant
negative correlation between callosal thickness and FS-IQ within the
posterior midbody in the overall sample. Since this particular callosal
region has been suggested to mainly connect sensory-motor regions
(Park et al., 2008), it seems to have no immediate relevance with
respect to intelligence measures. Perhaps, only later towards the end
of adolescence, when callosal development and cortical maturation is
almost complete, the direct link between intelligence and callosal
thickness becomes the driving force and powerful determinant
leading to positive correlations between brain structures and
individual cognitive capacities in adults (Jung and Haier, 2007; Luders
et al., 2009). Albeit only speculative at this point, this possibly
explains why even positive correlations between cerebral and
intelligence measures remain below the threshold of significance in
early years of development. This phenomenon was not only apparent
in the current study with respect to callosal thickness but also
reported by others with respect to a number of cerebral measures,
including callosal mean diffusivity and fractional anisotropy (Karama
et al., 2009; Shaw et al., 2006;Wilke et al., 2003;Wozniak et al., 2009).

Altogether, the observed negative correlations in our subjects aged
6–17 years suggest that callosal growth and fiber reorganization may
persist into adolescence, as also recently demonstrated (Luders et al.,
2010). It is unknown when the transition from negative to positive
correlations occurs, but similar developmental shifts have already
been reported. For example, Shaw et al. (2006) detected a primarily
negative correlations between intelligence and cortical thickness in
subjects aged 3.8–8.4 years contrastingmainly positive correlations in
subjects aged 8.6–29 years. Similarly, Wilke et al. (2003) illustrated
that both positive and negative correlations were apparent in children
and adolescents aged 5–19 years, but only positive correlations
became significant after the age of 12 years. Moreover, Karama et al.
(2009) reported highly significant positive correlations in adolescents
(12–18.3 years), while significant correlations in children (6–
11.9 years) were absent. These observations imply highly dynamic
developmental processes in the young brain, not only related to the
anatomical substrates per se (e.g., apoptosis, pruning, dendritic
branching, axonal redirection) but also the resulting functional
implications (e.g., changes in how higher-order cognitive information
is processed). Thus, giving the complex nature of developmental
processes, it is likely that developmental shifts affect not only the
direction of the correlation (i.e., from negative to positive) but also the
callosal region where correlations are detectable (Wilke et al., 2003).
That is, callosal regions associated with IQ may only partly overlap
between different stages during neurodevelopment (as observed in
our different age groups) or when compared to outcomes in adult
samples (Davatzikos and Resnick, 1998; Luders et al., 2007).

Sex effects

Although a significant overall sex interaction was absent, signif-
icant differences between boys and girls became evident when
mapping the correlation between callosal thickness and intelligence
within the different age groups. Normative adult studies support the
assumption of sex-specific relationships between cognitive measures
and various cerebral measures (Gur et al., 1999; Haier et al., 2005;
Jung et al., 2005; Narr et al., 2007; Pfleiderer et al., 2004; Witelson et
al., 2006), including measures of the corpus callosum (Davatzikos and
Resnick, 1998; Luders et al., 2007). Thus, our findings may add
support to the growing body of literature that the neural substrates of
intelligence differ between the sexes, even in the absence of sex
differences in intellectual abilities (Haier et al., 2005). Moreover, they
seem to agree with the assumption of sex-specific developmental
processes underlying intelligence during childhood and adolescence
(Schmithorst et al., 2008; Schmithorst and Holland, 2006;
Schmithorst and Holland, 2007; Schmithorst and Yuan, 2010). The
more so, as the positively correlated regions in females partly
resemble callosal regions showing positive correlations in adulthood
in both women and men (Luders et al., 2007).

Opposite correlations in males (negative) and females (positive),
as observed in the current study, are intriguing. To our knowledge,
there is currently no comparable gender data with respect to
intelligence-callosal thickness associations in healthy children and
adolescents. However, a recent study in young adults revealed that
the integrity of inter-hemispheric connections was positively corre-
lated to some intelligence factors in females but negatively correlated
in males (Tang et al., 2010). Nevertheless, none of those correlations
survived correction for multiple comparisons (Tang et al., 2010) and
neither did the sex-specific correlations in the current study.
Furthermore, negative correlations in males younger than 15–
17 years were not even significant at uncorrected thresholds.
Similarly, testing for an overall sex interaction did not reveal any
significant findings. Future studies involving even more subjects will
reveal whether non-significance was due to a lack of sufficient
statistical power. At this point, however, it may be fair to conclude
that sex effects on links between callosal thickness and intelligence
are rather weak in general during childhood and adolescence. This
conclusion is supported by outcomes from a different pediatric study
which revealed no significant sex differences when analyzing the link
between intelligence and the thickness of the cortex (Shaw et al.,
2006).

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.neuroimage.2010.09.083.
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