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Abstract
The anatomy of the corpus callosum (CC) has been advocated as a potential marker for functional
lateralization because its size is supposedly proportional to the number of fibers connecting the
hemispheres. Previous morphometric studies of this relationship have compared CC size in groups
of subjects who are more or less likely to show differences in their lateralization (e.g., left vs right
handers). The findings, however, have been inconsistent, and to our knowledge, no previous study
has directly compared CC size with lateralization assessed by functional imaging data. We
therefore combined anatomical measurements of CC size with left versus right hemisphere
language activation in 74 normal subjects. After controlling for perceptual and motor output
effects, as well as for global white-matter volume, handedness, gender and age, we found that
subjects who had a larger CC showed more left lateralization for language in posterior temporal
and inferior frontal regions. Examination of these effects revealed that, as CC size increased,
stronger lateralization resulted from more left hemisphere activation in both regions as well as
reduced right hemisphere activation in the posterior temporal region. Our observations provide the
first clear evidence in normal subjects that the midsagittal surface area of the CC contributes to the
degree to which language is functionally lateralized. We discuss the complex interhemispheric
processes that might underlie this effect.
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Introduction
Lateralization of language function is one of the well-established characteristics of the brain
(Broca, 1865; Dax, 1865; Hécaen et al., 1981), yet the reasons behind lateralization are
unknown. Previous studies have highlighted the contribution of the underlying structural
anatomy and proposed that structural asymmetries and interhemispheric connections could
reflect or determine functional lateralization (Geschwind and Levitsky, 1968; Geschwind
and Galaburda, 1985; Witelson, 1989). However, very few studies have combined anatomy
and function to test this hypothesis (for review, see Josse and Tzourio-Mazoyer, 2004).
Here, we consider the relationship between the macroscopic anatomy of the corpus callosum
(CC) and functional lateralization for language.

The CC is the main anatomical link between the left and right hemispheres, consequently it
plays an important functional role in interhemispheric interactions (Gazzaniga, 2000). The
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relationship between CC size and functional lateralization has been supported by several
lines of previous evidence. First, fiber density has been found to be the same in small and
large CCs, suggesting that when the midsaggital surface area of the CC is larger, there are
more interhemispheric connections (Aboitiz et al., 1992). Second, postmortem and structural
imaging studies have reported that the midsaggital surface area of the CC varies with hand
preference and this has been related to the well known differences in the degree of language
lateralization in left and right handers (Witelson, 1989). However, the results from this set of
studies have been inconsistent (Steinmetz et al., 1992; Jäncke et al., 1997; Luders et al.,
2003), perhaps because of small sample sizes. In addition, CC size has been shown to
correlate positively with right hemisphere dominance for speech as assessed with the Wada
test but this finding could be related to postlesional plasticity and thus be specific to the type
of patients investigated (O'Kusky et al., 1988). CC size has also been negatively related to
dominant right-ear performance as assessed with dichotic listening, a finding interpreted as
reflecting more inhibition of the nondominant hemisphere on the dominant hemisphere in
subjects with a larger CC (Clarke and Zaidel, 1994).

In contrast to previous studies, the current study used a direct measure of functional cerebral
lateralization to provide a quantifiable relationship between CC size (midsaggital surface
area) and the degree of language lateralization in the healthy brain. To do this we combined
structural and functional MRI measurements from a sample of 74 normal participants. We
looked at whether anatomical measurements of CC size could explain left versus right
language activation using a whole-brain voxel by voxel analysis. Having established the
brain regions where activation becomes more or less lateralized with CC size, we examined
activation in each hemisphere independently to establish whether lateralization differences
were driven by increased activation in the dominant left hemisphere or decreased activation
in the nondominant right hemisphere. This approach allows us to associate functional
lateralization to the underlying brain structure (Geschwind and Galaburda, 1985) and to
make inferences about interhemispheric interactions during language processing.

Materials and Methods
Subjects

This study was approved by the local Ethics Committee, and all subjects gave written
informed consent to take part in the study. All subjects were native english speakers and
were free of any psychiatric or neurological abnormalities. From a total of 86 subjects with
anatomical and functional scans, we selected 74 who showed a negative or null lateralization
index, suggesting left or no lateralization for language processing in our paradigm of interest
(Fig. 1) (see below for details of paradigm and the assessment of laterality). The remaining
12 subjects, with lateralization toward the right hemisphere, were excluded because our
focus was on the relationship between CC size and the degree of left lateralization, not on
the determinants of left versus right lateralization (interestingly, however, among the 12
nonselected right-lateralized subjects, only one subject was a self-described right hander)
(Hécaen et al., 1981). It is also possible that CC size may have opposite effects in those with
right-lateralized language compared with those with left-lateralized language. In our final
sample of 74 subjects, there were equal numbers of males and females. Thirty-two subjects
described themselves as right handed and the remaining 42 described themselves as either
ambidextrous or left handed. These self-descriptions were concordant with the Edinburgh
questionnaire (Oldfield, 1971) (supplemental Table A; supplemental Fig. A, available at
www.jneurosci.org as supplemental material).
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Experimental design
The language activation paradigm used a 2 × 2 factorial design which resulted in 4
activation conditions (Fig. 2). The first factor manipulated “stimulus” which could be either
pictures of objects or their written names. The second factor manipulated “task,” which
could be either naming or semantic decision. Each of the four activation conditions had a
corresponding sensorimotor baseline condition. For picture stimuli, the baseline involved
seeing pictures of nonobjects and for written words, the baseline involved seeing unfamiliar
symbols. This resulted in a total of eight conditions: four activation tasks and four baseline
tasks. In all trials for all conditions, three stimuli were simultaneously presented as a “triad,”
with one stimulus above and two stimuli below. The task instructions were as follows.

Picture naming—Subjects were instructed to name aloud all three pictures in the triad,
starting with the top stimulus, then the lower left stimulus and finally the lower right
stimulus. Emphasis was put on saying the words with as little movement of the jaws as
possible. A microphone was used to record the vocal responses and subsequently distinguish
between correct and incorrect trials.

Picture naming baseline—To control for sensory and motor processing, subjects
articulated “one, two, three” aloud while looking at the three pictures of unfamiliar
nonobjects. Responses were recorded as in the naming task.

Reading words and reading baseline—The instructions were the same as for picture
naming and its baseline, i.e., read all three object names and say “one, two, three” in
response to the unfamiliar symbols.

Semantic decisions on pictures of objects—Subjects were required to make a finger
press response to indicate whether the stimulus above (e.g., anchor) was more closely
related in meaning to the stimulus on the lower left (e.g., ship) or the lower right (e.g.,
truck). Reaction times and accuracy were recorded. The selected response (left or right side
of screen) was indicated by the spatial position of two fingers on the same hand. Thus, the
right middle finger indicated the stimulus on the right whereas the index finger of the same
hand indicated the stimulus on the left.

Semantic baseline—To control for sensory, motor and decision making processing, the
baseline task required participants to decide whether the unfamiliar stimulus above looked
identical to the stimulus on the lower left or lower right. Subjects responded using the same
finger press responses as in the semantic conditions.

Semantic decisions on written names and perceptual decisions on unfamiliar
symbols—The instructions and recordings were identical to those described for pictures
above.

Each subject participated in four scanning runs lasting ~6 min each, with two runs involving
the four articulation tasks and two runs involving the four matching (finger press) tasks.
Within each run, stimuli were blocked with four triads per block. Each run included four
blocks (16 triads) of pictures, four blocks of words, as well as two blocks (eight triads) of
nonobjects and two blocks of symbols. Each block was preceded by 3.6 s of instructions
(e.g., “Name,” “Read,” “Say 1,2,3”), and each triad then remained on the screen for 4 s
followed by 180 ms of fixation, adding up to 16.7 s for each condition. In addition, we
interspersed the task blocks with four blocks of fixation each lasting 14.4 s. The order of
words and pictures was counterbalanced within run. In addition, the order of task was
counterbalanced across runs (either run 1: articulation, run 2: matching, run 3: matching, and
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run 4: articulation; or run 1: matching, run 2: articulation, run 3: articulation, and run 4:
matching).

Stimuli
All stimuli were derived from a set of 192 familiar objects with three to six letter names: 33
had three-letter names (e.g., “cat,” “bus,” “hat,”…), 65 had four-letter names (“ship,” “bell,”
“frog,” “hand,”…), 58 had five-letter names (“teeth,” “camel,” “snake,”…), and 36 had six-
letter names (“spider,” “dagger,” “button,”…). A pilot study with eight subjects ensured
intersubject agreement on all picture names. The 192 objects were first divided into two
different sets of 96 items which we will refer to as set A and set B. One group of selected
subjects was presented with set A as written words for reading aloud, set B as pictures for
object naming, set B for semantic decisions on words, and set A for semantic decisions on
pictures. The other group was presented with set B as written words for reading aloud, set A
as pictures for object naming, set A for semantic decisions on words, and set B for semantic
decisions on pictures. Thus, no word or picture was repeated over the experiment, although
each object concept occurred twice (once as a word and once as a picture). Words and
pictures were counterbalanced within and between runs.

In the naming/reading triads, we minimized the semantic relationship between stimuli, e.g.,
“lemon” (above), “cow” (lower left), “pipe” (lower right). In the semantic triads, there was a
strong semantic relationship between two items in the triad but not the third item, e.g.,
“anchor” is more semantically related to “ship” than “truck.” We did not include triads
where the semantic decision could be made on the basis of perceptual attributes or verbal
associations (e.g., “cat” and “dog,” “knife” and “fork,” “sock” and “shoe”). A pilot study
with eight subjects ensured intersubject agreement on the expected semantic association.

Stimulus presentation was via a video projector, a front-projection screen and a system of
mirrors fastened to a head coil. Words were presented in lower case Arial and occupied 4.9
degrees (width) and 1.2 degrees (height) of the visual field. Each picture was scaled to take
7.3*8.5 degrees of the visual field.

Data acquisition
A Siemens 1.5T Sonata scanner was used to acquire both anatomical and functional images
from all subjects. Anatomical T1-weighted images were acquired using a three-dimensional
modified driven equilibrium Fourier transform sequence and 176 sagittal partitions with an
image matrix of 256 × 224 and a final resolution of 1 mm3 [repetition time (TR), 12.24/echo
time, 3.56/inversion time, 530 ms].

Functional T2*-weighted echoplanar images with blood oxygenation level-dependent
contrast comprised 40 axial slices of 2 mm thickness with 1 mm slice interval and 3 × 3 mm
in-plane resolution. One-hundred and three volumes were acquired per session, leading to a
total of 412 volume images across the four sessions. Effective TR was 3.6 s/volume. TR and
stimulus onset asynchrony did not match, allowing for distributed sampling of slice
acquisition across the experiment (Veltman et al., 2002). To avoid Nyquist ghost artifacts, a
generalized reconstruction algorithm was used for data processing. After reconstruction, the
first four volumes of each session were discarded to allow for T1 equilibration effects.

Data analysis
Image processing and statistical analyses were conducted using statistical parametric
mapping (SPM5: Wellcome Trust Center for Neuroimaging, London, UK; http//
www.fil.ion.ucl.ac.uk) running under Matlab 7 (Mathworks).
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Anatomical MRI data
Preprocessing of the structural images first involved manual anterior– posterior commissure
(AC–PC) realignment. Images were then segmented and spatially normalized using the
unified segmentation/normalization approach implemented in SPM5 (Ashburner and
Friston, 2005). The surface of the CC was drawn midsagitally on each subject's
unnormalized segmented white-matter image. This was actually done in five centered
contiguous slices, the surface areas of which were then averaged. AC–PC alignment allowed
for comparable measurements across subjects (Witelson, 1989). Segmentation made ROI
delineation easier. In addition to looking at the effect of the whole CC size on language
lateralization, we looked for effects specific to subdivisions of the CC along the
anteroposterior axis. Such subdivisions are based on different connectivity patterns
(posterior CC connecting posterior cortical areas, anterior CC connecting anterior areas) the
relative size of which varies between subjects, suggesting different parts of the CC could
explain functional lateralization in different ways (Witelson, 1989). However, these
subdivisions have been delineated based mainly on anatomical studies in nonhuman
primates (Witelson, 1989). We therefore used a more recent parcellation scheme of the CC
based on human data: five different CC subdivisions were identified along the
anteroposterior axis according to Hofer's diffusion tensor imaging (DTI) scheme (Hofer and
Frahm, 2006). The surface areas of these CC subdivisions could be retrieved via a simple
voxel count. We refer to their surface areas as “Hofer I,” “II,” “III,” “IV,” and “V,” the total
midsaggital surface area being referred to as “CC” in tables. The different areas were drawn
separately, for each subject, on the basis of relative proportions [Hofer and Frahm (2006),
their Fig. 3]. The average total CC midsagittal surface area per subject was 601 mm2 (SD =
92), which is concordant with data reported in the literature (Jäncke et al., 1997; Luders et
al., 2003).

To control for global white-matter volume, which could explain part of CC variance, we
also measured the total white-matter volume of the two hemispheres. To exclude the
cerebellum, the midbrain and the CC, we defined a mask of the hemispheres on the SPM
template that was then applied to each subject's normalized white-matter image. This
normalized image had voxel values that were modulated by the relative volume before and
after spatial normalization; therefore, white-matter volume in native space could be reliably
estimated by simply adding voxel values and multiplying by voxel size (Goldszal et al.,
1998; Ashburner and Friston, 2001). The mean total white-matter volume of both
hemispheres was 418 ml (SD = 49).

Functional MRI data
Preprocessing—Each subject's functional volumes were realigned and unwarped
(Andersson et al., 2001), adjusting for residual motion-related signal changes. Scans from
the different subjects were then spatially normalized. This normalization was based on the
unified segmentation/ normalization of the structural image after it had been coregistered to
the functional images. The template used was a symmetrical version of the default structural
template from the Montreal Neurological Institute implemented in SPM5. This symmetrical
template was created by simply copying, flipping along the x-axis and averaging the original
and the mirror versions of the template. The resulting normalization parameters were then
applied to the subject's functional images thereby rendering them symmetrical. This was
relevant to the statistical analyses where we directly compared left and right hemisphere
activation by including both flipped and unflipped contrast images (see below) (Jäncke et
al., 2002; Baciu et al., 2005). The normalized functional images were then spatially
smoothed with a 6 mm full-width half-maximum isotropic Gaussian kernel to compensate
for residual variability after spatial normalization and to permit application of Gaussian
random-field theory for corrected statistical inference (Friston et al., 1995).
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First level analysis—At the first level, data were analyzed in a subject-specific manner.
Correct responses for each of the eight conditions, the instructions as well as the errors were
modeled separately, with event-related delta functions for each trial, convolved with a
canonical hemodynamic response function. Condition effects were estimated according to
the general linear model. To exclude low frequency confounds, the data were high-pass
filtered using a set of discrete cosine basis functions with a cutoff period of 128 s. The
contrasts of interest at the first level were each of the four activation conditions relative to
their specific baseline condition, i.e., picture naming versus saying “1 2 3” to nonobjects;
reading words versus saying “1 2 3” to unfamiliar letters; semantic decisions on pictures
versus perceptual match of nonobjects; semantic decisions on words versus perceptual
match of unfamiliar letters.

These four contrast images, for each subject, were then copied, and the copies were flipped
along the x-axis. The resulting original (unflipped) symmetrical contrast images and their
flipped versions could then be entered into second level ANOVAs to compare left and right
hemisphere activation and permit inferences across subjects.

Lateralization indices—Before proceeding with the second level voxel based analyses,
we first excluded 12 subjects because their laterality index at the global level was positive,
suggesting right lateralization. Different methodological issues may influence the
computation of a laterality index (Seghier, 2008); therefore, we used here a relatively robust
procedure that allows the laterality index to be assessed over tasks and thresholds.
Practically, the lateralization index we used was computed for each subject using the
average of the four unflipped contrast images [for a similar rationale, see Ramsey et al.
(2001)] and calculating the number of activated voxels in each hemisphere independently of
the statistical threshold (Nagata et al., 2001). All but one of the 12 excluded subjects with a
positive (right > left) lateralization index were self-described non-right handers (Hécaen et
al., 1981). The remaining 74 subjects (whose data were included in the voxel by voxel
statistical analyses described below) showed a continuum of language lateralization ranging
from no lateralization to strong left lateralization (Fig. 1).

Main effect of language lateralization at the voxel level—Before exploring the
effect of CC size on language lateralization, we identified the main effect of lateralization
independent of CC size. This provided regions of interest that were useful for determining
whether the effect of CC size colocalized or not with the main effect of lateralization. The
analysis included the eight different contrast images for each of the 74 selected subjects, i.e.,
the flipped and unflipped versions of the contrasts for each of the four tasks relative to its
baseline. The comparison of unflipped versus flipped images identified left or right
hemisphere voxels showing significant differences between hemispheric activation. The
statistical threshold was p < 0.05 after family-wise error (FWE) correction for multiple
comparisons across the whole brain.

Combining anatomical with functional MRI data
The effect of CC size on language lateralization was estimated in another second level
ANOVA that was identical to the one used to look at the main effect of lateralization, except
it included two covariates corresponding to total CC size and white-matter size, respectively.
The effect of CC size on language lateralization corresponded to the difference in the
regression of CC size on unflipped versus flipped images. In each statistical contrast,
activation was always relative to the task-specific baseline. Thus, the effect of task =
(naming and reading > saying 1,2,3 to nonobjects and unfamiliar symbols) versus (semantic
decisions on objects and written names > perceptual decisions on nonobjects and unfamiliar
symbols) and the effect of stimulus = (pictures of objects > non-objects) versus (written
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names > unfamiliar symbols). This resulted in a whole-brain statistical parametric map from
which we identified the voxels where the significance of the effect of CC size survived FNE
correction ( p < 0.05) for multiple comparisons either across the whole brain or across areas
showing a main effect of lateralization. To clarify the issue of whether any effect of CC size
could be related to handedness, gender or age, we performed the same ANOVA adding
these three variables as regressors along with CC size and white-matter volume.

Having identified the voxels where language lateralization (unflipped vs flipped images)
depended on CC size, we then conducted a series of post hoc analyses.

To identify whether lateralization differences with CC size reflected activation increases in
the left dominant hemisphere or activation decreases in the right nondominant hemisphere,
we report the effect of CC size on left and right homolog regions using the original
unflipped images. These effects are reported at an uncorrected threshold because they are
limited to preidentified voxels.

To identify whether the effect of total CC size was driven by specific subdivisions (“Hofer
I,” “II,” “III,” “IV,” and “V”), we reran the analyses several times replacing the total CC
regressor with the corresponding effect for one Hofer-specified CC subdivision in addition
to the sum of the remaining measurements for the other subdivisions, i.e., in ANOVA #2
“Hofer I” and “CC minus Hofer I” were used as regressors, in ANOVA #3 “Hofer II” and
“CC minus Hofer II,” etc.

To relate our anatomofunctional findings to the existing anatomical literature, we also
explored the relationship between CC size and factors such as handedness, gender, age and
white matter. These analyses were again restricted to the 74 selected subjects, to be
comparable with the main anatomofunctional analyses of lateralization.

Results
The main effect of language lateralization

The main effect of left > right language lateralization (direct comparison of unflipped vs
flipped images) was most significant in the occipitotemporal sulcus, inferior frontal gyrus,
paracingulate sulcus and supramarginal gyrus (Table 1; Fig. 3). These effects extended to a
large portion of the superior temporal sulcus. The only right > left effect was observed in the
cerebellum.

The effect of CC size on language lateralization
The central result of this study is that CC midsaggital surface area correlated positively with
left language lateralization in two regions (Table 2; Fig. 4; supplemental Fig. B, available at
www.jneurosci.org as supplemental material, supplemental plots). In the whole-brain search
( p < 0.05 FWE corrected for multiple comparisons across the whole brain), CC size
predicted the degree of left lateralization in a posterior middle temporal region localized at
the level of or in front of the anterior occipital sulcus (depending on which individual
normalized brain was used for localization). We will refer to this area as the “temporal
region.” It was not significantly lateralized on average across subjects, although it was on
the border of areas showing a main effect of lateralization. When the search was limited to
areas showing a significant main effect of lateralization, a positive effect of CC size on left >
right hemisphere activation was localized in the posterior part of the inferior frontal sulcus at
the level of the precentral sulcus. We will refer to this area as the “inferior frontal sulcus” or
simply “frontal region.” This effect was highly significant when correcting for multiple
comparisons within the main effect of lateralization and also approached significance when
correcting for multiple comparisons across the whole brain ( p = 0.068 FWE corrected). In
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both the temporal and frontal regions, activation was more left lateralized for all four tasks
in those with a larger CC despite controlling for sensory input, motor output and global
white-matter volume. Although the Z scores were higher for naming than semantic
decisions, there was no significant interaction ( p > 0.05) between task and the effect of CC
size on language lateralization.

Whole white-matter volume did not have an effect on lateralization, even when removing
CC size from the model.

Finally, these results were not affected when handedness, gender and age were included as
regressors along with CC size and white-matter volume, only making the p value associated
with the effect of CC size in the frontal region slightly smaller and now significant when
correcting for comparisons across the whole brain ( p < 0.05 FWE corrected). However, as
expected, handedness had an additional effect on language lateralization such that right
handers showed stronger left lateralization for language in a region of the inferior frontal
sulcus close to the region where an effect of CC size was found (supplemental Fig. C,
available at www.jneurosci.org as supplemental material). This was due to a positive effect
of handedness on the left (more activation in right handers) and to a negative effect of
handedness on the right (more activation in left handers).

More left hemisphere activation or less right hemisphere activation?
In the temporal region, the effect of CC size on lateralization over all tasks was partly
explained by increased left hemisphere activation (Z = 3.3) and partly explained by reduced
right hemisphere activation during the naming condition (Z = 3.0). In contrast, in the frontal
region, the effect of CC size was primarily driven by a left hemisphere increase (Z = 5.2)
rather than by a right hemisphere decrease (Table 2).

The contribution of different CC subdivisions
We did not find any evidence that the effect of CC on language lateralization was greater for
one subregion (i.e., Hofer I, II, III, IV, or V) relative to the others. This null result is
explained by the observation that the size of each subregion strongly correlated with all
others with the exception of Hofer IV with Hofer I and V (supplemental Table B.b, available
at www.jneurosci.org as supplemental material). Therefore it was not possible for us to tease
apart the effect of one subregion relative to another. The correlations between subdivisions
are not surprising because the subdivisions were defined as proportions in the y-axis.
Therefore, if the total CC increased, all subdivisions increase in the same proportion in the
y-axis. To tease apart the effect of one CC subregion relative to another on language
lateralization therefore relies on intersubject variability in the size of each subregion in the
z-axis.

The relationship between CC size and other potential lateralization factors
Total CC surface area was positively correlated with white-matter volume ( p < 0.001)
(supplemental Table B.a; supplemental Fig. D, available at www.jneurosci.org as
supplemental material) and this relationship was also observed in each of the five
subdivisions (Hofer I, II, III, IV or V). In Hofer II, CC size was related to handedness and
age, being larger in non-right handed and younger subjects (supplemental Figs. E, F;
supplemental Table B.a, available at www.jneurosci.org as supplemental material). The size
of Hofer II was also smaller in non-right handed males and older females (supplemental
Figs. E, F, available at www.jneurosci.org as supplemental material). However, these
supplemental results should be qualified by the fact that the study was not designed to look
at gender effects and groups of males and females were not matched for handedness
(supplemental Fig. A, available at www.jneurosci.org as supplemental material).

Josse et al. Page 8

J Neurosci. Author manuscript; available in PMC 2009 June 02.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

http://www.jneurosci.org
http://www.jneurosci.org
http://www.jneurosci.org
http://www.jneurosci.org
http://www.jneurosci.org
http://www.jneurosci.org


Discussion
This study shows the first direct evidence that the midsaggital surface area of the CC
partially predicts functional lateralization for language. There have been several studies of
the macro-anatomy of the CC (Witelson, 1989; Jäncke et al., 1997; Luders et al., 2003) or
language lateralization in normal subjects (Mazoyer et al., 1993; Binder et al., 1996;
Springer et al., 1999; Tzourio-Mazoyer et al., 2002; Seghier et al., 2004), but no studies
combining both anatomical and functional data in normal subjects to test whether CC size is
actually related to lateralization. Using structural and functional MRI in a large group of 74
subjects and an analysis allowing for high-resolution voxel-wise comparison of activation in
the left versus right hemisphere, we conclusively show that left lateralization for language
increased with CC size.

Based on the role of the CC in connecting the hemispheres (Gazzaniga, 2000), as well as
evidence that CC size reflects the degree of interhemispheric connections (Aboitiz et al.,
1992), several studies have looked at CC size as a potential marker of functional
lateralization (O'Kusky et al., 1988; Witelson, 1989; Clarke and Zaidel, 1994; Jäncke et al.,
1997; Luders et al., 2003). However, the evidence has not been convincing because it was
based on indirect measures such as the comparison of groups thought, but not shown, to
have different functional lateralizations. Focusing on a particular set of language tasks and
without any a priori knowledge of which cortical regions were functionally related to CC
size, we were able to confirm and specify an anatomofunctional relation between CC size
and language lateralization. Specifically, we show that subjects with a larger CC are more
likely to show a stronger left lateralization for language.

The positive relationship that we observed between CC size and left lateralization contrasts
with previous work suggesting a larger CC resulted in less marked language lateralization
(Witelson, 1989). This suggestion was logically inferred from the observation that non-right
handed subjects had a larger CC, while it was known that this population showed less
language lateralization on average (Hécaen et al., 1981). Critically, however, these previous
anatomical studies did not directly measure language lateralization. Our data suggests that
both handedness and CC size are related to language lateralization, but in independent ways.
The effect of CC size was not affected by whether the effect of handedness was factored out
or not. This is despite the fact that, as expected, handedness also had an effect on
lateralization, with stronger left lateralization for right handers [for review, see Josse and
Tzourio-Mazoyer (2004)].

What could then explain the negative effect of right handedness observed on CC size if it is
unrelated to language lateralization as we measured it? Interestingly, this handedness effect
was significant on a part of the CC (Hofer II) which connects premotor and supplementary
motor areas in humans (Hofer and Frahm, 2006). This is consistent with handedness being a
measure of motor lateralization with left > right brain asymmetry in the motor system being
greater for right handers than non-right handers (Dassonville et al., 1997; Amunts et al.,
2000; Solodkin et al., 2001; Hervé et al., 2006). However, the previously reported negative
effect of right handedness on CC size (Witelson, 1989) was not observed on the subpart of
the CC where we found a negative effect of right handedness (Hofer II) (Hofer and Frahm,
2006). This apparent inconsistency may relate to differences in the way the CC was
partitioned. Our partitioning scheme was based on DTI data in humans whereas most other
studies have used partitioning schemes based on interhemispheric connections in monkeys,
rather than humans (Hofer and Frahm, 2006). The critical point for the current study is that
the effects of handedness, gender and age on CC size did not explain the effect of CC size
on language lateralization.
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Why should a larger corpus callosum be associated with stronger lateralization for
language? Differences in CC size reflect the extent to which the hemispheres are connected
(Aboitiz et al., 1992), and therefore the answer to that question should lie in determining the
variable interhemispheric processes that underlie the positive relationship between CC size
and language lateralization. For that purpose, we looked at whether the difference in left
versus right hemisphere activation was driven by left hemisphere activation increases or
right hemisphere activation decreases. Importantly, different unilateral effects of CC size
were found in the temporal region and in the frontal region. Lateralization was bilaterally
driven in the temporal region (increased left hemisphere activation as well as decreased right
hemisphere activation) but unilaterally driven in the frontal region (primarily driven by
increased left hemisphere activation). This posterior/anterior dichotomy in language
lateralization is concordant with the idea that hemispheric specialization for language is not
a uniform phenomenon and has complex task and region dependent characteristics (Clarke
and Zaidel, 1994; Luders et al., 2003; Cohen and Dehaene, 2004; Josse and Tzourio-
Mazoyer, 2004).

What can we further infer about interhemispheric interactions from the posterior/anterior
dichotomy in the processes driving language lateralization? Left–right balance in the
temporal region might reflect more transfer of information for language processing from
right to left in subjects with larger CC. Alternatively, there may be more inhibition of
redundant right hemisphere activation in subjects with a larger CC. As for the unilateral
effect in the left inferior frontal sulcus, it might result from right to left interhemispheric
information transfer from sites other than the right homolog. This is possible because (1) in
addition to homolog connections, there are heterolog connections between the hemispheres
(Marconi et al., 2003) and (2) our result shows an effect of the size of the whole CC. We
therefore infer that, in the temporal region, subjects with a larger CC have more inhibition in
the right hemisphere and/or more information transfer from the right to the left hemisphere.
In the frontal region, in contrast, the absence of right inferior frontal activation decreases in
those subjects with a large CC suggests that left inferior frontal activation in these subjects
reflects more information transfer either from right hemisphere homolog or heterolog
regions.

Importantly, the temporal and frontal regions where language lateralization increased with
CC size were in the vicinity of the main effect of language lateralization across subjects.
This reinforces the idea that CC size is indeed related to language lateralization and not just
to the lateralization of more variable areas less consistently involved in language. However,
this needs to be qualified by the fact that our paradigm was limited to single-word
production and semantic decision. Further studies are therefore required to look at the
relationship between CC size and other language processes, for example auditory and
syntactic tasks. In addition, our analysis targeted a population whose language activation
was either bilateral or left lateralized. More studies are therefore required to explore whether
there is also a positive relationship between CC size and language lateralization in subjects
whose language activations are right lateralized or whether CC size is one of the
determinants of left versus right lateralization for language. Additionally, while midsagittal
surface area of the CC presumably reflects the number of fibers connecting the hemispheres,
it would be interesting to test how this measure and its relation to functional data compares
with other measures of interhemispheric structural connectivity, such as fractional
anisotropy of the CC (Putnam et al., 2008).

Finally, previous work has suggested that the evolution of brain lateralization was driven by
increasing brain size because of increasing spatial and timing constraints (Ringo et al., 1994;
Jäncke et al., 1997; Rilling and Insel, 1999; Gazzaniga, 2000). Here, intraspecies, whole
white matter-volume did not have an effect on lateralization. Furthermore, this hypothesis is
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partly based on observations that, as brain size increases, relative CC size decreases. It is
also based on the assumption that a smaller CC corresponds to more lateralization.
Interestingly, our result goes in the opposite direction, showing that, when whole white-
matter volume is controlled for, a smaller CC is associated with less lateralization. It is
therefore possible that differences in CC size correspond to more or less lateralization,
depending on the context, for example, task and species.

In conclusion, we have shown that the degree to which language activation is left lateralized
is partially explained by the midsaggital surface area of the CC in normal healthy volunteers.
Specifically, we show that subjects with a larger CC are more likely to show stronger left
lateralization for single word naming and semantic decision tasks. In addition, we show that
in one of the CC subdivisions (Hofer II), right handers have a smaller midsaggital surface
area than non-right handers. This effect of handedness is consistent with previous studies
(Witelson, 1989); however, the interpretation of the results is different. Previously, the
negative effect of right handedness on CC size was taken to imply that language
lateralization is stronger when CC size is smaller. In contrast, our study shows that the effect
of CC on handedness does not correspond to the effect of CC on language lateralization
measured by functional imaging. Our interpretation is therefore that language lateralization
is stronger when CC size is larger. Finally, by exploring whether language lateralization was
driven by left hemisphere activation increases and/or right hemisphere activation decreases,
we propose that the effect of CC size on posterior temporal activation is partly driven by
right hemisphere inhibition, whereas the effect of CC size on inferior frontal activation is
driven by more information transfer to the left hemisphere from right hemisphere homolog
or heterolog regions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Hemispheric lateralization index for each subject. Of 86 subjects, 74 were selected who
showed left or no lateralization (Nagata et al., 2001) for all language tasks taken as a whole
and contrasted to their specific baselines. Negative values indicate more activated voxels
(independent of threshold) on the left than on the right and vice versa.

Josse et al. Page 14

J Neurosci. Author manuscript; available in PMC 2009 June 02.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 2.
Examples of the stimuli used in the functional MRI paradigm. For the sake of simplicity and
to show that items were matched over tasks, the words correspond to the pictures in this
particular example. However, to avoid subjects from focusing on semantic relations during
naming, items within triads were rearranged for the naming condition. See Materials and
Methods for details.
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Figure 3.
The main effect of language lateralization. Contrast of unflipped versus flipped images of
language effects. Images were thresholded at p < 0.05 after correction for multiple
comparisons across the whole brain in terms of either intensity or spatial extent. All the left
> right lateralized areas were activated during language on the left at a similar threshold.
The only right > left lateralized area was located in the cerebellum and was activated on the
right at a similar threshold.
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Figure 4.
The effects of CC size on language lateralization. The sagittal section shown in the middle is
from one individual brain normalized onto our symmetric template. The two regions
showing a positive effect of CC size on left > right language lateralization are overlaid in
white (p = 0.001 uncorrected for multiple comparisons/minimum cluster size = 30 voxels,
each cluster containing a peak significant at p < 0.05 FWE corrected for multiple
comparisons). Panels to the left and to the right give details of unilateral CC effects during
each condition in each of these regions (bar graphs with 90% confidence intervals). CE,
Contrast estimate; SP, semantic decisions on pictures; SW, semantic decisions on words;
NP, naming pictures of objects; NW, naming written object name.
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