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Abstract

Adolescence is an important period for brain development. White matter growth is influenced by

sex hormones such as testosterone, and the corpus callosum—the largest white matter structure in

the human brain—may change structurally during the hormone-laden period of adolescence. Little

is known about puberty’s relationship to structural brain development, even though pubertal stage

may better predict cognitive and behavioral maturity than chronological age. We therefore aimed

to establish the presence and direction of pubertal effects on callosal anatomy. For this purpose,

we applied advanced surface-based mesh-modeling to map correlations between callosal thickness

and pubertal stage in a large and well-matched sample of 124 children and adolescents (62 female

and 62 male) aged 5–18 years from a normative database. When linking callosal anatomy to

pubertal status, only positive correlations reached statistical significance, indicating that callosal

growth advances with puberty. In tests of differences in callosal anatomy at different stages of

puberty, callosal growth was concentrated in different locations depending on the pubertal stage.

Changing levels of circulating sex hormones during different phases of puberty likely contributed

to the observed effects, and further research is clearly needed. Direct quantification of sex

hormone levels and regional fiber connectivity—ideally using fiber tractography—will reveal

whether hormones are the main drivers of callosal change during puberty. These callosal findings
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may lead to hypotheses regarding cortical changes during puberty, which may promote or result

from changes in interhemispheric connectivity.
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1. Introduction

Adolescence is a critical period for human brain development, and much research has been

devoted to the anatomical study of teenage brains. Hu et al., for example, linked pubertal

status to volumetric changes in medial temporal lobe structures (Hu et al., 2013). Bramen et

al. addressed puberty effects on medial temporal lobe, thalamic, caudate, and cortical gray

matter volumes as well as on cortical thickness (Bramen et al., 2011; Bramen et al., 2012).

These brain measures were related to measures of physical sexual maturity and also to

measures of testosterone. Similarly, Perrin et al. (2008) and Paus et al. (2010) obtained

actual testosterone measures from the adolescent brain while also genotyping a functional

polymorphism in the androgen receptor gene to see if it moderated the effect of testosterone

on different tissue types (Perrin et al., 2008; Paus et al., 2010). The latter two studies

revealed that characteristics of the androgen receptor gene moderated the impact of

testosterone not only on gray matter, but also on white matter. Thus, it stands to reason that

the corpus callosum—the largest white matter structure in the human brain (Lebel et al.,

2010)—may display morphological changes during the hormone-laden period of

adolescence.

The corpus callosum connects the cerebral hemispheres through over 200 million fibers of

varying diameter and degree of myelination (Aboitiz et al., 1992). Numerous studies have

found that dramatic changes occur in callosal micro- and macro-anatomy throughout

childhood and adolescence (Allen et al., 1991; Giedd et al., 1996; Rajapakse et al., 1996;

Giedd et al., 1997; Giedd et al., 1999; Thompson et al., 2000; DeBellis et al., 2001; Chung et

al., 2001; Lenroot et al., 2007; Hasan et al., 2008; Muetzel et al., 2008; Hasan et al., 2009;

Luders et al., 2010; Lebel et al., 2010; Lebel et al., 2012; Dennis and Thompson, 2013).

Rather than uniformly changing over time and/or across the entire structure, the corpus

callosum seems to display both temporally and spatially distinct changes. These region-

specific growth patterns may reflect a permanent adjustment and fine-tuning of fibers

(Luders et al., 2010), perhaps due to hormonal surges during adolescence. Recently,

Blakemore et al. advocated more extensive research on puberty’s relationship to structural

brain development (Blakemore et al., 2010), suggesting that pubertal stage may better

account for changes in cognition and behavior than simple chronological age.

To our knowledge, research linking callosal morphology to pubertal maturation status

(rather than chronological age) is currently lacking. This study, therefore, was designed to

explore the degree to which pubertal status was associated with changes in callosal anatomy.

For this purpose, we applied advanced surface-based mesh-modeling methods and mapped

correlations between callosal thickness and pubertal stage in a large and well-matched

sample of 124 children and adolescents (62 female and 62 male) aged 5–18 years from a
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normative participant database (Evans, 2006). As sex differences in brain development have

been found in white matter in general (Reiss et al., 1996; DeBellis et al., 2001; Wilke et al.,

2007; Perrin et al., 2008; Paus et al., 2010) and callosal measures in particular (DeBellis et

al., 2001; Lenroot et al., 2007; Luders et al., 2010), we also set out to assess the degree to

which sex moderates the link between pubertal status and callosal thickness.

2. Experimental Procedures

2.1 Participants

Scans were selected from “The NIH MRI Study of Normal Brain Development” database

(Evans, 2006), which excluded participants who met criteria “established or highly

suspected to adversely impact healthy brain development” (see Evans, 2006). Informed

consent was obtained from parents and adolescents; and assent was obtained from child

participants. All protocols and procedures were approved by the relevant Institutional

Review Board at each evaluation site and at each coordinating center (Evans, 2006).

Given the aims of the study, only scans that included existing callosal contours (Luders et

al., 2010; Luders et al., 2011; Kurth et al., 2012), data on sexual development (Hu et al.,

2013), and puberty scores of less than 4—as measured by the Pubertal Development Scale

(Petersen et al., 1988)—were included. The Pubertal Developmental Scale has been found to

be both valid and reliable in discerning subjects’ pubertal status (Petersen et al., 1988). It is a

noninvasive, self-reported measure of the physical presentations of puberty that develop

concomitantly with underlying changes in circulating sex hormones. As previously

described (Hu et al., 2013), the Pubertal Development Scale is based on five categories for

each sex (male/female), ranked 1 through 4, with 1 = “not started,” 2 = “barely started,” 3 =

“definitely under way,” 4 = “completed.” For girls, the categories include height growth

spurt, body hair growth, skin changes, breast growth, and menstruation started (1 = no; 4 =

yes). For boys, the categories include height growth spurt, body hair growth, skin changes,

voice deepening, and facial hair. Averaging the values across all categories results in the

puberty score (i.e., a continuous variable between 1 and 4). For the purpose of this study, we

excluded individuals with an average score of 4 because having “completed” puberty, they

were outside our scope of interest. Consequently, the final sample consisted of 124

participants (62 males; 62 females) between ages 5 and 18 (mean ± SD: 11.8 ± 3.2 years).

We subsequently devised three subgroups based on puberty score: Group 1 (G1) included 62

participants with puberty scores of less than 2 (puberty score < 2), Group 2 (G2) contained

30 participants with puberty scores including 2 but less than 3 (2 ≤ puberty score < 3), and

Group 3 (G3) included 32 participants scoring 3 and above but less than 4 (3 ≤ puberty score

< 4). Within each group (G1; G2; G3), we balanced the number of boys and girls (31:31;

15:15; 16:16) while matching them closely for the proportion of non-right-handed

participants (3:2; 1:2; 4:3), as summarized in Table 1. As previously described (Kurth et al.,

2012), to determine handedness, subjects were asked to perform eight different activities,

modified from the Edinburgh Handedness Inventory (Oldfield, 1971). The use of the right

hand for each activity was scored as 1; the use of the left hand was scored as 0. Participants

with a total score of <7 were classified as non-right-handed. There were no significant

differences between the three groups with respect to parental education (using six distinct
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categories for the mother and the father separately) or the combined annual household

income (using ten distinct categories). In contrast, as expected, there were significant

differences with respect to chronological age between the three groups (Table 1), with the

mean age being smallest in the groups with the lowest maturation status, and largest in the

groups with the highest maturation status (G1<G2<G3).

2.2 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). The voxel size was set to 1 mm3, except on GE scanners, where

the maximum number of slices was 124, and hence the slice thickness was increased to 1.5

mm in the sagittal plane (Evans, 2006). Importantly, the three groups were comparable with

respect to the systems used to acquire the scans. More specifically, 17 out of the 62 subjects

(Group 1), 8 out of the 30 subjects (Group 2), and 10 out of the 32 subjects (Group 3)

received a Siemens scan. Scanner-specific information for 4 subjects (all in Group 1) was

not available. Thus, all three groups (G1; G2; G3) show a similar percental distribution with

respect to the underlying scanning system (Siemens: 27%; 27%; 31% and GE: 66%; 73%;

69%).

2.3 Image Preprocessing

Automated radio-frequency bias field corrections were applied to correct image volumes for

intensity drifts caused by magnetic field inhomogeneities (Shattuck et al., 2001). In addition,

all image volumes were placed 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 orientation while

preserving their native dimensions. The corpus callosum was outlined automatically based

on the Chan-Vese model for active contours (Chan and Vese, 2001) using the LONI pipeline

processing environment (Rex et al., 2003; Dinov et al., 2009). This resulted in two

midsagittal callosal segments (i.e., the upper and lower callosal boundary) for each

participant, as detailed elsewhere (Luders et al., 2006; Luders et al., 2007). Subsequently,

each callosal segment was overlaid onto the MR image from which it had been extracted and

visually inspected to ensure that automatically generated callosal outlines precisely followed

the natural course and boundaries of the corpus callosum.

2.4 Callosal Thickness Measurements

To obtain highly localized measures of callosal thickness, anatomical surface-based mesh

modeling methods were employed (Thompson et al., 1996a; Thompson et al., 1996b). That

is, the upper and lower callosal boundaries were re-sampled 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
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distances indicate callosal thickness with a high spatial resolution (i.e., at 100 locations

distributed evenly over the callosal surface).

2.5 Statistical Analyses

First, we tested whether there was a link between callosal anatomy and pubertal status. For

this purpose, we mapped the correlations between puberty scores and callosal thickness at

100 equidistant surface points within the combined sample (n=124). Second, we examined if

there were differences in callosal anatomy between groups defined by pubertal status. For

this purpose, we used group 1 (n=62), group 2 (n=30) and group 3 (n=32), as detailed above,

and tested if there was a significant main effect of group with respect to callosal thickness.

In addition, we tested if sex had a significant impact on the group differences (group-by-sex

interaction). Significant main effects of group as well as significant group-by-sex

interactions were followed by post hoc comparisons between groups, within the combined

sample and also within boys and girls separately.

For all analyses, we used an uncorrected two-tailed alpha level of p≤0.05 as the threshold for

projecting significance values (p) onto the group-averaged callosal surface models. In

addition, we generated callosal maps corrected for multiple comparisons using False

Discovery Rate (FDR) thresholded at 0.05 (Benjamini and Hochberg, 1995). Note, since age

and pubertal status are naturally very closely linked, we abstained from co-varying for age,

as this would not just remove age-specific variance but also the variance shared between age

and pubertal status (and thus with it large parts of the effects we are interested in).

3. Results

3.1 Linking Callosal Thickness and Pubertal Status

As shown in Figure 1, both positive and negative correlations were detected between the

point-wise callosal distance measures and puberty scores. However, only positive

correlations reached statistical significance. Specifically, significant positive correlations

were detected within the genu, anterior midbody, posterior midbody, and splenium1 at

p≤0.05, uncorrected. When using FDR-corrected thresholds at p≤0.0104, effects remained

significant within the anterior midbody, posterior midbody and splenium.

3.2 Differences in Callosal Thickness between Groups defined by Pubertal Status

As shown in Figure 2, there was a significant main effect of group (i.e., significant

differences in callosal thickness among the three groups), which survived corrections for

multiple comparisons at p≤0.0039. As further illustrated in Figure 2, follow-up post hoc

comparisons revealed several regions where callosal thickness increases as puberty advances

(significant decreases were fully absent). More specifically, at p≤0.05, uncorrected, the

corpus callosum was significantly thicker in Group 2 than Group 1 (G1 < G2) within the

genu, at the border between anterior and posterior midbody, and the splenium. When using

FDR-corrected thresholds at p≤0.0137, group differences remained significant within these

callosal areas but significance clusters were a bit less extended. The corpus callosum was

1Regions are defined according to the traditional Witelson classification scheme (Witelson, 1989).
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also significantly thicker in Group 3 than Group 2 (G2 < G3), but only within a small region

of the genu as well as in a larger region covering the anterior and posterior midbody

(p≤0.05, uncorrected). Only the effect within the callosal midbody survived FDR-

corrections at p≤0.0055. As shown in Figure 3, a significant group-by-sex interaction was

evident using uncorrected significance thresholds within rostrum, genu, and splenium.

However, none of the significance clusters survived corrections for multiple comparisons.

Nevertheless, we conducted the post hoc comparisons contrasting all three groups (G1, G2,

and G3), within boys and girls separately, to generate sex-specific spatial profiles in order to

provide a framework against which outcomes from future studies can be compared.

4. Discussion

As numerous brain structures undergo significant morphological changes during puberty and

androgen receptors appear to mediate testosterone’s effect on white matter growth (Perrin et

al., 2008; Paus et al., 2010), it is likely that the corpus callosum also changes during the

hormone-laden period of adolescence (Muetzel et al., 2008; Lebel et al., 2010; Blakemore et

al., 2010; Lebel et al., 2012). In fact, several studies have tracked the development of the

corpus callosum against chronological age during this period (Allen et al., 1991; Giedd et

al., 1996; Rajapakse et al., 1996; Giedd et al., 1997; Giedd et al., 1999; Thompson et al.,

2000; DeBellis et al., 2001; Chung et al., 2001; Lenroot et al., 2007; Hasan et al., 2008;

Muetzel et al., 2008; Hasan et al., 2009; Luders et al., 2010; Lebel et al., 2010; Lebel et al.,

2012). However, it was recently suggested that the stage of sexual development is more

important than chronological age when evaluating cognition and brain development in

adolescents (Blakemore et al., 2010), and recent neuroimaging research seems to support

this proposition (Perrin et al., 2008; Paus et al., 2010; Bramen et al., 2011; Bramen et al.,

2012; Hu et al., 2013).

Thus, we set out to assess the degree to which callosal thickness changes throughout

puberty. Overall, our analyses revealed that a higher puberty score is associated with a

thicker corpus callosum—reflected not only as positive correlations between callosal

thickness and pubertal status but also as thicker corpora callosa in more sexually mature

groups (i.e., G1 < G2 < G3). While this is the overall trend, the locations of effects found

when comparing G1 and G2 differ from those found when comparing G2 and G3.

Specifically, when separating out group differences, the significant effects for G1 < G2 are

located in the genu, at the border between anterior and posterior midbodies, and in the

splenium. However, for G2 < G3, the significant effects straddle the anterior and posterior

midbodies. These differences suggest that during different stages of puberty, callosal

morphology undergoes distinct regional changes.

Region-specific callosal changes may be related to region-specific cortical changes as

callosal tracts are organized topographically. In the following commentary on the FDR-

corrected findings of our study, we will refer to a recent parcellation scheme based on

diffusion tensor imaging (DTI) and fiber tractography (Hofer and Frahm, 2006), which

complements, refines, and slightly revises the well-established Witelson’s parcellation

scheme (Witelson, 1989). As shown in Figure 1, relating callosal thickness and pubertal

status, significant positive correlations are evident in callosal regions connecting premotor
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and supplementary motor cortices, the primary motor cortex, and the parietal, temporal, and

occipital cortices. Furthermore, as shown in Figure 2, callosal thickness is significantly

greater in G2 than in G1 in callosal regions connecting the prefrontal cortex; the premotor

and supplementary motor cortices; and the parietal, temporal, and occipital cortices. In

contrast, callosal thickness is significantly greater in G3 than in G2 only within callosal

regions connecting the premotor, supplementary motor and primary motor cortices (Hofer

and Frahm, 2006; Zarei et al., 2006). Some of these aforementioned cortical regions (i.e.,

parts of the prefrontal cortex, the primary motor cortex, the supplementary motor cortex, the

posterior parietal cortex, the primary auditory cortex in the temporal lobe, and the occipital

pole) are noted as containing a high density of estrogen and/or androgen receptors

(Goldstein et al., 2001). This may perhaps suggest that throughout puberty, not only does the

connectivity of these regions undergo significant changes, but also that cortical regions

change per se. In support of this, other studies link physical sexual maturity, circulating sex

hormones, and cerebral cortex features, including cortical thickness and cortical gray matter

volume (Bramen et al., 2011; Bramen et al., 2012).

Adolescence is a sensitive period of brain development. The surge of gonadal hormones

associated with puberty continues to organize the nervous system beyond the organization

that occurs during prenatal development (Schulz, Molenda-Figueira, & Sisk, 2009). For

instance, studies on animal models have demonstrated that pubertal hormones are necessary

to maintain and/or further differentiate sexually dimorphic brain regions, including the

anteroventral periventricular nucleus of the hypothalamus, the sexually dimorphic nucleus of

the preoptic area, and the medial amygdala (Ahmed et al., 2008). Future studies may reveal

the interplay between callosal and cortical changes during puberty by relating both region-

specific cortical morphology and indicators of inter-hemispheric connectivity to pubertal

status. Moreover, direct quantification of sex hormone levels—perhaps using a longitudinal

design— will serve to test the hypothesis that hormones are the main propellants of callosal

change during puberty. As pubertal progression was the main influence observed here, there

must be some variable characteristic that defines this progression. Direct evidence for the

hormonal impact on callosal anatomy is sparse. However, one study (Chura et al., 2010)

reported a significant positive correlation between the rightward asymmetry of the callosal

isthmus in 8–11 year old-boys and their fetal testosterone (i.e., previously measured in utero

via amniocentesis during the second trimester), although there was no relationship detected

between fetal testosterone and midsagittal corpus callosum size per se. Evidence for the

powerful impact of sex hormones on brain anatomy in general also comes from studies in

clinical populations with, for example, disorders of sex development, such as congenital

adrenal hyperplasia, where neurodevelopment was shown to be significantly affected due to

in utero exposure to elevated levels of androgens (Nass et al., 1997; Merke et al., 2003;

Bergamaschi et al., 2006). Additionally, studies have documented the role of the menstrual

cycle in the interplay of brain structure, brain function, and behavior (see Sacher et al.,

2013).

Our study detected no significant sex effects on the relationship between pubertal status and

callosal thickness when using appropriate corrections for multiple comparisons. This was

surprising, as sex differences in brain development have been reported, both with respect to
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white matter in general (Reiss et al., 1996; DeBellis et al., 2001; Wilke et al., 2007; Perrin et

al., 2008; Paus et al., 2010) and callosal measures in particular (DeBellis et al., 2001;

Lenroot et al., 2007; Luders et al., 2010). These studies, however, related their cerebral

measures to chronological age rather than to pubertal status2. Consequently, those findings

are not directly comparable to the current findings. A few other studies specifically assessed

puberty effects correlation analyses were only conducted within males, but not females.

(alone or in combination with age effects) by determining physical sexual maturity and/or

quantifying actual levels of circulating sex hormones. These studies reported significant

interactions between sex and the effect of puberty in several cortical and subcortical regions

(Bramen et al., 2011; Bramen et al., 2012). Rising levels of testosterone (in boys) and

estrogen (in girls) might have opposite effects in both sexes in some medial temporal lobe

structures (Hu et al., 2013). While this seems to contradict our findings indicating no

significant sex interactions, prior sex interactions were found for brain regions consisting of

gray matter and not white matter (e.g., the corpus callosum). To our knowledge, this is the

first study relating pubertal status to a refined measure of callosal anatomy. As no sex

interactions survived corrections for multiple comparisons, our findings suggest that the

relationship between pubertal status and callosal thickness are similar in boys and girls.

5. Conclusion, Limitations, and Outlook

Our study provides striking evidence that the corpus callosum undergoes significant changes

during puberty. Positive correlations between pubertal status and callosal thickness suggest

that advancing sexual maturity is linked to callosal growth. Interestingly, callosal growth

occurs in different locations depending on the stage of puberty, which may suggest that

different cortical regions (connected through the respective callosal sections) also show

temporally distinct changes during the course of puberty. Varying levels of circulating sex

hormones during different phases of puberty likely contribute to the observed effects.

However, no actual hormone measures were obtained in this study and thus, it remains to be

established if (and how) hormones modulate the thickness of the corpus callosum.

Moreover, we have examined callosal morphology based on computing regional callosal

distances, where statistical analyses were conducted at corresponding surface points

(equidistant from each other) along the callosal boundaries. Although this is reasonable

given the approximate topographic ordering of callosal projections to the cortex, the simple

matching of callosal boundaries might be slightly conservative for detecting systematic

effects, albeit unlikely to detect spurious associations. Alternative approaches based on DTI

may be able to provide additional, higher-order constraints that allow a more precise

matching of anatomical tracts within the corpus callosum across subjects. On a related note,

DTI-based fiber tractography might aid to resolve if (and how) the observed callosal effects

are associated with cortical changes during puberty. This, in turn, would help to elucidate

the exact mechanisms underlying the associations between pubertal status and

neurodevelopment, in general.

2While Paus et al. (2010) and Perrin et al. (2008) also obtained measures of testosterone, their sex hormone-related
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Highlights

• Positive correlations suggest that advancing puberty is linked to callosal growth.

• Callosal growth occurs in different locations depending on the stage of puberty.

• Changing levels of sex hormones are likely contributors for the observed effects.
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Figure 1. Correlations between callosal thickness and pubertal status
Left Panel: Illustrated are r-maps (correlation coefficients) indicating the direction of the

correlation (blue = negative; red = positive). Middle Panel: Illustrated are uncorrected p-

maps (significance values) indicating in pink where positive correlations are significant at

p≤0.05. Negative correlations were not significant (n.s.). Right Panel: Illustrated are FDR-

corrected p-maps (significance values) indicating in pink where positive correlations

survived corrections for multiple comparisons at the more stringent significance thresholds.

The anterior callosal section is located on the left; the posterior callosal section points to the

right.
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Figure 2. Group differences in callosal thickness (combined sample)
Top Row: Illustrated is the main effect of group. Bottom Rows: Illustrated are the outcomes

of the post hoc comparisons between groups, with thinner regions in group 1 than group 2

(G1<G2) and thinner regions in group 2 than group 3 (G2<G3). There were no regions

detected as being thicker in group 1 than group 2 (G1>G2) nor as being thicker in group 2

than group 3 (G2>G3). Left Panel: Illustrated are p-maps indicating in green and pink where

effects occurred at p≤0.05 (uncorrected significance values). Right Panel: Illustrated are p-

maps indicating where effects survived corrections for multiple comparisons (FDR-

corrected significance values).
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Figure 3. Group differences in callosal thickness (separated by sex)
Top Row: Illustrated is the group-by-sex interaction. Middle and Bottom Rows: Illustrated

are the outcomes of the post hoc comparisons, separately within boys and girls, contrasting

group 1 and group 2 (G1<G2; G1>G2), group 2 and group 3 (G2<G3; G2>G3), as well as

group 1 and group 3 (G1<G3; G1>G3). Left Panel: Illustrated are p-maps indicating in

green and pink/cyan where effects occurred at p≤0.05 (uncorrected significance values).

Right Panel: Illustrated are p-maps indicating where effects survived corrections for multiple

comparisons (FDR-corrected significance values) or were not significant (n.s.).
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Table 1

Subgroup composition and characteristics

Group 1 Group 2 Group 3

Combined Sample n = 62 (5) n = 30 (3) n = 32 (7)

Boys n = 31 (3) n = 15 (1) n = 16 (4)

Girls n = 31 (2) n = 15 (2) n = 16 (3)

Mean age ± SD 9.80 ± 2.59 years 12.95 ± 1.68 years 15.48 ± 1.65 years

The number of non-right-handers is indicated in the parentheses; SD = standard deviation
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