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Why Size Matters: Differences in Brain Volume Account for
Apparent Sex Differences in Callosal Anatomy

Eileen Luders”, Arthur W. Toga, and Paul M. Thompson
Laboratory of Neuro Imaging, Department of Neurology, UCLA School of Medicine, Los Angeles

Abstract

Numerous studies have demonstrated a sexual dimorphism of the human corpus callosum.
However, the question remains if sex differences in brain size, which typically is larger in men
than in women, or biological sex per se account for the apparent sex differences in callosal
morphology. Comparing callosal dimensions between men and women matched for overall brain
size may clarify the true contribution of biological sex, as any observed group difference should
indicate pure sex effects. We thus examined callosal morphology in 24 male and 24 female brains
carefully matched for overall size. In addition, we selected 24 extremely large male brains and 24
extremely small female brains to explore if observed sex effects might vary depending on the
degree to which male and female groups differed in brain size. Using the individual T1-weighted
brain images (n=96), we delineated the corpus callosum at midline and applied a well-validated
surface-based mesh-modeling approach to compare callosal thickness at 100 equidistant points
between groups determined by brain size and sex. The corpus callosum was always thicker in men
than in women. However, this callosal sex difference was strongly determined by the cerebral sex
difference overall. That is, the larger the discrepancy in brain size between men and women, the
more pronounced the sex difference in callosal thickness, with hardly any callosal differences
remaining between brain-size matched men and women. Altogether, these findings suggest that
individual differences in brain size account for apparent sex differences in the anatomy of the
corpus callosum.
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Introduction

A pioneering study in the early eighties reported a larger and more bulbous callosal
splenium in women than in men (DeLacoste-Utamsing and Holloway, 1982). Given the
novelty of this finding then, and its possible relevance for understanding apparent sex
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differences in cognition, emotion, and behavior, the sexual dimorphism of the human corpus
callosum has been a continued object of exploration ever since. Some studies were able to
replicate the direction of this initially reported sex effect (females > males), and most of
them adjusted for the smaller brain size in women (see meta-analyses by Driesen and Raz,
1995). However, evidence seems to accumulate that unadjusted callosal size is larger in
males, and sex differences may disappear when statistically correcting for brain size (see
meta-analysis by Bishop and Wahlsten, 1997). The outcomes of one of our earlier studies
addressing the sexual dimorphism of the corpus callosum (Luders et al., 2006b) are in close
agreement with the latter conclusion. To clarify whether callosal measurements and related
sex effects are affected by brain size adjustments, we had conducted comparisons with
respect to unscaled callosal measures (i.e., unadjusted for brain size), obtained from brain
images standardized using 6-parameter (rigid-body) transformations. In addition, we had
examined scaled callosal measures (i.e., adjusted for brain size), obtained from brain images
standardized using 12-parameter (affine) transformations. When we compared unscaled
callosal size, men had significantly larger callosal dimensions than women. However, when
we compared scaled callosal size, there were no significant differences between men and
women, and we concluded that any sex differences in callosal size are largely accounted for
by sex differences in brain size (Luders et al., 2006b).

Nevertheless, given that allometric relationships between brain size and callosal size have
been proposed as well as demonstrated (Ringo et al., 1994; Steinmetz et al., 1996; Jancke et
al., 1997; Jancke et al., 1999; Leonard et al., 2008; Bruner et al., 2012), there is still some
uncertainty (and controversy) with respect to the appropriate procedure to properly account
for individual brain size (Bishop and Wahlsten, 1997; Bermudez and Zatorre, 2001; Smith,
2005; Barnes et al., 2010). An ideal solution for studying the sexual dimorphism of the
corpus callosum, independently of brain size, would be to extract callosal measures from
male and female brains of equal size. An early study of Jancke and colleagues used an
elegant approach, where they divided their sample of 120 subjects into forebrain volume
(FBV) quintiles, with 24 brains per quintile (Jancke et al., 1997). For each quintile, FBV and
callosal measures were compared between men and women. With one exceptionl, no
significant gender differences were observed, and the authors drew the following conclusion
based on the aforementioned analysis as well as other analyses conducted in that study: “We
suggest that the previously described gender differences in CC anatomy may be better
explained by an underlying effect of brain size, with larger brains having relatively smaller
callosa” (Jancke et al., 1997). Another, more recent study has conducted callosal analyses in
men and women who were truly group-matched for intracranial volume (Sullivan et al.,
2001). Interestingly, it was revealed that men, with comparable brain size to women, still
had larger midsagittal callosal areas suggesting that “sexual dimorphism in the corpus
callosum is not a simple artifact of sex differences in brain size” (Sullivan et al., 2001).

To our knowledge, no other study has compared callosal features in equally sized male and
female brains. The sparseness of such analyses is probably attributable to the difficulty of
stumbling on men and women with similar brain size, as intracranial volumes usually differ
greatly between the two sexes. Fortunately, the recent establishment of databases
encompassing thousands of brain images offers a unique opportunity to select from a vast
pool of subjects. In this study we used the International Consortium for Brain Mapping
(ICBM) database (Mazziotta et al., 2009) to select 24 male brains and 24 female brains,
matched for size. We applied a well-validated anatomical surface-based mesh-modeling
approach to compare men and women with respect to callosal thickness (Luders et al.,

IFor the third quintile, the area and ratio measures of the total corpus callosum were found to be larger in women than in men.
However, as argued by the authors, “a sampling error may well account for the result” because the third quintile contained 19 male
brains but only five female brains (Jancke et al., 1997).
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2006a). Any significant differences would indicate pure sex effects independent of brain
size. Moreover, we complemented the aforementioned matched sample by an extreme
sample that included 24 extra large [XL] male brains and 24 extra small [ XS] female brains.
We hypothesized that, if brain size had a significant impact on callosal size, observed sex
effects should vary depending on the degree to which male and female subgroups differed in
brain size.

Image Acquisition and Subject Selection

All brain images were acquired on the same site (UCLA) and on the same scanner (a
Siemens Sonata 1.5-T MRI system) using a 3D T1-weighted sequence (MPRAGE) with the
following parameters: TR = 1900 ms; TE = 4.38 ms; flip angle = 15°; 160 contiguous 1 mm
sagittal slices; FOV = 256 mm x 256 mm; matrix size = 256 x 256, voxel size = 1.0 x 1.0 x
1.0 mm. All subjects gave informed consent according to institutional guidelines by the
University of Los Angeles, California (UCLA) Institutional Review Board. The initial
sample, obtained from the ICBM database of normal adults (http://www:.loni.ucla.edu/
ICBMY/), included 153 healthy subjects (72 men / 81 women) ranging between 18 and 82
years. Subjects with any medical disorders that could affect brain structure or function as
well as subjects with anatomical abnormalities in their MRI scans had been excluded from
this database (Mazziotta et al., 2009). All subjects older than 70 years were additionally
excluded from the present study to minimize confounding effects of age-related callosal
atrophy. The brain images of the remaining 145 subjects (72 men / 73 women) were
processed as detailed below in order to determine brain size - more specifically, total
intracranial volume (TIV).

Determining Brain Size

In order to calculate TIV, images were processed using SPM8 (http://www.fil.ion.ucl.ac.uk/
spm) and the VBMS8 toolbox (http://dbm.neuro.uni-jena.de/vbm.html), as detailed elsewhere
(Luders et al., 2009). This procedure resulted in three main tissue compartments in each
subject’s native space: gray matter (GM), white matter (WM), and cerebrospinal fluid
(CSF). The tissue volumes (in ml) were determined by counting the voxels representing
GM, WM, and CSF. Subsequently, TIV (in ml) was calculated by adding the GM, WM, and
CSF volumes. Based on the individual TIVs, two samples of subjects were created as
detailed below — without any overlap between samples to ensure independence of data.

Creating Samples of Interest

Sample I, referred to as the matched sample, consisted of 48 subjects (24 men / 24 women)
carefully matched for TIV. The maximum difference of TIV within a matched pair was 5.16
ml. Age ranged between 21-61 years (matched men) and 19-69 years (matched women).
There was no significant difference in mean age between matched men and matched
women. A summary of group-specific TIV and age is provided in Table 1 (left columns).
The matched sample included 5 left-handers (2 men / 3 women); handedness information
was obtained using the ICBM Demographic and Neurocognitive Inventory (http://
ric.uthscsa.edu:9000/icbm_dani/).

Sample 11, referred to as the extreme sample, also consisted of 48 subjects (24 men / 24
women) and represented the male subjects with the largest TIVs (extreme [XL] men) as well
as the female subjects with the smallest TIVs (extreme [XS] women). Age ranged between
18-69 years (extreme [XL] men) and 19-65 years (extreme [XS] women). There was no
significant difference in mean age between XL men and XS women. Please see Table 1
(right columns). The extreme sample included 7 left-handers (4 men / 3 women).
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Analyzing Callosal Thickness

Results

First, automated radio-frequency bias field corrections were applied to correct image
volumes for intensity drifts caused by magnetic field inhomogeneities (Shattuck et al.,
2001). Then, linear (6-parameter rigid-body) transformations were applied (Woods et al.,
1998) to correct image volumes for differences in head position and orientation, while
preserving the brain’s native dimensions. Using the bias-corrected and aligned image
volumes, the corpus callosum was outlined automatically, as previously described (Luders et
al., 2010). This resulted in two midsagittal callosal segments (i.e., the upper and the lower
callosal boundary) for each subject. 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.

As detailed elsewhere (Luders et al., 2006a; Luders et al., 2007), to obtain highly localized
measures of callosal thickness, we used anatomical surface-based mesh-modeling methods
(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 (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 (in mm) indicate
callosal thickness at 100 locations distributed evenly over the callosal surface.

The four subgroups (n=24, each) were compared with respect to point-wise callosal
thickness, while removing the variance associated with age. More specifically, we compared
(a) extreme [XL] men and extreme [XS] women (mean TIV difference: 402 ml); (b) extreme
[XL] men and matched women (mean TIV difference: 217 ml); (c) matched men and
extreme [XS] women (mean TIV difference: 185 ml); and (d) matched men and matched
women (mean TIV difference: 0 ml). Significance values, uncorrected at p=0.05 as well as
corrected using False Discovery Rate (FDR) (Benjamini and Hochberg, 1995) at q=0.05,
were projected onto the group-averaged callosal surface models.

As illustrated in Figure 1, when comparing the four subgroups defined by sex and brain size,
the corpus callosum was always thicker in men than in women. However, this apparent sex
effect was clearly driven by brain size. That is, the larger the sex difference in brain size, the
more pronounced the sex difference in callosal thickness (i.e., the smaller the p-value and
the more extended the effect).

More specifically, when comparing extreme [XL] men and extreme [XS] women (mean TIV
difference: 402 ml; Figure 1a), the corpus callosum in men was thicker than in women
almost entirely, with the exception of two regions near the posterior and anterior callosal
bends (where no significant differences were detected). Sex differences remained largely
significant when applying standard corrections for multiple comparisons (critical p=0.036 at
g=0.05), as indicated in the smaller FDR-corrected callosal map (in red).

When comparing extreme [XL] men to the women from the matched sample (mean TIV
difference: 217 ml; Figure 1b), the corpus callosum was thicker in men within posterior
splenium, isthmus, anterior midbody, and rostrum2. Sex differences remained significant
within the posterior splenium, isthmus and rostrum (albeit less pronounced) when applying
corrections for multiple comparisons (critical p=0.004 at q=0.05).
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When comparing the men from the matched sample to extreme [XS] women (mean TIV
difference: 185 ml; Figure 1c), the corpus callosum was thicker in men only within the
posterior splenium; however, findings did not survive FDR corrections. Similarly, when
comparing men and women from the matched sample (mean TIV difference: 0 ml; Figure
1d), the corpus callosum was thicker in men but the significance cluster was restricted to an
even smaller cluster within the posterior splenium. Again, this effect did not survive FDR
corrections. Regardless of whether corrections for multiple comparisons were applied or not,
no callosal region was significantly thicker in women compared to men.

Discussion

Using a well-validated mesh-modeling technique capturing callosal dimensions with an
extremely high regional specificity, we investigated the impact of brain size and biological
sex on callosal thickness. As expected, the corpus callosum was thicker in men than in
women. However, the magnitude of this sex difference seems to be strongly determined by
the cerebral sex difference overall. That is, the larger the discrepancy in brain size between
men and women, the more pronounced the sex difference in callosal thickness. To our
knowledge, this is one of the first studies exploring callosal anatomy in a unique dataset
including male and female brains pair-wise matched for brain size and using a distinctive
mapping technique providing callosal thickness measures at 100 equidistant surface points.
Notably, only one previous study — focusing on midsagittal callosal area — compared 27 men
and 22 women who were matched as groups for mean and range in intracranial volume
(Sullivan et al., 2001).

Correspondence with Previous Findings

The outcomes of our study suggest that brain size, not sex, is the main denominator of
apparent sex differences in callosal morphology, specifically callosal thickness3. While this
is in close agreement with a number of studies as discussed further below, it seems to
conflict (at least, partially) with findings by Sullivan and colleagues (Sullivan et al., 2001).
There, larger midsagittal callosal areas were observed in male brains, regardless of whether
one focused on the size-matched subsample or the entire sample and also regardless of
whether analyses were conducted on raw callosal measures or size-adjusted measures —
achieved by covarying for intracranial volume or residualization. Note though, when
expressing callosal measures as a ratio of intracranial volume, even Sullivan and colleagues
detected similar sized corpora callosa in men and women, in agreement with our current
findings. The partial discrepancy is still somewhat puzzling but potentially due to entirely
different approaches in both studies with respect to (I) measuring callosal attributes (i.e.,
total callosal area vs. point-wise callosal thickness), (1) determining intracranial volume
(i.e., extrapolating x-, y-, z-distances from three brain slices vs. obtaining tissue volumes
from the entire brain); and (111) matching the male and female subgroups for brain size (i.e.,
group-wise matching vs. pair-wise matching).

In general, our current findings closely resonate with conclusions drawn based on a meta-
analysis of 49 studies published between 1982-1994, suggesting that unadjusted callosal
size is larger in men, but that sex differences disappear when statistically correcting for brain

20ur callosal analyses were not based on traditional parcellation schemes because the statistical maps offer better localization of the
effects. However, for the sake of clarity, we will describe our findings by referring to well-known vertical callosal segments
(Witelson, 1989). There, the splenium represents the posterior fifth, the isthmus two fifteenths, the posterior midbody and anterior
midbody each one sixth. The remaining anterior third may be further subdivided in rostral body, genu, and rostrum.

While brain size appears to drive the association between sex and callosal thickness, it is also possible that other factors determine
both brain size and callosal morphology. For example, genes coding for brain and body size, hormonal levels, and hemispheric
connectivity may co-locate in close proximity and be selected together, thus possibly driving the observed associations rather than

brain size per se.

Neuroimage. Author manuscript; available in PMC 2015 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Luders et al.

Page 6

size (Bishop and Wahlsten, 1997). They further agree with findings and implications of the
early study by Jancke and colleagues (Jancke et al., 1997), who were among the first to
suggest that previously described sex differences in callosal anatomy may be driven by an
underlying effect of brain size. The present findings are also in agreement with outcomes
from more recent studies suggesting that “sex did not contribute unique variance to the
relationship between relative corpus callosum size and cerebral volume” (Leonard et al.,
2008) and that observed differences in callosal size and shape between men and women
“result from size variation, not from sex-related characters” (Bruner et al., 2012). Last but
not least, the current findings agree with our own prior observations in an independent
sample (30 men / 30 women) using the same mesh-modeling approach (Luders et al.,
2006b). In that study, we observed thicker corpora callosa in male brains when analyzing
data in their native dimensions (unscaled). These sex differences, however, were no longer
evident when analyzing brain-sized corrected (scaled) data. Moreover, in both of our studies,
regardless of brain size adjustments (via scaling / via matching), no callosal region was
significantly thicker in women compared to men. While this contrasts with the initially
reported larger splenial dimensions in female brains (DeLacoste-Utamsing and Holloway,
1982)*, it corroborates more recent outcomes from various other studies (i.e., studies not
included in the aforementioned meta-analysis by Bishop and Wabhlsten) revealing either
larger callosal dimensions in male brains or no callosal sex differences whatsoever (Giedd et
al., 1999; Luders et al., 2003; Lee et al., 2003; Westerhausen et al., 2004; Hwang et al.,
2004; Ng et al., 2005).

Outcomes of the current study, although explicitly focused on the corpus callosum, also
appear to be in line with findings from other studies examining non-callosal attributes. For
example, brain volume, rather than sex per se, was found to be the main denominator for
apparent sex differences in global tissue volumes or the size of selected pre-defined
structures (Luders et al., 2002; Leonard et al., 2008; Luders et al., 2009). Nevertheless, it is
important to acknowledge, that brain size may not fully account for observed sex differences
in all instances. For example, anatomical differences between male and female brains in
local gray matter volume (e.g., within the right caudate, left superior temporal gyrus, left
superior frontal gyrus) as well as local cortical thickness (e.g., within frontal, temporal, and
parietal cortices) seem to exist independently of brain size (Sowell et al., 2007; Luders et al.,
2009).

Summary and Outlook

Altogether, our findings suggest that individual differences in brain size account for
apparent sex differences in the anatomy of the corpus callosum. Of course, we admit that a
truly vast sample might still pick up minor sex differences in size-matched brains, but they
are not evident in our sample, which is reasonably well-powered and around the size of
many others in the literature. Brain size matching, as applied in the present study, is not
intended to replace more traditional analyses that include men and women with typical brain
dimensions (i.e., larger male brains / smaller female brains). Such analyses will continue to
provide important clues about cerebral differences between men and women, especially if
appropriate strategies are used to account for individual variations in brain size.
Nevertheless, future studies may expand this current line of work by utilizing brain
repositories containing data from children and/or adolescents in order to examine callosal
features in brain size-matched boys and girls. Further insights are also to be gained by

4Interestingly though, in the current study, large parts of the splenium seem to show a lack of the significant sex difference that is
detected elsewhere. Even when comparing the extra large (XL) male brains to the extra small (XS) female brains (i.e., where brain
size differences were most pronounced), the region near the posterior bend (i.e., within the splenium) was free of any sexual
dimorphism. That is, even though we were unable to replicate the initially reported direction of the sex effect (females > males), the
splenium seems to be unique in that it did not follow the overall direction of the currently observed sex effect (males > females).
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complementing indicators of callosal macro-structure with descriptors of callosal micro-
structure through analyzing diffusion-weighted data, as already demonstrated in men and
women with sex-typical brain dimensions (Westerhausen et al., 2003; Westerhausen et al.,
2004; Liu et al., 2010; Westerhausen et al., 2011).
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Figure 1.

Sex differences between the four sub-samples (24 matched men, 24 matched women 24
extreme [XL] men, 24 extreme [XS] women). The color bar encodes the uncorrected
significance (p<0.05). The smaller callosal maps indicate in red where significant sex
differences survived FDR-corrections for multiple comparisons (q<0.05).
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Table 1

Group-specific descriptive statistics (TIV and age)

Matched Sample (n=48)

Extreme Sample (n=48)

24 matched men | 24 matched women

24 extreme[XL] men

24 extreme [XS] women

TIV

1406.57 + 101.69 1406.62 + 101.41

1623.74 + 68.94

1221.58 + 62.99

Age

42.96 £12.31 43.88 £14.74

39.33+14.79

45.75 + 13.64

TIV (total intracranial volume) is shown in ml (mean + standard deviation).
Age is shown in years (mean + standard deviation).
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